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Figure 4.1 Hep-55.1C Cells Seeding vs. Area. Murine liver cancer
cell line Hep-55.1C was implanted in a MatrigelT M collagen matrix
at different plating densities and their growth was measured at
regular intervals. The maximum spheroid size at 3-days seems to
be entirely plating number dependent, whereas at the later
timepoint of 7 day growth, it would appear the spheroid size is
limited by other factors, as a plating number of 20000 cells
produced similar-sized spheroids as those plated at higher
numbers. Hep-55.1C plated in Matrigel does not demonstrate the
invasive character commonly seen with other cell lines,
characterised with protruding dendrites and non-uniform growth.
Instead, Hep-55.1C shows rather spherical growth tendencies
with a capsule formation in the later stages. Additionally, after an
initial period of growth during the first 3 days, the spheroids
condense and reduce in size at later time points. This is likely due
to lack of signalling from growth-promoting tumour supportive
cells and the cells activating senescence after the initial growth.
This lack of growth-promoting support is likely the reason the
spheroids seem to cap their growth at a maximum size in the later
time points. .............................................................................. 80
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Figure 4.2 Co-cultured Hep-55.1C and NIH3T3 Cells Seeding vs.
Area. Murine liver HCC cell line Hep-55.1C cells were co-cultured
with murine NIH3T3 embryonic fibroblasts with equal numbers of
each cell. Plating numbers ranged from 5000 total cells, 2500
NIH3T3 and 2500 Hep-55.1C cells in co-culture, to 80000 total
cells.

The

NIH3T3

are

a

growth

promoting

cell

line[Rama-Esendagli, 2014] and exert a considerable effect on
spheroid growth, made clear by comparison with spheroids grown
in Fig.

4.1.

In contrast to the monoculture spheroids, the

co-culture showed consistent increases in total size with
increased plating cell number, and the spheroids show a
sustained growth throughout the full range at all timepoints.
Additionally, there was significant budding of new spheroids at
day 7, with the budding more severe as the plating number was
increased. ............................................................................... 81
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Figure 4.3 Hepa1-6 Cells Seeding vs. Area. Murine HCC cell line
Hepa1-6 cells were plated in spheroids with plating numbers
increasing from 5000 to 80000 cells plated and growth was
measured via microscopic magnification.

The spheroids

increased in size with plating number and the results show a
sustained growth from day 3 to day 7. The spheroids grow with a
smooth exterior surface capsule, suggesting low invasive
character of the cell line. The total growth and final size of the
spheroids are both remarkably large, however, suggesting the cell
line to be moderately aggressive. ............................................... 82
Figure 4.4 Co-cultured Hepa1-6 and NIH3T3 Cells Seeding vs.
Area. Murine HCC cell line Hepa1-6 was plated in co-culture with
murine fibroblast cell line NIH3T3 and spheroids were seeded
with increasing seeding number from 5000 total cells, comprised
of 2500 cells Hepa1-6 and 2500 cells NIH3T3, to 80000 total cells
plated. The spheroids increased in size with increasing plating
number and with increasing growth time, however, there was no
formation of invasive dendrites or budding suggestive of
metastasis, similar to Hepa1-6 when plated alone. The overall
size of the spheroids were smaller than those grown in
mono-culture, however when only the counts of Hepa1-6 are
considered, the co-culture spheroids are more comparable in size
to the monoculture spheroids. .................................................... 83
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Figure 4.5 NIH3T3 Cells Seeding vs. Area. NIH3T3 cells were grown
in spheroid culture after being seeded with a range of cell numbers
from 5000 cells to 80000 cells. The NIH3T3 cells formed small,
tightly spherical pellets, and seemed to reach a growth maximum
at slightly more than 80000 total cells in the spheroid.................... 84
Figure 4.6 Spheroid Growth Charts Curve fitting of growth charts
for all five models studied(for timepoint micrographs, see above
figures), both mono-culture and co-culture with regression
equations in annotation. The curve fittings suggest some collapse
of the spherical structure in all cases. ......................................... 85
Figure 4.7 RAFT Tumouroid Pictogram Pictured above is a
pictogram representing the complex RAFT in vitro cancer model
including pelleted spheroid of cells, loose stromal cells and
collagen matrix. ........................................................................ 89
Figure 4.8 RAFT Tumouroid in media Shown is a microscope image
capture of a collagen RAFT structure with embedded human HCC
cell line HLE suspended in DMEM. The RAFT is visible in the
upper central region of the image. .............................................. 90
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Figure 4.9 RAFT Tumouroid Seeded with Loose JHH4 cells (no
spheroids) and LX2 Cells (10X mag) Depicted is a
parrafin-embedded fixed collagen RAFT with loose cells
embedded in the collagen matrix and cultured for 7 days prior to
fixation. The large striated cells are the LX-2 cells, and the
smaller less branched cells are the HCC cell line JHH4. There
was observed a clustering of the LX-2 cells with more even
distribution of the cancer line throughout the RAFT. This is likely
due to the stromal function of the stellate cells which are involved
with ECM modulation and growth signalling. ................................ 91
Figure 4.10 A Tumouroid RAFT with HLE Spheroid Deposited in
the matrix after 10 days of incubation.

Green (488 nm)

fluorescent label conjugated to anti- -tubulin and Blue (405
nm) DAPI staining. The fluorescent markers reveal a clustering
of cells within the collagen ECM, and a general proximity to the
edge of the RAFT, where nutrient and oxygen exchange are the
highest. Few cells are located in the region of the RAFT opposite
to the spheroid, suggesting cells detach from the spheroid mass
and migrate to the nearest source of oxygen and nutrients. ........... 92
Figure 4.11 Increased Magnification of Fig. 4.10 . Green (488 nm)
fluorescent label conjugated to anti- -tubulin and Blue (405 nm)
fluorescent labelled DAPI staining. Shown is a high magnification
fluorescent micrograph depicting invasion of HLE cells out of the
HLE spheroid into the surrounding collagen matrix. ...................... 93
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Figure 4.12 HLE spheroid in RAFT co-cultured with MRC-5
fibroblast cells for 10 days.
label conjugated to anti-

Green (488 nm) fluorescent
-tubulin and Blue (405 nm)

fluorescent labelled DAPI staining. The inclusion of MRC-5
fibroblast cells produces a radically different spheroid from that
produced with a spheroid alone.

The RAFT has a largely

homogeneous, contiguous distribution of cells and there are
additionally numerous smaller spheroids which have formed
outside of the main spheroid body. ............................................. 94
Figure 4.13 Human Umbilical Vein Endothelial Cells in co-culture
with HLE spheroid in a compressed collagen RAFT and
grown in tissue culture environment for 10 days. HUVECs
clustered to the bottom left, spheroid bottom right. Green (488
nm) fluorescent label conjugated to anti- -tubulin and Blue (405
nm) fluorescent labelled DAPI staining. ....................................... 95
Figure 4.14 Complex RAFT containing HLE cells in spheroid, MRC-5
fibroblasts and Human Umbilical Vein Endothelial Cells in
compressed collagen RAFT. Green (488 nm) fluorescent label
conjugated to anti-

-tubulin and Blue (405 nm) fluorescent

labelled DAPI staining. .............................................................. 96
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Figure 4.16 Embedded JHH4 spheroid RAFT. 20 JHH4 Spheroids of
10000 cells each were embedded in a compressed collagen RAFT
and fixed in 4% PFA. Shown at 4x magnification (Inset at 10x). The
spheroids were clearly segregated from the matrix and remained
aggregates during the growth phase. The discoloration in regions
adjacent to the spheroids suggests a remodelling of the collagen
matrix by secretions from the spheroid aggregates. ...................... 98
Figure 4.15 RAFTs of murine HCC cell lines seeded with varying
seeding densities. Shown by order of increasing number of free
cells seeded: a.) 40x103 , b.) 90x103 , c.) 1000x103 , d.) 5000x103 )
The density of the cells in the matrix is increased with higher
seeding numbers. Similarly, the cells become more organized
at higher seeding numbers and begin forming pseudo-glandular
clusters. .................................................................................. 99
Figure 4.17 IC50s of 20 HCC and ICC Cell lines.

IC50s were

performed on liver cancer cell lines to provide a metric of variation
across cancer types. 3000 cells were plated and titrated with
vandetanib doses and cell survival was assessed after 5 days of
treatment. Overall, ICC cell lines were more susceptible to
vandetanib treatment than HCC cell lines. ...................................102
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Figure 4.18 IC50s under normoxic and hypoxic conditions for 20 HCC
(left) and ICC Cell lines (right). 3000 cells were plated and titrated
with a range of vandetanib doses under both normal conditions
and conditions of hypoxia. HCC cell lines of more invasive
character (HL- and JHH- cell line families) showed the least
response across all cell lines. In general, each cell line tested
demonstrated equivalent response to vandetanib treatment under
both hypoxic and normoxic conditions. ........................................103
Figure 4.19 HLE spheroids treated with a titration of vandetanib
from 0 to 20 µM. In the control cells, an invasive boundary began
to develop by the 96 hr timepoint, a feature which was ablated at
higher vandetanib doses. A vandetanib dose of 5 µM was sufficient
to begin reducing the growth of the spheroid, with higher doses
becoming increasingly ablative. A net size reduction was observed
for spheroids treated with doses of 10 µM or greater.....................105
Figure 4.20 Hep55.1C spheroids treated with a titration of
vandetanib from 0 to 20 µM. Murine HCC cell line Hep55.1C
was cultured in spheroids and received a titration of vandetanib
doses. Micrographs were captured at regular intervals to evaluate
growth. The control cells exhibit the beginning of the formation of
invasive dendrites, which are absent in all treated samples.
Strong growth inhibition was only observed at a dose of 20 µM......106
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Figure 4.21 Hepa1-6 spheroids treated with a titration of
vandetanib from 0 to 20 µM The Hepa1-6 spheroid cultures
show a strong invasive character relative to those of Hep-55.1C.
This tendency to invasion is reduced by high treatment of the
drug, however it is only entirely ablated at a high dose of 20 µm. ...107
Figure 4.22 Growth charts for HLE spheroids titrated to
vandetanib. As illustrated by the micrographs in Fig. 4.19, only a
high ablative dose of 20 µM is enough to effect a reduction in
spheroid growth.

At 10 µM, growth is largely ablated but

persistent. All treatments at 5 µM and higher were significant
versus the lower dose treatments and control. .............................108
Figure 4.23 Growth charts for Hep-55.1C spheroids titrated to
vandetanib. Hep-55.1C is a comparatively less aggressive cell
line than the other lines tested, and forms small compact
spheroids with a greater intrinsic error of measurement. As a
result, a greater variation in response to vandetanib treatment
was observed in this cell line. Only the 20 µM dose demonstrated
clear significant reduction in growth compared to control. The
other results, though not reaching significance did demonstrate a
dose-dependent mean response to vandetanib treatment. ............109
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Figure 4.24 Growth Charts for Hepa1-6 Spheroids Titrated to
Vandetanib. The response of Hepa1-6 spheroids to vandetanib
treatment demonstrated a clear and significant dose-dependent
response to vandetanib treatment. All vandetanib treatments
were found to be significant improvement over control, however at
no treatment level was growth arrested completely. Similarly, the
response to 5µM and 10µM was significant over control, but
there was no delineation between the two treatments. ..................110
Figure

4.25 Hepa1-6

spheroids

treated

with

titrations

of

vandetanib and radiation doses. A singular dose of 10µM
vandetanib or 8 Gy radiation was enough to ablate growth entirely.
A dose of 5µM vandetanib was found to be potentiated by
combination radiotherapy, and become more ablative in
combinations above 4 Gy. All treatments were found to be
significant versus control. ..........................................................112
Figure 4.26 Titrations of Murine HCC cell lines. Murine HCC cell
line Hepa1-6 cells were cultured in spheroids and treated with
vandetanib doses ranging from 2.5 to 15 µM in combination with
either 4 or 8 Gy radiation. Doses of 8 Gy radiation or greater than
10 µM vandetanib were found to be maximally ablative. ...............113
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Figure 4.27 2-D Radiation Response as measured by viability
after 72 hours with FACS for two murine cell lines, murine
colorectal cancer cell line MC38 and murine HCC cell line
Hep55.1C. The colorectal MC38 cell line showed a much greater
response to the radiation therapy than the HCC Hep55.1C cell
line, which appeared resistant to radiation damage. These results,
obtained with conventional monolayer cell culture, are opposed to
those measured in 3-D in vitro models and the in vivo murine model.114
Figure 4.28 3-D Spheroid Model to Evaluate Radiation Response
of Murine HCC cell line Hep55.1C and Colorectal Cancer Cell
line MC38. The colorectal MC38 cell line showed a much greater
resistance to radiation therapy than the hepatic Hep55.1C cell line.
An 8 Gy dose was entirely ablative to Hep55.1C growth, however
the MC38 cell line was still displaying invasive character and a
tendency for growth at the high dose of 8 Gy. ..............................115
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Figure 4.29 Growth Charts for Spheroid (Top) and in vivo Murine
(Bottom) Studies of Radiation Treatment in MC38 and
Hep55.1C Models of Cancer. For both cases, the response of
murine HCC cell line Hep55.1C to radiation therapy was several
orders of magnitude stronger than the response of murine
colorectal cell line MC38.. A dose of 8 Gy was ablative to the
mouse model of Hep55.1C, whereas a triple fraction of 3x8 Gy
was not ablative in the MC38 mouse model. By comparison, the
MC38 cell line when cultured in 3-D spheroid culture and
irradiated at 4 or 8 Gy demonstrated a growth delay followed by
growth resumption at all radiation doses. For Hep55.1C, growth
was completely ablated after an 8 Gy dose of radiation. ................116
Figure 4.30 PI staining for cell cycle of cells isolated from tumour
spheroids at Day 1, 3, 4, 5 and 7. Tumour spheroids were either
treated with 4 Gy radiation (bottom row) or 0 Gy mock irradiation
(top row) as control. The day 1 sample for the control study did
not generate enough cells to be detected with FACS. The results
suggest a G2/M arrest in the radiation treated cells which is not
observed in the control. .............................................................120
Figure 5.1 HCC Bead. A solitary embolic microsphere captured in the
end of a p2 pipette tip. This procedure was used for quantification
of the drug loading level on individual beads as from this image,
the diameter of the bead and consequently the volume could be
determined. .............................................................................126
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Figure 5.2 HPLC quantification of vandetanib loading per bead.
Each bead was photographed to determine it’s area prior to
individual measurement with HPLC. The average vandetanib
loading per bead for all beads measured was determined to be
1.29 ± 0.37 µg/bead and a linear trend was observed between
cross sectional bead area and vandetanib quantity. ......................127
Figure 5.3 Diffusion of Doxorubicin from TACE Beads in
Matrigel. Doxorubicin eluting beads were embedded in matrigel
and Doxorubicin elution was detected with fluorescence at the
408 nm violet line after a.) 0 hrs, b.) 1 hr, c.) 2 hrs and d.) 4 hrs.
The elution occurred at a rapid rate and within 4 hours the drug
had completely diffused through the matrix. .................................129
Figure 5.4 HLE spheroid response to drug eluting beads in vitro.
Human HCC cell line HLE were cultured into spheroids, seeded
and grown in matrigel, then treated with a vandetanib eluting
embolic bead in vitro. The equivalent drug concentrations were
determined by the earlier drug fitting experiments shown in Fig.
5.2. No spatial drug effect was observed suggesting the drug
became evenly dispersed in the matrigel matrix rapidly enough to
prevent any localised effects. .....................................................134
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Figure 5.5 Dose response curves for 3-D HLE spheroids treated
with vandetanib eluting beads.

The bland beads were

absorbed into the spheroid by the end timepoints and increased
the total spheroid size. There was a clear response to vandetanib
treatment, which was improved by bead-elution vandetanib
delivery.

This could be due to the unintentional delivery of

additional vandetanib in the solution when the bead were
introduced into the in vitro model. It could also be the result of
greater regional drug concentrations in the vicinity of the spheroid. 135
Figure 5.6 Trial Schema for the VEROnA trial....................................136
Figure 5.7 Principal component analysis maximized variance plot. The
PCA analysis identifies the features in the dataset responsible for
the greatest variation and remaps the data points onto a new space.
There was no clear segmentation of the markers, suggesting the
PCA reorganization would not illuminate biomarkers of critical
importance. ............................................................................137
Figure 5.8 PCA axis 1 cross correlation.Cross correlation of the
seven strongest PCA Axis 1 components is depicted sequentially.
The top corner shows the pearson r2 values with linear
regression. Individual patients are color-coded for the lower
corner. Similar to the gross PCA plot, the biomarkers did not
cluster in any predictable fashion and no clear segmentation was
possible with a combination of any two biomarkers. .....................138
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Figure 5.9 PCA axis 2 cross correlation.Cross correlation of seven
strongest PCA Axis 2 components. The top corner shows the
pearson r2 values with linear regression. Individual patients are
color-coded for the lower corner. Only weak segmentation is
possible with this dataset of cross correlation, possibly due to low
sample counts..........................................................................139
Figure 5.10 Cross correlation of immune markers measured
during VEROnA Trial. The top corner shows the pearson r2
values with linear regression. Data points in the lower corner are
color-coded according to individual patients. Clustering largely
occurred amongst single patients, suggesting a high level of
interpatient variability being responsible for the observed variation.
From this data, it is not possible to generate a prognosis using
these immune biomarkers. ........................................................141
Figure 5.11 Cross correlation of general cancer serum markers of
interest measured during VERoNa Trial. Shown above are
cross correlation of serum markers believed to be associated with
cancer. Plots in the top corner list the pearson r2 values with
linear regression. Data points in the lower corner are color-coded
by patient. Again, the clustering appears to be highly patient
dependent, with little clear indication of prognosis. .......................142
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Figure 5.12 Cross correlation of markers relating to angiogenesis as
measured during VEROnA Trial. Plots in the top corner list the
pearson r2 values with linear regression. Data points in the lower
corner are color-coded by patient. ..............................................143
Figure 5.13 H&E stain of VEROnA patient 03 sample. Embolic beads
are visible in the lower right of the image. The tumour capsule
boundary is visible in the center of the image with tumour occupying
the right half.............................................................................148
Figure 5.14 H&E stain of VEROnA patient 03 tissue sample.
Magnified image from a separate region of the sample. The
tumour capsule is visible as a vertical line and beads and tumour
are located to the right of the capsule boundary. ..........................149
Figure 5.15 CAIX staining of tissue sample from VEROnA patient
01. Tumour capsule is central to the image. No hypoxic effects
were evident. ...........................................................................150
Figure 5.16 CAIX staining of tissue sample from VEROnA patient
03. All tissue shown is tumour. Minimal staining was observed. .....151
Figure 5.17 Endoglin staining of tissue sample from VEROnA
patient 03. Pictured is tumour tissue. .........................................151
Figure 5.18 Endoglin staining of tissue sample from VEROnA
patient 01. Pictured is tumour tissue. .........................................152
Figure 5.19 Endoglin staining of tissue sample from VEROnA
patient 01. Pictured is a section of the whole resected liver, with
tumour tissue central. No clear endoglin staining is evident. ..........152
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Figure 5.20 HIF-1↵ staining of VEROnA patient 01 tissue. A score
0 sample. HIF1-↵ expression is null. ...........................................153
Figure 5.21 Ki-67 staining of VEROnA patient 03 tissue. No Ki-67
expression was detected. ..........................................................153
Figure 5.22 MEK1+2 stain of VEROnA patient 03 resected tissue. ........154
Figure 5.23 sPECAM stain of VEROnA patient 03 tissue. .....................154
Figure 5.24 Scoring examples of IHC staining. Shown are typical
sections receiving a score of 0, 1 or 2 for three markers. ...............155
Figure 5.25 Microvessel Density. Shown are box and whisker charts
for microvessel density scores stratified by tissue scoring. ............155
Figure 5.26 Scoring examples of IHC staining. Tissue scoring counts
for the 8 VEROnA patients.........................................................156
Figure 5.27 The peak at 1380 cm 1 is a strong, separable vandetanib
peak and is clear indication of vandetanib’s raman activity.............157
Figure 5.28 Control medium of collagen set in a hydrogel.

No

vandetanib is present, however a large, broad peak exists from
1300 to 1500 recip. cm, obscuring the predicted emission peak of
vandetanib...............................................................................158
Figure 5.29 Collagen doped at 100 ng/mL, the same peak observed in
the control sample is observed, without detectable vandetanib peak.158
Figure 5.30 Collagen doped at 1 mg/mL, a shorter acquisition time
setting was applied to reduce noise in this experiment, however
the signal did not improve and no vandetanib signal was observed.158
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Figure 6.1 Clonogenic assays measuring sensitizing effect of
vandetanib in conjunction with ionising radiation. Following
treatment, a lethal response to vandetanib was observed
consistently across all cell lines.

(A) When cells were

administered vandetanib at high dose (5-10 mM) and short
exposure (24 hr) no radiosensitisation was measured. (B) Cells
receiving a lower dose (2–4 mM) for longer exposure (72 hr)
showed enhancement of radiation-induced cell death. Cells
treated with 5 or 10 mM vandetanib were eradicated after long
exposure and were not included in the study. * RER exceeds 95%
CI, ANOVA p  0.05 .................................................................168
Figure 6.2 Treatment with vandetanib and radiation inhibits the
migration of cells into a scratched area clearance. HCC cell lines
(A) HLF, (B) JHH7, (C) HuH-1, and (D) SK-Hep-1 were plated to
confluence onto 96 well plates, and a 2 mm section was cleared
to generate a void. The wells were imaged every 4 h to monitor
cell migration into the void. Lower values indicate faster migration
and closure of the clearance. A significant, dose-dependent
reduction in migration was demonstrated following vandetanib
treatment (Multiple comparisons * p  0.05), an additive reduction
in migration was observed in conjunction with radiation
(non-parametric ANOVA p  0.05 for HLF and JHH7). ..................169
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Figure 6.3 BNL.1ME cell spheroids photographed at regular
intervals. The cell line appears to be highly invasive in matrigel
culture and demonstrates a moderate response to vandetanib,
radiation and combination therapy. .............................................171
Figure 6.4 Growth curves of BNL.1ME spheroids. The BNL.1ME
is highly invasive, making consisten quantification difficult, even
with automated methods. ..........................................................172
Figure 6.5 PLC-PRF-5 spheroids photographed at regular
intervals.

The PLC-PRF-5 cell line is characterised by

asymmetrical growth patterns and low invasive tendency when
cultured in 3-D spheroids. The spheroids show a strong response
to combination therapy. .............................................................173
Figure 6.6 HLF spheroids Human cell line HLF cultured in matrigel
spheroids shows an atypical metastatic character. Rather than
developing dendritic structures, HLF tends to secrete discrete
cellular units which permeate into the matrix and begin growth.
The cell line does respond to combination therapy in vitro .............174
Figure 6.7 Spheroid growth charts for PLC and HLF...........................175
Figure 6.8 Hepa1-6 cells grown in 3-D spheroids and treated with
drug and irradiation. Hepa1-6 cell line spheroids grow to a large
size with relatively low invasive character. The spheroids show a
significant response to therapy. ..................................................178
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Figure 6.9 Hepa1-6 and NIH-3T3 were cultured in co-culture in 3-D
spheroids and treated with drug and radiation. The co-culture
spheroids show a moderately greater tendency to form invasive
processes when compared to the monoculture spheroids. The
response to therapy is more pronounced when the fibroblast cell
line is included in the culture. .....................................................179
Figure 6.10 Hep55-1.C cells grown in 3-D spheroids and treated
with drug and radiation. Hep55-1.C cell line spheroids possess a
very low invasive character and tendency for asymmetrical growth.
The cell line does not show a strong response to treatment. ..........180
Figure 6.11 Co-culture of Hep55-1.C and NIH-3T3 grown in 3-D
spheroids and treated with drug and radiation.

The

introduction of fibroblast cells into the Hep55-1.C cell line
stimulates the cell line to adopt an invasive profile with high
growth character. The response to treatment is also greater in
these spheroids........................................................................181
Figure 6.12 Growth charts for mouse cell spheroids.

In

monoculture, the radiation effect is highly visible, whereas the
growth response is less distinct in the co-culture spheroids. Such
a response reinforces the notion of the importance of the
microenvironment to tumour response to therapy. ........................182
Figure 6.13 Comparison of co-culture and mono-culture spheroids. *
p 0.05. ..................................................................................183
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Figure 6.14 Co-culture demonstration with JHH7 and LX-2 cells
grown in 3-D spheroids. The fluorescent labels make help
illuminate the effect of treatment on the differing cells. The lack of
strong fluorescence in the combination treated cells at the final
timepoint is a strong indication of the toxicity of the therapy.
Additionally, the strong contribution of the JHH7 cells to the
co-culture cells is apparent, as their growth seems to be
stimulated by the signalling activity of the fibroblasts, evidenced
by the strong green fluorescent signal and minimal red signal........185
Figure 6.15 Vandetanib-Radiation Synergise in 3-D Spheroid
Model. HCC cell lines grown in mono-culture and co-culture 3-D
spheroids. (A-B) JHH7 cells fluorescently labelled green, LX2
cells fluorescently labelled red. (A) Reference photo of a typical
time-point 0 spheroid for comparison. (B) Final time-point for
each treatment including combination and control. (C) Charts
depicting growth for mono-culture human spheroids. (D) Charts
depicting growth for mono-culture murine spheroids (E) Charts
depicting growth for co-culture spheroids. 2-Way ANOVA *p 
0.05, **p  0.01, ***p  0.001, ****p  0.001. †CDI > 1. ...............186
Figure 6.16 HLE spheroids treated with radiation and drug under
fractionation and whole-dose regimes. Fractionation appears
to be the more effective method of radiotherapy, even when
administered in combination with the drug. ..................................188
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Figure 6.17 HLE co-cultured with LX-2 and treated with
fractionated and whole-dose radiotherapy in combination
with vandetanib. HLE appeared to be radiosusceptible, with 6
Gy obliterating the spheroid, though the intensely invasive cell
line appeared to still possess invasive qualities, despite treatment. 189
Figure 6.18 JHH4 spheroids treated with fractionated and singledose radiation in combination with vandetanib When cultured
alone, JHH4 is a minimally invasive cell line with a low growth
profile, making distinguishing treatment effects a challenge. ..........190
Figure 6.19 JHH4 and LX-2 spheroids co-cultured in matrigel and
treated with fractionated and single-dose radiotherapy and
vandetanib. The striking difference between JHH4 when grown in
monoculture and in co-culture is made apparent when comparing
the spheroid micrographs above with Fig. 6.18 . JHH4 alone is
minimally invasive with a mild cancer phenotypes, yet in co-culture
with LX-2 the cell line is made aggressive....................................191
Figure 6.20 LX-2 spheroids treated with fractionated and singledose radiotherapy and vandetanib. The LX-2 hepatic stellate
cell line is a rapid growth cell line with the tendency to form dendritic
processes when grown in 3-D culture. The cell line responded to
combination therapy more strongly than single treatment, though
the assay is a poor predictor of in vivo behavior since the cell is a
stromal cell and growth stimulation is part of a complex signalling
circuit. .....................................................................................192
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Figure 6.21 Dose response curves for fractionation study. (A) HLE,
(B) JHH4, (C) LX2, (D) HLE + LX2, (E) JHH4 + LX2 curves depicted.
The effect of the co-culture is most pronounced for JHH4 which
demonstrated a considerable increase in growth in co-culture. All
studies responded to treatment with significance. .........................193
Figure 6.22 Results of an animal study on combination treatment
of vandetanib and radiation in an immunocompetent mouse.
(A) Tumour volume for all mice by treatment cohort (B) Mean
tumour volume (C) Survival curve. The growth delay observed
with the combination treatment produced a siginificant reduction
compared to either single treatment. Survival also benefitted from
combination therapy..................................................................195
Figure 6.23 Immune infiltration of the excised tumour tissue. The
combined therapy improves the immune profile with respect to the
T effector, T regulatory cell ratio and other markers including total
monocyte infiltration. Adeditionally, PD1 positive T regulatory cells
were upregulated in the combined treatment................................196
Figure 6.24 Expression Status of VEGFR-2 in (A) human and (B) murine
cell lines via Western Blot. Expression of glycosylated (C), native
(D), and soluble VEGFR-2 (E) as measured by optical density.
VEGFR-2, the primary target of vandetanib, is only expressed in
endothelial cells........................................................................198
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Figure 6.25 Autophagy in PLC and HLF Cells Treated with Vandetanib
and Radiation and with Chloroquine Autophagy Inhibition (A)
Micrographs of PLC cells treated with vandetanib (72 hour
exposure) and radiation (irradiated day 1) at indicated doses and
stained with Hoescht (Blue) and autophagy detection reagent
co-localised with LC3 (Green) three days after treatment. (B) Bar
chart of results from (A) with standard error. (C) Bar chart of
results of assay performed with HLF cell line with standard error.
N of 3 independent experiments were obtained for all cell lines.
The kit used for this assay was supplied by Abcam (ab139484).
Significance determined by ANOVA with multiple comparisons. .....200
Figure 6.26 Western blotting of protein expression levels for
protein involved in autophagy (LC3B, Beclin-1) and growth
(STAT3 and MEK1+2).

The prolonged expression of the

autophagy proteins suggests vandetanib treatment causes
autophagy................................................................................203
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ABSTRACT
Background:

Transarterial chemoembolisation (TACE) occludes tumour

vascular supply and is administered to advanced hepatocellular carcinomas
(HCC) with a 26 month median overall survival. The effect of vandetanib, which
targets VEGFR-II to disrupt new vasculature, when loaded in TACE beads and
delivered with and without radiotherapy was studied in preclinical models.
Methods: Various 2D culture assays and 3D spheroids grown in Matrigel and
RAFT systems were employed. Vandetanib titration measured dose-dependent
lethality. Drug loading on TACE beads was quantified and elution was measured
with fluorescence. Radiosensitisation was measured by 2-D clonogenic survival
assay. Cell cycle arrest after radiation was studied with FACS. VEGFR-II
expression of HCC cell lines was measured via western blot and the role of
autophagy in vandetanib radiosensitisation was studied. Gapfilling invasion was
measured following vandetanib and radiation. Serum samples from patients
receiving vandetanib TACE were analysed with cross-correlation and PCA.
Combined treatment outcomes were tested in vitro and in vivo. 3-D spheroids in
matrigel were treated with vandetanib alone or with radiation. Tumour growth
was measured in an immunocompetent mouse model under vandetanib,
radiation and combination treatment.
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Results: In 2-D culture, an IC50 range of 2.7-83 µM was measured. Drug
loading was found to be 0.92-1.66 µg per bead with complete elution in matrigel
in <4 hours. Exposure-time dependent radiosensitisation by vandetanib was
significant (p<0.05). Spheroids treated with radiation showed a cell cycle delay
in G2/M. VEGFR-II expression was null in all HCC lines tested. Autophagic
exhaustion was found in cells treated with both vandetanib and radiation. 2-D
migration assays showed a dose-dependent reduction in migration after
vandetanib treatment (p<0.05) and additive reduction in cells receiving
combined treatment (p<0.05).

Patient serum revealed inflammatory and

vascular markers respond to TACE treatment. Significant (p<0.05) growth
reduction was observed in 3-D spheroids treated with both 5 µM vandetanib and
4 Gy radiation compared to spheroids treated with 4 Gy radiation alone and 5
µM vandetanib alone. In 3-D spheroid co-culture with HCC and fibroblasts,
combination treatment significantly reduced invasion over radiation (p<0.05) and
vandetanib (p<0.0005). In animal models, HCC tumours experienced a growth
delay with significant (3x2 Gy + VAN vs. 3x2 Gy p<0.005, 3x2 Gy vs. VAN
p<0.0001) size reduction compared with control.
Conclusion: The advantages of 3-D over 2-D models were demonstrated via
direct comparisons. Markers of response to vandetanib TACE were identified in
patient serum. Vandetanib inhibited spheroid growth and 3-D co-cultures of HCC
and stromal cells were significantly inhibited by combined vandetanib and
radiation. A reduction in tumour size was observed in vandetanib and radiation
treated animals compared to controls, supporting vandetanib treatment of HCC.
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IMPACT STATEMENT
Hepatocellular carcinoma (HCC) is both prevalent and deadly; more than
half a million new cases are diagnosed every year and roughly half as many
deaths result from the disease [Jemal, 2011]. Current treatment options for
early stage HCC include surgical resection, liver transplantation, or thermal
ablation. Later stage patients hsvr the option of bland or chemo- embolisation
or systemic treatment, generally with tyrosine kinase inhibitors. This research
is most likely to impact patients in the later stage of treatment, who experience
significantly less benefit from current treatments, by developing better models
for treatment outcomes using non- or minimally invasive techniques including
3-D tissue models and helping to better inform their therapy. This research
demonstrates the value of the 3-D model in modern cancer therapy. It also
characterises anti-cancer agents effect on physical processes in models of less
than 10 million cells. Information regarding cell signalling processes, drug elution
dynamics and mitotic advancement can be better understood with the included
results and data. Furthermore, this work illustrates how the 3-D model can be
used to improve the ethical justification of in vivo study and save animal lives, by
reducing the number of in vivo experiments required.
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I.

INTRODUCTION
A central tenet of modern biology is the genetic inheritance of traits. This

process is facilitated via a replicative, nucleic acid-based machinery passed
down during reproduction which provides a blueprint for the production of
cellular machinery and other living components. The nucleic acid framework for
the machinery of life is copied endlessly during the cellular cycles of
reproduction and control over when, where, how and how often this process
occurs is instrumental to multicellular life. It is tempting to claim that errors in this
process are a direct cause of the growth of malignant tissue, as genetic
aberrations in genes affecting growth, replication or the cell cycle will lead to
uncontrolled replication in some instances, but rarely is a set of specific
mutations directly responsible for a malignancy, largely due to the actions of
checkpoint proteins which recognize replicative errors[Hanahan, 2000]. The
biological processes by which a cancer develops are several orders removed
from the scale of the intracellular processes which drive pathological re-entry
into the cell cycle in developing malignant cells.

More than the simple

accumulation of cell-autonomous errors in oncogenic or tumour-suppressive
genes, cancer is a complex phenomenon requiring the cooperation of many
independent systems, both cell-autonomous and non-cell autonomous, to foster
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the proper setting for malignant growth[Hanahan, 2000]. There is a complex
interaction between the extra-cellular milieu and the biology inside a developing
neoplasm, and this information exchange between cells themselves as well as
their environment is mediated by the chemical composition of the extra-cellular
matrix. The interplay between these disparate factors, extracellular matrix,
systematic stimulus and unicellular gene expression, drives a constant state of
change and adaptation in both the cancer cells and their supportive cells and
structures. Following the immediate progression from single cancer cell to a
collection of rapidly dividing and expanding cells, tumours morph into a cohesive
structure resembling, to some extent, a fully-functional organ where success
hinges upon cooperation between multiple biological processes that allow the
tumour to circumvent innate anti-cancer systems.
To support growth and metastasis, cancer cells recruit somatic cells of
multiple tissue types and body systems[Strell, 2012]. These cells embed in the
surrounding extracellular matrix and begin secreting stimulatory factors to drive
further expansion of the cancer. After integrating into the existing tissue,
invading tumours develop a network of collagen scaffolding, basal stroma, and
connective tissue that supports tumour development and growth[Nyga, 2013].
To sustain uncontrolled growth and expansion, tumours stimulate the process of
new blood vessel formation, known as angiogenesis, by promoting release of
signalling factors to cause new vasculature to arise in the surrounding
microenvironment. [Shibuya, 2011]
Recent discoveries in modern cancer therapy have led to new treatment
strategies. The philosophy behind these strategies is the disruption of necessary
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cancer processes, such as abberant gene expression, metastatic migration,
tumour immune evasion, and pathological angiogenesis. The latter process,
angiogenesis, is a frequent target of tyrosine kinase inhibitors including those
investigated in the following chapters. Angiogenesis is initiated by a specific
subset of the growth factor class of cell signallers that bind to membrane-bound
receptors, in turn activating signal transduction cascades and driving the formation
of new blood vessels carrying oxygen and other nourishment to the tumour. The
main surface-bound receptors controlling angiogenic signal transduction are the
Vascular Endothelial Growth Factor Receptors (VEGFR) -I, -II, and -III on vascularassociated endothelial cells which promote vascular growth and remodelling.
Endothelial Growth Factor Receptor (EGFR) and other growth factor-specific
receptors on both tumour and endothelial cells are also responsible for promoting
growth and proliferation of blood vessels[Morabito, 2009]. The VEGFRs are
activated by the multiple forms of the VEGF group of serum soluble signallers
and likewise EGFR is activated by endothelial growth factor. These receptors
activate downstream switches and ultimately feed cancer promoting pathways
such as p38/MAPK, RAS/RAF/MEK/ERK and PI3K[Kowanetz, 2006].
Anti-angiogenesis drugs effectively suffocate tumour cells by disrupting
vascular feeding and preventing oxygen and nutrients from reaching the tumour.
Within this class of drugs is Vandetanib, a selective Tyrosine Kinase inhibitor
(TKI) with anti-angiogenesis properties[Wedge, 2002]. Vandetanib is unique
among VEGF-inhibitors because of a high affinity and selectivity for VEGFR-II
over other membrane bound signallers. It’s selective targeting of VEGFR-II, the
main trigger of angiogenesis, produces a cleaner and more focused inhibition of
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Figure 1.1 : Vandetanib is an anti-angiogenic tyrosine kinase inhibitor
Vandetanib disrupts neoangiogenic processes via selective inhibition
of VEGFR-II and EGFR. The high selectivity makes vandetanib
unique among anti-angiogenic TKIs.
angiogenesis than traditional blanket inhibition of the VEGFR class[Kowanetz,
2006; Lubarsky, 2003].
Often, targeted therapies alone are insufficient to fully treat most cases of
malignant disease. Vandetanib therapy is approved in the US and Europe for the
treatment of medullary thyroid cancer[Wachsberger, 2009], but in early phase
clinical trials vandetanib oral administration was not approved for other cancers,
including liver cancer[Hsu, 2012]. The risk associated with high doses of oral
vandetanib may limit its application as a primary treatment for some disease, but
there is much promise for the drug as complementary therapy to other treatments,
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either as a concomitant treatment, as adjuvant therapy or to sensitise cancer cells
for additional therapy. Early evidence suggests targeted inhibition of VEGF-II
by vandetanib will enhance the effect of radiation therapy in tumour tissue and
increase cell death after treatment by radiation[Frederick, 2006].
Radiation therapy is the controlled emission of high energy particles from an
x-ray source which strike tissue and cause damage to genetic and structural
components. Key to successful radiotherapy is a high therapeutic ratio, or the
relative amount of damage delivered to healthy tissue compared to the
malignancy[Chaudhary, 2016]. In multiple in vivo murine studies, treatment of
vandetanib plus radiotherapy has led to significantly improved survival times
beyond the combined effect of either treatment given alone[Brazelle, 2006;
Shibuya, 2007; Williams, 2004; Wachsberger, 2009; Frederick, 2006]. If
such an interactive effect between the drug and radiation exists, treating with
vandetanib at a low dose will prime cancer cells for further treatment with
radiation therapy and enhance cell death within the tumour.
Regionally targeted therapy offers promise beyond the general combination
of drugs and radiation. Restricting delivery of vandetanib to the tumour region
reduces the detrimental effect caused by vandetanib toxicity during systemic
drug administration, which has thus far limited vandetanib’s application in the
clinic[Hsu, 2012]. Locoregional drug delivery will allow for a higher dose to reach
the tumour while protecting the surrounding tissue and easing the burden on
the patient during treatment. Restricting drug dose to the tumour region will also
provide a better opportunity for concurrent treatments as the systemic side effects
due to vandetanib will be reduced overall. With regionally restricted therapies, the
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risk of detrimental systemic effects is reduced, and treatment can be designed
solely to kill cancer cells without concern for negative effects on healthy tissue.

Figure 1.2 : TACE Procedure The TACE procedure involves injecting a catheter
through the femoral artery, threading it through the aorta and
ultimately entering the liver vasculature through the hepatic vein
where embolic microspheres are injected into the tumour feeding
vasculature. The procedure is commonly carried out by an
interventional radiologist and monitored via in-procedure imaging.
In addition to radiation, vandetanib is being combined with other treatments, in
some cases with locoregional delivery as a benefit of combination. A form of liver
cancer treatment involving vandetanib combined with another treatment mode is
an interventional technique known as Transcatheter Arterial Chemoembolisation
(TACE). Like angiogenesis therapy, TACE disrupts the ability of the tumour lesion
to supply oxygen and nutrients via the occlusion of the arterial feeding vessels
that sustain the tumour. TACE disrupts vascular supply by lodging particulate
spheres inside the arteries that supply vessels and blocking blood flow to the
tumour. To enhance this embolic effect, TACE microspheres are loaded with
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vandetanib and what results is a two-factor inhibition of tumour arterial supply:
the large feeding vessels are occluded by the embolization and the formation of
new blood vessels is prevented by the anti-VEGFR activity of vandetanib[Fuchs,
2017].
Beyond even this novel combination, there is a possibility that TACE
vandetanib treatment can improve outcomes of other therapies as well. Because
the particulate spheres administered in the TACE procedure have radiopaque
properties[Ashrafi, 2017], it is possible to use diagnostic imaging tools to locate
the beads in the tissue and segment the tumour region for more accurate
radiation therapy and even combined locoregional vandetanib treatment, TACE
embolization and radiotherapy, if such a treatment can be safely tolerated.
Alongside adjuvant therapy for patients eligible for resection, this and other
features of Vandetanib TACE warrant further research and investigation of the
drug and its activity in liver cancer.
Innovation in the methods of cancer study have taken researchers from
primitive cell cultures implanted in the empty cork husks of the bark of an oak
tree[Asimov, 1964] to two-dimensional culture dishes before advancing to
sophisticated three-dimensional models; each successive improvement moves
the technique closer to the native cancer condition. Where early models were
limited at the molecular level and 2-D culture addressed short falls in tonicity and
nutrient availability, 3-D cell culture improves upon the unnatural arrangement of
cells stretched across a 2-D surface consequential to the condition of 2-D cell
culture grown without a collagenous extra-cellular matrix to support cellular
structures[Dutta, 2018]. A number of studies have reported multicellular cancer
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models which attempt to recapitulate the complexity of solid tumour composition.
Some groups have also incorporated biophysical elements of the tissue into their
models[Nyga, 2011, 2013; Stamati, 2020; Pape, 2020] using natural matrices
or in some cases polymers [Wishart, 2021].
To ignore the shortfalls inherent in current tissue models and persist in using
a stagnant model is dangerous; culture techniques must advance towards more
and more accurate models of disease. Simply embedding tumour cell lines in
a 3-D scaffold insufficiently recreates the complex extra-cellular environment
arising from co-culture of differing cell types, both diseased and healthy, that
populate the tumour tissue compartment and which undergo complex paracrine
signalling amongst themselves. The subtleties of cellular response to nuanced
treatments, including targeted therapies such as vandetanib, necessitates that in
vitro models incorporate supportive stromal and immune cell types in addition to
cancer cells.
This research project investigates preclinical 3-D models to evaluate clinical
treatments in the laboratory. Improved 3-D models were designed to incorporate
many additional cell types to better model paracrine signalling in the laboratory.
The biomimetic models were used to test treatments of drug and radiation alone
and in combination and the results of study were validated with experimental
results from animal model studies and clinical data.
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II.

LITERATURE REVIEW
Recent medical discoveries have advanced cancer treatment to the

commendable level where patients are given months and years to spend with
their families they would otherwise not have. These advancements have been
brought about in large part due to in vivo testing, but biological testing in animal
models is not without disadvantage [Mandal, 2013]. There are many benefits to
using human-derived alternatives to animal models, and the current methods of
monolayer in vitro testing have been standard for the past few decades[Doillon,
2004]. By developing biomimetic in vitro models, the risk of over-characterising
intricacies[Beach, 1950] of the animal is reduced and instead the response of
human tissue to treatment is probed in a non-invasive fashion. In vitro testing
itself is not a perfect solution however, since monolayer culture is limited by a
poor recapitulation of the cancer microenvironment.

The development of

alternative models with better microenvironments, including three dimensional
tissue culture, is an expanding area of research. In the sections to follow, a
background of the cancer environment in humans and current approaches to
recreate the cancer microenvironment outside the human body are discussed.
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CANCER AND THE TUMOUR MICROENVIRONMENT

2.1.1. The Tumour Microenvironment
The initial stages of cancer may be well characterised by aberrations in
cell-autonomous processes, as dysregulation of the cell cycle, mutations leading
to overexpression of growth factors, or errors in death pathways lead cells to
extend their replicative lifetime and began proliferating without restraint. In
advanced stages of progression, however, the forces driving growth can be
radically different as the rapid growth of the diseased tissue alters conditions in
the surrounding environment. Rapid tissue growth affects nutrient and pH
balances in the surrounding tissue, generating localised conditions of acidosis
and hypoxia, and malfunctioning cellular systems can secrete aberrant or mixed
signalling factors in response to the induced stress brought about by the
malignant growth. The microenvironment and malignancy act as agents in a
positive feedback loop, reciprocally advancing each other into more advanced
and progressed malformation as the tumour induces morphological changes in
the stroma and supportive components and is in turn stimulated into
development itself[Hanahan, 2000, 2011].

The hallmark characteristics of the tumour microenvironment include the
development of abnormal tumour vasculature leading to irregular perfusion and
the development of localised disequilibrium: an increased interstitial fluid
pressure builds as the hyperpermeability of tumour cells combined with
insufficient lymphatic drainage lead to fluid accumulation, and the increase in
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tissue mass due to both the tissue growth and the aforementioned perfusion
deficiencies create mechanical stress on the connective tissue both inside and
around the tumour. [Khawar, 2015]

This transformation is a result of reciprocal paracrine signalling between
rapidly dividing cancer cells and mesenchymal, endothelial and immune cells in
the microenvironment. Critical processes occurring during the development of the
tumour include the transformation of fibroblasts into those tumour-promoting cells
known as cancer associated fibroblasts (CAFs)[Pape, 2020], remodelling and
stiffening of the extracellular matrix to support the tumour organ[Egeblad, 2010],
the expansion of the vascular system to support growth[Carmeliet, 2011] and
the co-option of the immune system to evade surveillance and persist unimpeded
by immune system checks on aberrant growth[Quezada, 2011].
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2.1.1.1 Cellular Phenotypes of Liver Cancer
a

Cancer Associated Fibroblasts Cancer associated fibroblasts generally

develop from a subset of fibroblasts peripheral to the developing tumour which
become activated via paracrine intercellular signalling as well as those from more
distant sites such as the mesenchyme or the bone marrow[Pape, 2020] which
are activated via other at-a-distance means. In contrast to their somatic role of
wound healing, which in proper fibroblast function restricts growth via contratumour stiffening and ECM remodelling, this same stiffening can be subverted
by the cancer to foment tumour expansion by hardening the ECM around the
tumour to mitigate growth-induced mechanical stress. Instead of stiffening to
induce wound healing, the CAFs perpetuate a state of chronic inflammation,
promoting persistent neoangiogenic signalling, driving tissue differentiation and
enabling immune escape [Bhowmick, 2004; Sanz-Cameno, 2010; Egeblad,
2010; Pape, 2020].
The formation of CAFs from fibroblasts is believed to occur via the same
routes as cells undergoing Endothelial to Mesenchymal Transition[Augsten,
2014; Pape, 2020], namely stimulation of Slug, Snail and Sox9 inducing a stem
cell-like state from which the cells further differentiate into the active CAF
phenotype[Mani, 2008], endowing the nascent CAFs with self-renewal capability
and permitting expansion to support the developing tumour. The transition
process, first to cancer stem cell then to CAF, makes CAFs extraordinarily
heterogeneous compared to other cell types. The high heterogeneity makes
identifying markers of CAFs a challenge with ongoing efforts to identify newer
and better markers[Pape, 2020]. Numerous cytokeratins can indicate epithelial
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phenotypes, and similarly vimentin and fibronectin both indicate mesenchymal
transition[Mani, 2008].

In addition, there have been many proposed

CAF-specific markers, including FSP-1 and PDGFR, however current limits on
the characterization of the activation process of CAFs has caused the discovery
of new markers to remain elusive[Pape, 2020].

b Hepatic Stellate Cells

Hepatic Stellate Cells (HSCs) are a star-shaped

sinusoidal cell type that functions as a sheath by enveloping endothelium in the
liver and serves multiple functions in normal liver physiology. Under somatic
conditions, HSCs facilitate the transport of oxygen to hepatocytes as
vasoregulators, modulate the ECM via the secretion and digestion of MMPs and
inhibtory TIMPs, and store vitamin A (retinol). They also function in liver
regeneration and hepatocyte growth, leading to their activation in patholigical
conditions[Hellerbrand, 2016].
In developing HCC, HSCs differentiate into an aggressively proliferative
myofibroblast phenotype and start secreting inflammatory factors.

This

transformation in turn activates profibrogenic processes and can contribute to
endothelial-mesenchymal transition [Hellerbrand, 2016].

c

Macrophages

During normal tissue function, circulating monocytes are

activated in response to tissue conditions to form M; macrophages. Further
differentiation into CD-206 expressing pro-inflammatory macrophages can
promote tumour growth via immunesuppression, and similar induction of TIE-2
expression on macrophages leads to neoangiogenic growth.[Matsubara, 2013]
Conversely, activation of M; macrophages via interferon- drives CD8+ T-cell
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activation and can suppress tumour function via immune reprogramming. The
variation among T-cell genotype betrays their varied function, however, and
immune stimulation is concomitant with inflammation for certain macrophage
phenotypes. This ambiguity makes T-cell population comparisons with total
myeloid cells more indicative of the total immune response than macrophage
differentiation[DeNardo, 2010; Vitale, 2019].

d T Cells

The most essential dynamic in the role of T cell lymphocytes in

cancer is one of immune cooperation versus tolerogenicity. This duality is
epitomized by the interplay of two distinct populations of T-cells, the T-effector
cell, which targets and suppresses the tumour and T-regulatory cells which
trigger immune evasion via the activation of self-tolerance processes in the
tumour. During pathogenesis, the growing tumour subverts immune system
processes to establish a cold immune environment inside the tumour boundary
by recruiting tumour-infiltrating Tregs which suppress immune function via
immune checkpoint signallers like CTLA-4 and others[Sakaguchi, 2008].
Such a context of immune resistance makes the case of successful infiltration
by T-effector cells less beneficial as they are rendered unable to target cancer
cells for elimination. The infiltration of the tumour by CD4-expressing T regulatory
cells is one of the more crucial steps toward immune escape on the part of
the tumour[Quezada, 2011] as they recognize tumour associated antigens and
activate key signallers in the immune checkpoint cascade to prevent cytotoxic
activity.
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Myeloid-Derived Suppressor Cells Similarly to T-regulatory cells,

Myeloid-Derived Suppressor Cells (MDSCs) are pro-inflammatory and
immune-suppressive cell types that up-regulate angiogenic signallers to support
metastasis. The activation and selective expansion follows the expression of
Tie-2, which is part of a reciprocal receptor ligand pair with Angiopoeitin-2, a
stimulator of endothelial progenesis and new blood vessel growth.

Their

expansion is part of a cyclic feedback loop triggered by and triggering
angiogenesis[Teichertm, 2017].

2.1.1.2 Vasculogenesis
The de facto condition of cancer tissue is one of widespread hypoxia,
acidosis, elevated interstitial pressure and increased permeability. The default
systemic response to these physiological abnormalities is an upregulation of
vasculogenesis. Vasculogenesis is the process of generating new blood vessels
de novo and is a process activated during development. More common in
cancer is the related process of neoangiogenesis, or the sprouting of new blood
vessels from existing vessels. The subset process of neoangiogenesis is
triggered more often outside of developmental stages and is most commonly
associated with wound healing during physiological homeostasis.[Motz, 2011]
Against the background of scarring, fibrosis and a persistent condition of oxygen
deprivation associated with cancer, most tumours exhibit a state of constant
neoangiogenic signalling as tumour cells respond to the drop in oxygen levels
and activation of wound healing processes. Tumours promote neoangiogenesis
by modulating a complex signalling network involving the vascular endothelial
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growth receptors (VEGF-A, -B, -C, -D and -E), fibroblast growth factors,
angiopoeitins, platelet derived growth factors, epidermal growth factors, endoglin
and others. The most important effector of vascular growth as far as promoting
angiogenesis is the VEGF ligand A, or more commonly referred to as
VEGF.[Morse, 2018]
The VEGF ligand can interact with multiple different tyrosine kinase receptors
on the surface of the vascular endothelial cells as well as nearby stroma. While
the other VEGF ligands -B, - C and -D remodel lymphatic vasculature, the
secretion of the primary VEGF ligand is the rate limiting step in de novo
generation of new blood vessels and vasculogenesis[Ferrara, 2003]. The
highest affinty target for VEGF is the VEGF Receptor II tyrosine kinase. This
receptor is expressed primarily on the surface of endothelial cells and activates
growth pathways including the RAF/MEK/ERK pathway. Interestingly, this
receptor can function without RAS, suggesting it has a more direct effect on
broad growth pathways downstream[Ferrara, 2004].
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Figure 2.2 : Kinase Control of Vasculogenesis

2.1.1.3 Anti-Angiogenic Therapy
The VEGF receptors have a complex dynamic of interactions with each other.
For functional signal transduction of an angiogenic growth signal, VEGFR-II must
form a homodimer with a second membrane bound VEGFR-II receptor molecule.
This dimerization produces a conformational change in the cytosolic domain of
the protein, leading to tyrosine kinase activity. Just as membrane bound VEGFRII proteins can bind with other VEGFR-II proteins, so too can VEGFR-II accept a
dimerization from VEGFR-I. This process creates a non-signalling heterodimer
and as a result will inhibit VEGFR-II signal transduction by acting as a decoy.
From the standpoint of vasculogenesis, VEGFR-I in both the soluble secreted
form (sVEGFR-I) and membrane bound form (mVEGFR-II) functions as a barrier
to angiogenic signalling. [Cudmore, 2012] Modern angiogenic therapies often
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target these VEGF receptor pathways, which develop the somatic and tumour
vasculature, both hematic and lymphatic, via an active site blockade. As VEGFR-I
and -III can also drive lymph progression, a process crucial to the infiltration
of the tumour by the immune system, preferential targeting of VEGFR-II has
numerous advantages. By leaving inhibitory forces due to VEGFR-I dissociation
in tact, and allowing lymph signalling to proceed as required, only angiogenic
blockade occurs. Such an ideal situation is possible with selective inhibition of
the VEGFR-II molecule.
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2.1.2. Mechanisms of Cell Death
Cellular function necessitates the elimination of cells for developmental
purposes, for the conservation of nutrients, or in response to irreparable cell
damage resulting from any number of factors, including those relating to cancer
treatment and even the machinations of the disease itself. There are a number
of pathways by which a cell can die, and only one of them can be considered to
be intentional. In most cases of cellular termination, it is not gene expression
which is responsible, but rather external factors. In many cases, the cells will
trigger gene expression to mitigate these effects, causing the myriad of different
"programmed" death pathways that have been, and continue to be,
discovered[Formigli, 2000].

2.1.2.1 Apoptosis
The most prevalent form of programmed cell death is that of Apoptosis. It is
a major mechanism of differentiation during developmental stages, as cells are
shed and die after passing pre-determined functional stages. During other stages
of somatic function, cells regularly enter into apoptosis to die and be replaced with
new cells from poeitic stock. In apoptosis, the cells reduce their fluid content and
start to shrink. Simultaneously, processes to condense the genome and begin
compressing the organelles and cellular components are initiated in preparation
of the formation of apoptotic bodies. This is metabolically favourable, as the
components are made easier to transport by the other systems of the tissue.
Eventually, the cell shrinks to a fraction of its size and all that remains are the
contents of the cytoplasm sequestered in apoptotic bodies.[Elmore, 2007]
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Mutations in the death pathways can create a state of perpetual expansion,
and can contribute to the development of cancer malignancies. Mutations in
tumour-suppressor protein p53, which occur in more than half of human
cancers[Baugh, 2018], prevent entry into death pathways and suggest
programmed cell death to be an important check on cell growth. Apoptosis is
triggered via one of two pathways, referred to as the extrinsic or intrinsic
pathways[Hassen, 2012]. Intrinsic activation of Apoptosis is mediated via p53
and mitochondrial degradation whereas the extrinsic pathway is mediated via
the activation of transmembrane proteins sometimes referred to as the death
receptors, including TRAIL, TNF, Fas and FasL. The ultimate outcome of these
avenues of signalling is the eventual activation of Caspases, marking the cell for
digestion by macrophages and triggering pyknosis, cell shrinking and the other
stages of apoptosis[Goldar, 2015].

Figure 2.3 : Apoptosis
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2.1.2.2 Necrosis and Necroptosis
Outside of apoptosis, the mechanisms of cell death become hazier, as the
mode of action shifts from one of controlled gene expression to energy
dependence and structural damage. Necrosis is a generalized descriptor for the
processes occurring after a cell dies, but is also applied to those which were not
entered into a mode of programmatic death, but died via less orderly
mechanisms[Tait, 2014]. Necrosis is most readily identified in tissue sections,
where the structural decay is plain to see. Though the two mechanisms can
coincide, in contrast to apoptosis, necrosis is a passive process and almost
always affects large fields of cells as opposed to apoptosis which can be
effected at the cellular level[Trump, 1997]. The mechanism by which necrosis
proceeds is one of chemically induced toxicity,

as a depletion of

adenosine-triphosphate reserves precedes a build-up of cellular metabolites and
an inability to maintain homeostasis causing the cell to cease functioning in a
disorderly, random fashion[Elmore, 2007].

The process of necroptosis

resembles necrosis in many morphological aspects, yet it is a triggered form of
cell death in which the cell death pathways preceding apoptosis are activated
yet the final mechanisms of death are inhibited via external inhibitors of
caspases. As the cells are arrested in this final phase of programmed death,
they fail to produce enough ATP to maintain somatic functioning and die in a
similarly toxic manner as necrosis, with the key difference being their genome is
condensed and their organelles and cellular components have been partially or
completely degraded[Galluzzi, 2012]. In both cases, the tissue becomes
swollen and inflammed[Tait, 2014], and is occasionally accompanied by the
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discharge of large amounts of fluid from the surroundings.

Figure 2.4 : Necrosis and Necroptosis

2.1.2.3 Macroautophagy and Autophagic Cell Death
Macroautophagy is one of two theoretically described processes of
autophagy, and is fundamentally at it’s core, a pro-survival pathway. Cells enter
into autophagy following metabolic stresses as a means to conserve cellular
resources.

Furthermore, autophagy is triggered by a number of cancer

treatments and therapies and autophagic cell death, or the outcome of
autophagy when sufficient cellular resources are not recovered by the cell, is an
important mechanism in some modes of treatment[Fulda, 2015]. By enacting
lysosomal degradation of a fraction of cytosolic organelles, the cells can devote
metabolic resources to maintaining homeostatic conditions in the cytoplasm,
until a point at which they can regenerate those dissassembled organelles. The
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mechanism of autophagy is a multi-stage process by which the cells form
degradation bodies (autophagosomes) to digest cellular components. In the
initial phase, a vacuous lysosome-like compartment called a phagophore is
formed in the cytoplasm. This phagophore expands its membrane to engulf
cytoplasmic contents and form an autophagosome, in a process involving
beclin-1 activation. At this point, the cellular contents are not yet degraded, but
simply sequestered from the surrounding environment. In mid-to-late stage
autophagy, the autophagosome merges sequentially with an endosome and a
lysosome to form an autolysosome. At this stage, the autophagic body begins
expressing surfacial LCBII markers and begins to degrade the organelles and
either secretes them back into the cytoplasm or contains them in a
vacuole[Klionsky, 2012].

Figure 2.5 : Macroautophagy and Autophagic Cell Death
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2.1.2.4 Mitotic Catastrophe
Mitotic catastrophe, or mitoptosis, is a mechanism of cell death occurring
exclusively during cellular multiplication. Arising following radiation damage to
the chromatin of the nucleus, mitotic catastrophe occurs when the structure of
the uncoiled DNA is damaged by external forces, such as radiation, and is unable
to properly segregate during the telophase period of mitosis. This triggers any
of a range of outcomes, from a permanent entry into senescence to a range
of mitotic catastrophes involving partial completion of all the stages of mitosis.
Morphologically this can include the formation of micronuclei, nuclear blebs or
mitotic bodies, which appear distinct in the cell. In some cases the cells can
aberrantly trigger further stages of mitosis, leading to an increasingly disfigured
and diseased state.[Galuzzi, 2012]

Figure 2.6 : Variations of Mitotic Catastrophe
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HEPATOCELLULAR CARCINOMA

Hepatocellular Carcinoma (HCC) is a malignancy of the liver which is
increasingly becoming a widespread health problem. More than 850,000 cases
of liver cancer are newly diagnosed annually and HCC is by far the most
prevalent form, accounting for as much as 90% of new diagnoses. HCC lesions
arise in a range of liver backgrounds, largely dependent upon the patient’s
lifestyle and locality. The most common mutations in HCC relate to telomere
maintenance, mutations in the WNT/ -catenin proto-onco-pathway or those
affecting tumour suppressors like TP53, however, HCC is primarily a result of
liver pathology and no strong candidates for driver mutations have been
identified.[Llovet, 2016] Rather, HCC develops in fibrotic or cirrhotic livers with a
background of chronic liver disease: either Hepatitis B or C infection, Aflatoxin
B1 exposure or accrued damage from lifestyle factors like alcohol abuse or
non-alcoholic fatty liver disease. The liver is unlike any other in the human body:
it is remarkably regenerative, able to recover up to 70% of tissue removed
during transplantation. This ability is a result of a unique system of cell cycle
regulation allowing the liver cells to replicate uncountably more times compared
to other somatic tissue. Hepatocytes, the main functional unit of the liver,
achieve this feat by a system of senescent dormancy interrupted by cell cycle
reactivation and proliferation, allowing the liver to regenerate much of its mass
as needed. [Carr, 2016] Prolonged liver toxicity damages and scars the liver,
leading to fibrosis and eventually cirrhosis, an environment ripe for dysplasia. In
HCC, normally senescent cells are awakened from dormancy, enter the cell
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cycle, and ultimately begin replication uncontrollably. Frequently this awakening
is a result of a mutation in the Telomerase Reverse Transcriptase gene leading
to activation of the ‘telomerase switch’ [Llovet, 2016] and the replicative lifetime
of the mutated hepatocytes is artificially extended. Often, other cell cycle
aberration leads to re-entry into the cell cycle and escape from senescence
controls. As it stands currently, there are several methods of treating HCC in the
clinic.

[Llovet, 2016] Those methods include surgical resection, liver

transplantation or thermal ablation for patients in the early stages of disease,
and for patients entering more advanced stages of progression, treatment with
embolization, chemo-embolization or systemic treatment (including Tyrosine
Kinase Inhibitors, with Sorafenib being the mainline treatment) is standard. For
the early stage patients, the currently available treatments can improve survival
beyond the historical natural history survival. [Llovet, 2016] In contrast, patients
with later-stage cancer may experience less benefit from therapy with less
significant improvements in overall survival.

2.3.

PRE-CLINICAL MODELS OF HCC: JUSTIFICATION
FOR THREE DIMENSIONS

Studying the outcomes of a treatment in an animal model or in tissue culture
model allows for initial assessment of efficacy in treating cancer. This feature
makes a technique like cell culture invaluable to clinical research. The further
from the in vivo reality the model becomes, however, the less reliable are any
conclusions made. To address this shortcoming, efforts to improve the accuracy
of tissue culture models have been a continuous area of research. While many

64

Znati, Sami

March 2022

Figure 2.7 : Example 2-dimensional model
of the first cellular cultures were three-dimensional explants of live cells in
scaffolds like cork or collagen sponges, the convenience and simplicity of
monolayer dish culture quickly led to widespread adoption of two-dimensional
models of tissue[Abbot, 2003]. The drawbacks of this method, specifically the
physiological and chemical differences between in vivo tissue cells– inherently
three-dimensional - and two-dimensional monolayer dish culture, remained
unaddressed for most of the early stages of cell culture’s development. Crucially
missing in 2-D culture was the extracellular matrix: a colloidal scaffold bathed in
somatic fluid and constantly adapting as the explanted cells grow and divide.
While cells could be coaxed into adopting the morphology of three-dimensional
cells, the adaptations were only superficial and marked differences in the oxygen
and nutrient conditions of the cells meant dish culture was a poor approximation
for in vivo phenomena. For HCC and other cancer systems, three-dimensional
tissue culture was presented as a viable solution to the problems posed by
monolayer systems.
With increased knowledge of the growth patterns of cancer, it became
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apparent that to sustain growth of a dish culture tumour spheroid beyond the
order of 200 µm, [Calmels, 1995; Nyga, 2011] the proliferating cells needed to
begin tuning their surroundings to supply adequate nutrients, oxygen and
perfusion. To recreate these conditions in the laboratory, a basic strategy
became widely adopted for the culturing and growth of cancer cells. First, the
cells would be cultured in standard tissue culture and coaxed into forming
spheroid aggregates and second, the cells would be implanted in a
three-dimensional scaffold matrix to foment necessary cell-cell and cell-matrix
attachments.

With this approach, crucial intercellular signalling can be

maintained in the form of e-cadherin junctions between neighbouring cells as
well as collagen and fibronectin modulation as the proliferating cancer cells
interact and change the scaffold.[Nyga, 2011] The importance of the
three-dimensional configuration to accurate modelling of in vitro tissue belies an
important point about modelling any system; model-excluded factors that are
present in the in vivo system can lead to confounding results when measured in
vitro.

Because the developing tumour is known to interact closely with

surrounding tumour stroma[Nyga, 2011] in vitro models that exclude stroma
from the study are discounting the effects of this tumour-critical component.
Cancer-associated fibroblasts are known to differentiate from somatic fibroblasts
and support tumour growth by remodelling the interstitium, promoting
inflammation of tissues and guiding cancer cell invasion.

[Pape, 2020,

Schellerer, 2014] Likewise, other stromal cells such as undifferentiated
monocytes and stellate cells can have pro-tumour effects and facilitate
metastasis. Conversely, macrophages have been shown to have a disruptive
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influence on tumour progression[Rama-Esendagli, 2014], however the issue
remains controversial as they are also believed to cooperate with metastatic
growths under specific conditions.[Muliaditan, 2018] The complexity of body
systems, particularly those formed around a diverse and unpredictable species
such as cancer, demonstrate the crucial importance of accurate in vitro models
of the somatic system to valid scientific conclusions. The limitations inherent in
the construction of any model of a living system, namely the introduction of
confounding sources of error due to differences between model and natural
system, requires that simultaneous study of more representative in vivo
scenarios also be carried out. And while animal models offer many convenient
benefits, there is an equal risk of characterizing the intricacies of the animal
model being studied and not those of the cancer generally as it would apply to
humans. It is for this reason that research must be integrated at multiple levels
of study, including multiple laboratory stages and in the clinic, to draw accurate
conclusions.

2.4.

VANDETANIB AS A RADIOSENSITISER

Radiotherapy, or the controlled emission of high-energy photons, has been
widely applied as a cell killing tool in cancer therapy for many decades.
Radiotherapy can be delivered externally, most commonly with a stereotactic
beam, or internally, via the use of radioactive implants strategically targeted to
the tumour area. Radiotherapeutic effects are wide-ranging and include cell
death not only directly as a result of radiation damage, but also from the
generation of reactive free radical species such as ROH or RSH which disrupt
normal chemical bonding in cellular structures and disrupt cell function. Both
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Figure 2.8 : 3-D model example Shown is a spheroid pictogram.
these reactive species and the initial incident photons can cause DNA damage
to nucleotides, disrupt the formation of mitotic machinery or damage essential
cellular structures and force the cell to enter into states of apoptosis or
necrosis.[Wardman, 2007]
One of the main criteria for a successful radiation treatment is a high amount of
radiation-induced damage delivered to the tumour relative to the surrounding
non-cancerous tissue, a characteristic known as therapeutic ratio. The utility of a
radiosensitiser is the enhancement of this ratio to selectively increase cell death
in irradiated tumour-areas while minimizing damage to other tissue. Because
radiation affects tissue on immune, expression, and molecular levels,
radiosensitisers can selectively increase damage to cancerous tissue by causing
cellular susceptibility to one of these pathways. For example, radiation promotes
VEGF signalling in the absence of anti-angiogenesis treatment, but treatment
with drugs, like vandetanib, which target vasculature have been found to
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damage.[Abdollahi, 2003] If an angiogenesis inhibitor could be made to
exclude tissue other than tumour, the effects of radiation in the tumour area
could be multiplied many times over compared to somatic tissue regions. The
radiosensitivity of vandetanib has been tested in animal models. In one study of
HCC, vandetanib treatment combined with radiation delayed growth of the
tumour graft by more than 20 days compared to either treatment regime alone.
[Brazelle, 2006]In a second study of HCC, combination therapy delayed
progression for 50%. In animal models of other diseases, a significant antitumor
effect was found in NSCLC xenografts treated with combination therapy
compared to single treatment[Shibuya, 2007] and for lung cancer xenografts,
combined therapy led to a progression delay of greater than 30 days.[Williams,
2004]

2.5.

IMMUNE MODULATION AS A RESULT OF COMBINED
ANTI-ANGIOGENESIS

(VANDETANIB)

AND

RADIATION THERAPY
The immune system response to a developing cancer is a balancing act
between a self-targeting tissue-shaping drive which seeks, via processes like
apoptosis and clonal selection, to eliminate tissue aberrations such as cancer
and a tissue-protective self-tolerance drive which enables the immune system to
target and kill invading pathogenic organisms without causing injury to somatic
cells. In a cancer system, the immune response is characterized by a multistage progression. The initial immune condition of cancer-immunosuppression
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is followed by a stimulated evasion of the immune system as evolving tumour
cells adapt to immune controls and finally cooperation[Quezada, 2011] between
the immune system and the tumour as the tumour microenvironment co-opts
immune cell effectors, like macrophages[Muliaditan, 2018] or monocytes[Blot,
2003], to protect the growing neoplasm and shift the equilibrium away from
anti-cancer immunity and towards tumour tolerance in a general process of
immune effector suppression. This equilibrium has biological manifestation
in the selective expansion of T cell populations and their infiltration into the
tumour microenvironment. Critically, the relative expansion of Effector T-cells
to Regulatory T-cells is found to be essential to driving either the autoimmune
or anti-tumour immune responses[Chaudhary, 2006]. Selective expansion of T
regulatory cells leads to recruitment of adaptive immune cells, most importantly
tumour-antigen specific cytotoxic T-cells which target cancer cells for cell death
whose expansion is gated primarily by two immune checkpoints, the surface
receptors CTLA-4/B7 and PD-1/PD-L1. These two receptors have an active role
in the negative feedback loop which regulates T-cell activation by tumour-antigen
presenting dendritic cells in the lymphocyte prior to their infiltration of cancer
tissue to exert their cytotoxic effect. The CTLA-4 receptor mediates interactions
between the antigen presenting cells and dormant t-cells. Dimerization between
CTLA-4 and B7 prevents clonal selection of T-cells leading to immune recruitment.
Likewise, PD-1 effects are exerted at the tumour site and act as a negative
regulator of the immune response on an individual cellular level. Tumour cells
presenting PD-1 surface marker can stop immune triggered death at the cellular
level and PD-L1 receptor presentation by tumour cells is subject to an immune-
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selective process as a consequence. Antigen presentation of Cytosolic T-cell
DNA following radiation-induced cell damage is a crucial stimuli driving the
immune response in radiation treated cells, so immune checkpoint inhibition
at either the CTLA-4 [Vanpouille-Box, 2017] or PD-1[Sharabi, 2015] immune
checkpoints will facilitate progression through immune regulatory checkpoints and
immune recruitment. Vandetanib and other angiogenesis treatments have strong
potential to act as promoters of immune response owing to two key features of
the tumour microenvironment: the disorderly and diseased microvasculature and
dysregulation of the immune system owing to poor immune lymph infilitration
of the tumour. Treatment with angiogenesis drugs affect both these conditions
by restoring healthy morphology to vasculature surrounding the tumour, but
additionally, VEGF is a de facto immune suppressor[Motz, 2011], owing to its
role in suppression of adaptive immunity during wound healing in normal tissue.
Such a role would suggest angiogenic therapy would not only improve conditions
in the tumour by reordering chaotic vasculature, but would also have a direct
effect on the transduction of immune system signals.
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III.

AIMS

DEVELOP A COMPLEX 3-D MODEL OF HCC FOR RESEARCH
ON VANDETANIB AND RADIOTHERAPY TREATMENTS OF
HCC
• Evaluate the structural integrity of standard 3-D spheroids
• Develop complex three dimensional RAFTs and incorporate a variety of
cellular subtypes into the model
• Develop metrics for characterisation of radiation treatment and vandetanib
treatment effects in vitro
• Demonstrate advantages for more complex biomimetic in vitro models over
conventional monolayer study

CHARACTERISE THE PHARMACOLOGICAL PROPERTIES
OF DRUG-ELUTING TRANSARTERIAL CHEMOEMOBOLIC
MICROSPHERES
• Determine per-bead loading of vandetanib
• Characterise the dynamics of drug elution from the beads in vitro
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• Compare the kinetics of drug elution from beads to free drug in solution
• Evaluate potential biomarkers for their utility to drug treatment in both serum
and pathological samples

EVALUATE VANDETANIB AS A RADIOSENSITISER FOR HCC
TREATMENT
• Study vandetanib in combination with radiation therapy in monolayer cell
culture to determine radiation enhancement ratios
• Measure vandetanib and radiation inhibitory effect on metrics of metastasis
including migration and invasion
• Evaluate fractionation in vitro and determine suitable radiation doses for in
vivo work
• Characterise the response of a syngeneic immunocompetent mouse model
to treatment with vandetanib and radiation
• Identify potential mechanisms of action to explain the observed results
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IV.

DEVELOPMENT OF A 3-D IN VITRO
MODEL OF LIVER CANCER

The distinction between normal tissue and unhealthy, abnormal tissue has
always been a subtle demarcation[Unger, 2014], and for early treatments of
cancer, there was little indication as to the progression of the disease, or the
response to treatment. Initial pathological study of both disease progression and
treatment response made use exclusively of that which could be directly derived
or obtained from the patient, that is, primary tissue and other intrinsic metrics of
disease such as growth, lesions, phenotype, or origin but it was not long before
researchers sought more sensitive methods of studying the action and
mechanism of cancer.[Rodriguez, 2014] Researchers initially discovered that
cancer cells, unlike cells from acancerous tissue, could be established and
sustained in dish culture indefinitely if provided the right conditions, a
phenomenon known as the Hayflick Limit [Hayflick, 1961; Yao, 2007]. As this
technique of tissue culture developed, the shortcomings of 2-D growth were
ignored for decades: a single cell line sustained in a monolayer by frequent
passing and changing of media would not fully recapitulate the organic condition.
The normal stasis maintained by healthy tissue is one of monumental complexity
and fluidity. Without the presence of stromal cells and their co-reciprocal
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interactions with the parenchyma,[Altmann, 2009; Elsdale, 1972] it is
impossible to maintain a functional equilibrium of the organ tissue. The tissue
specific-cells comprising the organ maintain a delicate balance of gene
expression, intercellular signalling and controlled replication[Schmeichel, 2003]
via constant remodeling of their surrounding ECM and secretion of factors into
their environment. Without proper orientation and a 3-dimensional structure,
these crucial cell-cell interactions will not occur ex vivo as they would in the
native environment.[Badea, 2019] Even discounting the necessary influence of
signalling between the stroma and epithelium, the morphological changes
induced by the stretching of the cells in two dimensions across the flat dish
surface adversely affects not only the morphology of the cells, but gene
expression and cell function as well. [Li, 1987; Li, 1989; Zahir, 2004; Abbott,
2003]
With the aim of building a model to address the shortcomings of 2-D dish culture,
there are many approaches described in the literature.[Yamada, 2007] To test
different combination therapies for liver cancer, primarily drugs in combination
with

radiation

and

embolic

treatments,

two

models

described

previously[Smalley, 2006; Vinci, 2015, Nyga, 2013] were developed for this
study. The first model developed was largely based on the conventional 3-D
tumour spheroids developed over many decades [Smalley, 2006; Carrel, 1938;
Leighton, 1967; Moscona, 1961; Vinci, 2015] and utilized cells implanted in a
collagen matrix and condensed into a pellet of cells known as a spheroid. The
second approach is more involved, and by implanting the cells evenly in a
compressed collagen gel[Pape, 2020; Stamati, 2020, Nyga, 2013] aims to
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address a number of shortcomings within the spheroid model itself, namely the
lack of tumour-accurate distribution of cells in the medium as well as to reduce
unintended hypoxia in the mass of the spheroid. The development of both of
these methods is described herein.

4.1.

METHODS

4.1.1. Monolayer Cell Culture
Cell lines were grown under standard cell culture conditions (humidified, 37
°C, 21% O2 , 5% CO2 ) in Dulbecco’s Modified Eagle Medium (DMEM) + 10%
Fetal Bovine Serum (FBS) and 1% Penicillin/streptomycin (all procured from
Gibco, Waltham, MA, USA). HUVEC cells were grown in EGM-Plus (Lonza, Basel,
Switzerland). Cells were passaged regularly at 60–80% confluency. Human HCC
cell lines HLE, HLF, and JHH4, and murine cell lines Hep55.1C (HCC), Hepa1-6
(HCC) and MC038 (CRC) were cultured with human stromal cells MRC-5 and
LX-2, Human Umbilical Vein Endothelial Cells and murine fibroblast cell line
NIH3T3 into 3-D models in conjunction. More details on these cell lines can be
found in Appendix A under Characteristics of the Cell Lines Used for Research.

4.1.2. 3D Spheroid Cell Culture
Spheroids were formed according to a standard spheroid protocol [Vinci,
2015]. HCC cells were plated on 96 well plates at 10,000 cells per well in
200 µL DMEM + 10% FBS, centrifuged at 250⇥ g for 5 min and allowed to
form aggregates under normal cell culture conditions for a period of three days.
Following aggregation, the cells were placed on ice, the media was removed
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and replaced with 100 µL Matrigel matrix (Corning) diluted with DMEM to a
protein concentration of 4–6 mg/mL. DMSO or vandetanib treatment was added
at indicated concentrations to the Matrigel mixture on ice during dilution and prior
to setting. Cells were irradiated immediately following drug treatment. Spheroids
were then allowed to grow at normal cell culture conditions for one week with
growth and invasion into the gel matrix measured at regular intervals. Spheroid
growth was quantified with the TASI OrganoSeg segmentation software [Hou,
2018]. Significance figures were measured with two-way ANOVA in Graphpad
Prism. Synergy was evaluated with CDI [Chou, 1984].

4.1.3. RAFT Assay
A RAFT (Lonza, UK) collagen solution was prepared according to
protocol(Lonza 2017) and seeded with 1 million HCC cancer cells and deposited
into a 24-well plate. A compression absorber was placed on top of the cell
mixture and the collagen solution was compressed into a tumouroid. The raft
tumouroid was removed and placed in 10% serum DMEM and cultured for one
week prior to washing with PBS and fixation in 4% Paraformaldehyde. After
fixing, the tumouroid was embedded in paraffin wax, sliced on a microtome and
stained with hematoxylin and eosin or immunofluorescent staining.
All drug treatments utilized vandetanib (Cell Guidance Systems, UK) in DMSO
(Sigma-Aldrich, USA), with DMSO treatment being added to control studies.
Radiation procedures were carried out with an XStrahl SAARP (Camberley, UK).
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4.1.4. Flow Cytometry
Cells were trypsinized gently on ice following addition of 70% Ethanol kept
at -8 °C. The cells were kept at - 20 °C for 30 minutes prior to centrifugation
at 270 G for 5 minutes. Cells were washed in 1x PBS and 0.02% propidium
iodide (PI) was added as stain. Cells were then transported to Flow Cytometer
for quantification.

4.1.5. X-Ray Irradiation of In Vitro Samples
An XStrahl (Camberley, UK) Small Animal Radiotherapy Research Platform
(SARRP), S/N 525722, was used for in vitro sample irradiation. X-ray emissions
at effective energies of 65.2 keV [Poirier, 2019] were delivered from a Comet
MXR225/22 X-Ray tube source set to operate at 220 kV and 13 mA with beam
filtration via an integral 0.8 mm Be window and additional 0.15 mm Cu filter.
Samples were irradiated on a 1.5 cm thick Perspex movable platform and lead
shielding totalling 5 mm thickness was placed directly on the plates for additional
shielding as required. All samples were irradiated 30 min after drug treatment,
in line with previous work [Williams, 2004] indicating 30-min irradiation posttreatment to be optimal.
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SPHERICITY OF 3-D SPHEROIDS

As the influence of the interstitial matrix and the life-like morphology cells adopt
when cultured in 3-D models is firmly established, experiments were planned to
evaluate the sphericity of this 3-D structure in collagen, as there is evidence to
suggest a collapse of the model may have adverse effects[Badea, 2019].
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Figure 4.1 : Hep-55.1C Cells Seeding vs. Area. Murine liver cancer cell line
Hep-55.1C was implanted in a MatrigelT M collagen matrix at different
plating densities and their growth was measured at regular intervals.
The maximum spheroid size at 3-days seems to be entirely plating
number dependent, whereas at the later timepoint of 7 day growth,
it would appear the spheroid size is limited by other factors, as
a plating number of 20000 cells produced similar-sized spheroids
as those plated at higher numbers. Hep-55.1C plated in Matrigel
does not demonstrate the invasive character commonly seen with
other cell lines, characterised with protruding dendrites and nonuniform growth. Instead, Hep-55.1C shows rather spherical growth
tendencies with a capsule formation in the later stages. Additionally,
after an initial period of growth during the first 3 days, the spheroids
condense and reduce in size at later time points. This is likely due
to lack of signalling from growth-promoting tumour supportive cells
and the cells activating senescence after the initial growth. This lack
of growth-promoting support is likely the reason the spheroids seem
to cap their growth at a maximum size in the later time points.
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Figure 4.2 : Co-cultured Hep-55.1C and NIH3T3 Cells Seeding vs. Area.
Murine liver HCC cell line Hep-55.1C cells were co-cultured with
murine NIH3T3 embryonic fibroblasts with equal numbers of each
cell. Plating numbers ranged from 5000 total cells, 2500 NIH3T3
and 2500 Hep-55.1C cells in co-culture, to 80000 total cells. The
NIH3T3 are a growth promoting cell line[Rama-Esendagli, 2014]
and exert a considerable effect on spheroid growth, made clear by
comparison with spheroids grown in Fig. 4.1. In contrast to the
monoculture spheroids, the co-culture showed consistent increases
in total size with increased plating cell number, and the spheroids
show a sustained growth throughout the full range at all timepoints.
Additionally, there was significant budding of new spheroids at day 7,
with the budding more severe as the plating number was increased.
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Figure 4.3 : Hepa1-6 Cells Seeding vs. Area. Murine HCC cell line Hepa16 cells were plated in spheroids with plating numbers increasing
from 5000 to 80000 cells plated and growth was measured via
microscopic magnification. The spheroids increased in size with
plating number and the results show a sustained growth from day 3
to day 7. The spheroids grow with a smooth exterior surface capsule,
suggesting low invasive character of the cell line. The total growth
and final size of the spheroids are both remarkably large, however,
suggesting the cell line to be moderately aggressive.
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Figure 4.4 : Co-cultured Hepa1-6 and NIH3T3 Cells Seeding vs. Area.
Murine HCC cell line Hepa1-6 was plated in co-culture with
murine fibroblast cell line NIH3T3 and spheroids were seeded with
increasing seeding number from 5000 total cells, comprised of 2500
cells Hepa1-6 and 2500 cells NIH3T3, to 80000 total cells plated.
The spheroids increased in size with increasing plating number and
with increasing growth time, however, there was no formation of
invasive dendrites or budding suggestive of metastasis, similar to
Hepa1-6 when plated alone. The overall size of the spheroids were
smaller than those grown in mono-culture, however when only the
counts of Hepa1-6 are considered, the co-culture spheroids are
more comparable in size to the monoculture spheroids.
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Figure 4.5 : NIH3T3 Cells Seeding vs. Area. NIH3T3 cells were grown in
spheroid culture after being seeded with a range of cell numbers
from 5000 cells to 80000 cells. The NIH3T3 cells formed small,
tightly spherical pellets, and seemed to reach a growth maximum at
slightly more than 80000 total cells in the spheroid.
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Figure 4.6 : Spheroid Growth Charts Curve fitting of growth charts for all five models studied(for timepoint micrographs, see above
figures), both mono-culture and co-culture with regression equations in annotation. The curve fittings suggest some
collapse of the spherical structure in all cases.
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This study was performed to evaluate the sphericity of murine HCC cellaggregates generated by subjugating cultured cells in low-adherent spherical
plates to high centrifugal forces. There is a risk, due to the outward nature of the
centrifugal force, of the cells collapsing and forming a "pancake" structure with
critical characteristics closer to those of cells grown in monolayers than those in
three dimensions. An influence of the shape of the three-dimensional structure
was found, suggesting the degree of correlation to the spherical volume to be
of some importance with a measurable increase in viability for cells adopting
a less spherical, flatter structure than those adopting a structure closer to the
spherical approximation due to the increased availability of oxygen and other
nutrients in the pancake structures[Zanoni, 2015; Dufau, 2012]. The curve fitting
obtained in this study (Fig. 1.6) for four of the five models studied is nominally
close to the ideal with a second root order to the parametric equations. As the
ideal equation (see Appendix B, Math Supplement) would have an order of 2/3
and not 1/2, however, the results do suggest some level of collapse of the 3-D
structure. Indeed the calculated eccentricities for Hep.55-1C (0.74), Hepa1-6
(0.77) and NIH3T3 (0.74) monocultures and Hep.55-1C+NIH3T3 (0.70) and
Hepa1-6+NIH3T3 (0.54) co-cultures suggest a deviation from the ideal sphere
with eccentricity of 1.
The likely explanation for the observed results is that the cells are partially
collapsed into less of a sphere and possess a 3-D mounded structure. In such
a mound however, the cells are not stretched maximally in the directions of
a two-dimensional plane by their adherence to a flat dish, but are still able to
interface with the surrounding collagen, and remodel the connective structure to
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some extent. It then follows that the effect of this level of collapse on the function
of the cells will be minimal by comparison to those of cells grown in a monolayer.
This claim is supported by microscopic evidence (Figs. 4.1-4.5) suggesting
the cells do not undergo the morphological changes commonly associated with
changes to the gene expression. The collapse, however, is considerably less
collapse than required to produce a monolayer, where the relationship between
the area and the amount of cells seeded would be a linear relationship. The
degree of collapse of the spheroid structure is not enough to suggest a removal
of the hypoxic condition, suggesting the maintenance of a spatial variance in
oxygenation persists in the spheroid pellets[Zanoni, 2015; Dufau, 2012].
Additionally, this study provides some insight into the character of the individual
cell lines studied. Neither Hep55.1C nor Hepa1-6 showed particularly invasive
character when grown either as a monoculture spheroid or in co-culture with
NIH3T3, however each responded to co-culture in different ways. In the case of
Hep55.1C, the cell line grew in an irregularly shaped spherical structure and did
not show any protruding dendritic structures characteristic of invasive HCC cell
lines. Furthermore, the cell line seemed to reach a growth maximum sometime
between 3 and 7 days, after which the spheroids experienced a growth regression
and reduced in size. When grown in co-culture with NIH3T3, the cell line grew
with a less spherical tendency, including the appearance of lobules and budding
spheroids, more characteristic of invasiveness in a spheroid. The growth pattern
of spheroids has been shown to be linked to gene expression, with dendritic
formation and lobule growth being associated with the upregulation of cancerrelated expression of CD44 and E-cadherin[Ingram, 1997]. Additionally, the
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co-culture spheroids did not exhibit the reduction in size after the 3 day growth
period which was seen with the monoculture samples. This is likely due to the
growth-promoting influence of NIH3T3 cells in co-culture.
By comparison Hepa1-6 showed a very different growth profile. Most surprisingly,
the cell line showed very rapid growth in the study, with the monoculture cell
line producing large spherical structures with smooth exterior capsules. When
grown in co-culture, the spheroids appear smaller, though this is possibly due
to the lower overall number of cells. The observed phenomenon could also be
related to ECM remodelling, which there is some evidence to suggest may confer
some degree of protection and growth promotion as 3-D collagen remodelling
generates a microenvironment conducive to growth[Chun, 2006; Boudreau,
2006; Dufau, 2012]. It also suggests a highly important role for cell signalling,
with proximity among cell types known to correlate with cellular statuses[Qin,
2017], as the growth of the spheroids was considerably different in co-culture
than monoculture.
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DEVELOPMENT OF A 3-D RAFT

The fundamental concept behind the 3-D RAFT (real architecture for 3-D
tissues) as in vitro model of cancer is the design of a system incorporating the
acellular structural and mechanical components of the extracellular matrix (ECM)
with a diverse range of co-cultured cell types in a form resistant to the spatial
development of hypoxia[Nyga, 2011]. One of the more successful approaches to
satisfying these three requirements is the implantation of cancer cells in a liquidphase matrix of standard ECM components which is then set and compressed to
form an amorphous solid-phase gel structure prior to being submerged in cell
culture medium to provide nutrient media and substrate for oxygen transport.
[Vinci, 2015, Pape, 2020, Nyga, 2011, 2013] To explore the effect of the tumour
microenvironment, and to evaluate the ease of use and potential of tumouroid
RAFTs for studying radiobiology in vitro cancer tumouroid RAFTs were produced
via a range of methods and co-culture conditions and the results were studied
with immunohistochemistry and confocal microscopy.

Figure 4.7 : RAFT Tumouroid Pictogram Pictured above is a pictogram
representing the complex RAFT in vitro cancer model including
pelleted spheroid of cells, loose stromal cells and collagen matrix.
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Figure 4.8 : RAFT Tumouroid in media Shown is a microscope image capture
of a collagen RAFT structure with embedded human HCC cell line
HLE suspended in DMEM. The RAFT is visible in the upper central
region of the image.
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Figure 4.9 : RAFT Tumouroid Seeded with Loose JHH4 cells (no spheroids)
and LX2 Cells (10X mag) Depicted is a parrafin-embedded fixed
collagen RAFT with loose cells embedded in the collagen matrix
and cultured for 7 days prior to fixation. The large striated cells are
the LX-2 cells, and the smaller less branched cells are the HCC cell
line JHH4. There was observed a clustering of the LX-2 cells with
more even distribution of the cancer line throughout the RAFT. This
is likely due to the stromal function of the stellate cells which are
involved with ECM modulation and growth signalling.
The RAFT results provide evidence for a number of observations about the
modes of 3-D spheroid growth. In the spheroid control, a one sided migration of
cells from the spheroid was observed. Such a result may be due to the unique
formation process of the spheroid, where one side was less cohesive and cells
had a lower barrier to migration. While this may be the case regardless, an
additional factor to consider will be the role of the paracrine signalling amongst
the cell types. If a small cluster of cells on the region to the right of the cell began
secreting pro-migration and pro-invasion factors, such as epidermal growth factor
or the matrix metalloproteinases 2 and 9, cells local to the growth factor secreting
cells would be experiencing a larger impulse to migrate than cells located at
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Figure 4.10 : A Tumouroid RAFT with HLE Spheroid Deposited in the
matrix after 10 days of incubation.
Green (488 nm)
fluorescent label conjugated to anti- -tubulin and Blue (405
nm) DAPI staining. The fluorescent markers reveal a clustering
of cells within the collagen ECM, and a general proximity to the
edge of the RAFT, where nutrient and oxygen exchange are the
highest. Few cells are located in the region of the RAFT opposite
to the spheroid, suggesting cells detach from the spheroid mass
and migrate to the nearest source of oxygen and nutrients.
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Figure 4.11 : Increased Magnification of Fig. 4.10 . Green (488 nm)
fluorescent label conjugated to anti- -tubulin and Blue (405 nm)
fluorescent labelled DAPI staining. Shown is a high magnification
fluorescent micrograph depicting invasion of HLE cells out of the
HLE spheroid into the surrounding collagen matrix.
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Figure 4.12 : HLE spheroid in RAFT co-cultured with MRC-5 fibroblast
cells for 10 days.
Green (488 nm) fluorescent label
conjugated to anti- -tubulin and Blue (405 nm) fluorescent
labelled DAPI staining. The inclusion of MRC-5 fibroblast cells
produces a radically different spheroid from that produced with a
spheroid alone. The RAFT has a largely homogeneous, contiguous
distribution of cells and there are additionally numerous smaller
spheroids which have formed outside of the main spheroid body.
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Figure 4.13 : Human Umbilical Vein Endothelial Cells in co-culture with
HLE spheroid in a compressed collagen RAFT and grown in
tissue culture environment for 10 days. HUVECs clustered to
the bottom left, spheroid bottom right. Green (488 nm) fluorescent
label conjugated to anti- -tubulin and Blue (405 nm) fluorescent
labelled DAPI staining.
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Figure 4.14 : Complex RAFT containing HLE cells in spheroid, MRC-5 fibroblasts
and Human Umbilical Vein Endothelial Cells in compressed
collagen RAFT. Green (488 nm) fluorescent label conjugated to anti-tubulin and Blue (405 nm) fluorescent labelled DAPI staining.
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other regions of the tumour. For the case of spheroids cultured in a RAFT
model alongside MRC-5, extra spheroids were found in the collagen matrix.
The apparent development of these de novo spheroids may provide further
evidence[Lazzari, 2018; Majety, 2015; Kanaji, 2017; Kitajima, 2008; Li, 2011
for an organizational role of MRC-5 as a promoter of the formation of de novo
spheroid clusters from migrating invasive cells which have dysaggregated out of
the spheroid. This formation of new spheroids is contrasted with the morphology
observed in the absence of MRC-5, where dysaggregated cells are embedded in
the collagem ECM as solitary cells in loose associations adjacent to the boundary
between RAFT and media. Similarly, for the case of HCC cells co-cultured with
LX-2, there is literature evidence to indicate a role in promoting metastasis and
invasion following LX-2 activation. These results point to a complex signalling
relationship between the malignant cells and the stroma[Song, 2016]. The role
of signalling between stromal cells and cancer cells is further modulated by the
inclusion of endothelial signallers in the circuit. By co-culturing the spheroids with
humam umbilical vein endothelial cells, a new organizational system is promoted,
where the endothelium is segregated from the cancer spheroid in a cluster with
morphology not entirely unlike that of a spheroid. When MRC-5 stromal cells
are included however, the situation is further altered. The HUVEC cells do not
bundle together in a tight cluster, but rather distribute in a more even fashion
throughout the collagen.
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COMPARISON OF 3-D RAFT AND 3-D SPHEROID
MODELS

Figure 4.16 : Embedded JHH4 spheroid RAFT. 20 JHH4 Spheroids of 10000
cells each were embedded in a compressed collagen RAFT and
fixed in 4% PFA. Shown at 4x magnification (Inset at 10x). The
spheroids were clearly segregated from the matrix and remained
aggregates during the growth phase. The discoloration in regions
adjacent to the spheroids suggests a remodelling of the collagen
matrix by secretions from the spheroid aggregates.
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Figure 4.15 : RAFTs of murine HCC cell lines seeded with varying seeding
densities. Shown by order of increasing number of free cells
seeded: a.) 40x103 , b.) 90x103 , c.) 1000x103 , d.) 5000x103 ) The
density of the cells in the matrix is increased with higher seeding
numbers. Similarly, the cells become more organized at higher
seeding numbers and begin forming pseudo-glandular clusters.
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Some of the advantages inherent to RAFT culture are visible in these
micrographs. The cell density in the 3-D RAFT can be tuned by setting the cell
count, a significant advantage over the 3-D spheroid model where the total cell
packing is independent of the seeding numbers. Additionally, the RAFT allows
for spatial observations of inter population dynamics in a manner that spheroids
do not, as evidenced by the migration observed in Fig. 4.10 , the fibroblast
expansion in Fig. 4.12 and by using antibody labelling to evaluate signalling
between spatially remote and functionally distinct populations of cells such as
the HUVECs and Spheroid in Fig 4.13 . By placing cells in specific locations
within a 3-D construct, the outcome of interpopulation interaction can be more
clearly observed under different imaging modalities. Spatial imaging of 3-D
models has been described in other 3-D systems where 3-d models utilising
synthetic polymer matrix have been employed for treatment screening[Wishart,
2021]. Additionally, the remodelling of the supportive ECM matrix by embedded
spheroids would likely have a modulatory affect on spheroid invasion. There is
much promise for the RAFT technique to provide insight into the mechanisms of
anti-angiogenic drugs, or similarly immune therapy treatments if immune cells
are used in place of HUVECs in a fashion unobtainable by spheroid culture.
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TITRATION OF VANDETANIB SPHEROIDS

Titrations of vandetanib treatment in spheroids were performed to set dosing
levels for later radiosensitisation assays in 3-D models. First the inhibitory
concentration at half-maxima (IC50) was determined in conventional
two-dimensional cell culture for a panel of 20 HCC and ICC cell lines. This
process was repeated for the cell lines under both hypoxic and normoxic
conditions.
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4.5.1. IC50s of Vandetanib under Hypoxia and Normoxia

Figure 4.17 : IC50s of 20 HCC and ICC Cell lines. IC50s were performed on
liver cancer cell lines to provide a metric of variation across cancer
types. 3000 cells were plated and titrated with vandetanib doses
and cell survival was assessed after 5 days of treatment. Overall,
ICC cell lines were more susceptible to vandetanib treatment than
HCC cell lines.
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Figure 4.18 : IC50s under normoxic and hypoxic conditions for 20 HCC (left)
and ICC Cell lines (right). 3000 cells were plated and titrated with
a range of vandetanib doses under both normal conditions and
conditions of hypoxia. HCC cell lines of more invasive character
(HL- and JHH- cell line families) showed the least response across
all cell lines. In general, each cell line tested demonstrated
equivalent response to vandetanib treatment under both hypoxic
and normoxic conditions.
In all IC50 studies performed, the cell lines tested demonstrated more than
twenty-fold variation (Range 2.7-83 µM, IQR 5.71 – 24.1 (19.9), error 0.25 – 52.5)
amongst them. The Cell lines were tested under conditions of short exposure
to drug (24 hr) and measured at 5 days. Hypoxic cells were maintained under
hypoxia for 24 hours, equivalent to the duration of drug exposure. HCC cell lines
of more invasive character (HL- and JHH- cell line families) showed the least
response across all cell lines.
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4.5.2. Vandetanib Spheroid Titration
The spheroid titration was performed on human and mouse HCC cell lines
grown in tumour spheroids to determine the effect of the drug in 3-D models.
The measured effect is likely to be the cytotoxic effect of the drug alone, as the
models currently do not recapitulate the full angiogenic circuit due to the lack of
VEGFR-2 expressing endothelial cells, the direct target of vandetanib.
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Figure 4.19 : HLE spheroids treated with a titration of vandetanib from 0 to 20 µM. In the control cells, an invasive boundary
began to develop by the 96 hr timepoint, a feature which was ablated at higher vandetanib doses. A vandetanib dose of
5 µM was sufficient to begin reducing the growth of the spheroid, with higher doses becoming increasingly ablative. A net
size reduction was observed for spheroids treated with doses of 10 µM or greater.
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Figure 4.20 : Hep55.1C spheroids treated with a titration of vandetanib from 0 to 20 µM. Murine HCC cell line Hep55.1C was
cultured in spheroids and received a titration of vandetanib doses. Micrographs were captured at regular intervals to
evaluate growth. The control cells exhibit the beginning of the formation of invasive dendrites, which are absent in all
treated samples. Strong growth inhibition was only observed at a dose of 20 µM.
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Figure 4.21 : Hepa1-6 spheroids treated with a titration of vandetanib from 0 to 20 µM The Hepa1-6 spheroid cultures show a
strong invasive character relative to those of Hep-55.1C. This tendency to invasion is reduced by high treatment of the
drug, however it is only entirely ablated at a high dose of 20 µm.
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Figure 4.22 : Growth charts for HLE spheroids titrated to vandetanib. As
illustrated by the micrographs in Fig. 4.19, only a high ablative
dose of 20 µM is enough to effect a reduction in spheroid growth.
At 10 µM, growth is largely ablated but persistent. All treatments at
5 µM and higher were significant versus the lower dose treatments
and control.
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Figure 4.23 : Growth charts for Hep-55.1C spheroids titrated to vandetanib.
Hep-55.1C is a comparatively less aggressive cell line than the
other lines tested, and forms small compact spheroids with a
greater intrinsic error of measurement. As a result, a greater
variation in response to vandetanib treatment was observed in
this cell line. Only the 20 µM dose demonstrated clear significant
reduction in growth compared to control. The other results, though
not reaching significance did demonstrate a dose-dependent mean
response to vandetanib treatment.
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Figure 4.24 : Growth Charts for Hepa1-6 Spheroids Titrated to Vandetanib.
The response of Hepa1-6 spheroids to vandetanib treatment
demonstrated a clear and significant dose-dependent response
to vandetanib treatment. All vandetanib treatments were found to
be significant improvement over control, however at no treatment
level was growth arrested completely. Similarly, the response to
5µM and 10µM was significant over control, but there was no
delineation between the two treatments.
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The titrations performed in spheroids suggest the optimal dose to differ in
human and murine models. In human models, an optimum dose for combination
therapy of 5 µM was measured experimentally, whereas for the murine models,
doses of either 5 µM or 10 µM were minimally ablative. In the cases of the human
cell lines, 10 µM was ablative, and 20 µM was ablative in the murine samples.
An interesting observation was made during the evaluation of the titration
effects. At low doses of vandetanib treatment, the spheroids were of a more
invasive character than the control spheroids. Such a result is unexpected, as the
toxicity of vandetanib should reduce the stimulus for new growth. One explanation
is the mild cytotoxic damage from vandetanib promotes growth when it is at the
sub-lethal level, as the abundant nutrients in the media provide a greater stimulus
to growth than the cytotoxic effects in a process known as paradoxical activation[
Hatzivassilou, 2010; Zhang, 2012]. Such a phenomenon would likely be less
present in a RAFT model of HCC[Munoz, 2010].

4.5.3. Vandetanib and Radiation Titration
To determine appropriate dosing of combination treatment the response of
HCC cells to combined vandetanib and radiation dose titrations at a range of
doses were carried out first. These results provided a framework for futher
experimentation on combination therapy for HCC. The titrations suggest a dose
dependency for both treatments, however, they also indicate a maximum ablative
effect to be observed after treatment with 8 Gy radiation or 10 µM vandetanib.
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Figure 4.25 : Hepa1-6 spheroids treated with titrations of vandetanib and
radiation doses. A singular dose of 10µM vandetanib or 8
Gy radiation was enough to ablate growth entirely. A dose of
5µM vandetanib was found to be potentiated by combination
radiotherapy, and become more ablative in combinations above 4
Gy. All treatments were found to be significant versus control.
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Figure 4.26 : Titrations of Murine HCC cell lines. Murine HCC cell line Hepa1-6 cells were cultured in spheroids and treated with
vandetanib doses ranging from 2.5 to 15 µM in combination with either 4 or 8 Gy radiation. Doses of 8 Gy radiation or
greater than 10 µM vandetanib were found to be maximally ablative.
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OVER

CONVENTIONAL MONOLAYER ASSAYS
A direct comparison of 3-D and conventional two-dimensional monolayer cell
culture was performed via identical radiation assays in each model. A comparison
of results from FACS in the monolayer samples and tumour spheroid growth charts
in the spheroid samples was made against the results from an immunocompetent
mouse model treated with radiation providing the target response. Murine HCC
cell line Hep.55-1C and murine colorectal cancer cell line MC38 were used in
the study.

Figure 4.27 : 2-D Radiation Response as measured by viability after 72
hours with FACS for two murine cell lines, murine colorectal
cancer cell line MC38 and murine HCC cell line Hep55.1C. The
colorectal MC38 cell line showed a much greater response to
the radiation therapy than the HCC Hep55.1C cell line, which
appeared resistant to radiation damage. These results, obtained
with conventional monolayer cell culture, are opposed to those
measured in 3-D in vitro models and the in vivo murine model.
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Figure 4.28 : 3-D Spheroid Model to Evaluate Radiation Response of Murine HCC cell line Hep55.1C and Colorectal Cancer
Cell line MC38. The colorectal MC38 cell line showed a much greater resistance to radiation therapy than the hepatic
Hep55.1C cell line. An 8 Gy dose was entirely ablative to Hep55.1C growth, however the MC38 cell line was still displaying
invasive character and a tendency for growth at the high dose of 8 Gy.

Znati, Sami
March 2022

115

Figure 4.29 : Growth Charts for Spheroid (Top) and in vivo Murine (Bottom) Studies of Radiation Treatment in MC38 and
Hep55.1C Models of Cancer. For both cases, the response of murine HCC cell line Hep55.1C to radiation therapy was
several orders of magnitude stronger than the response of murine colorectal cell line MC38.. A dose of 8 Gy was ablative
to the mouse model of Hep55.1C, whereas a triple fraction of 3x8 Gy was not ablative in the MC38 mouse model. By
comparison, the MC38 cell line when cultured in 3-D spheroid culture and irradiated at 4 or 8 Gy demonstrated a growth
delay followed by growth resumption at all radiation doses. For Hep55.1C, growth was completely ablated after an 8 Gy
dose of radiation.
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The radiosensitivity of MC38 in two dimensions is markedly different than
when cultured in 3-D spheroids or when grafted to an immunocompetent mouse
model. This is not surprising, as differences between the responses of 2-D
and 3-D models of cancer to anti-cancer agents have been widely reported in
the literature previously[Imamura, 2015; Kapalczynska, 2018; Caleb, 2020]
The cell line, which has a reputation of being highly radio-resistant, appears
unusually susceptible in 2-D. Such a result is opposed to the results obtained
in 3-D spheroid models and in vivo, where MC38 was found to be more highly
resistant. The 3-D model demonstrated a characteristic tumour growth delay
response to the radiation treatment, a response which is also seen in the mouse
model. The strong correlation between the results in the immunocompetent
mouse model and the 3-D spheroid model is a strong indicator of the biomimecity
of the spheroid model.
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EFFECT

ON

CELL-CYCLE

PROGRESSION OF CANCER CELLS IN A MATRIGEL
SPHEROID MODEL
Cancer cells commonly have some level of G1 arrest due to mutations to the
cell cycle checkpoints[Massague, 2004], but the growth delay observed in the
MC38 cell line was postulated to be due to DNA damage repair after exposure
to radiation treatment. The most common mechanism of cell death in cancer
cells following radiation therapy is mitotic catastrophe, but cellular repair of the
damaged DNA can avert such an outcome[Massague, 2004]. To determine
the level of cell-cycle arrest present in murine HCC MC38 cells after irradiation,
Tumour spheroids were treated with radiation and fixed at set time points after 1,
3, 4, 5 and 7 days. The spheroids were then digested and analysed with FACS/PI
staining.
The FACS results suggest all the cells to be in a significant level of G1 delay, a
feature not unusual to cancer cell lines, which are often p53 mutant and have their
progression through the G1 checkpoint affected resultingly[Massague, 2004].
Interestingly, the cells treated with radiation also show a greater level of G2/mitotic
phase arrest than the control cells. This G2/M delay disappears by day 5, around
the same point the cells mount a response in the 4 Gy spheroid sample shown
in Fig 4.29 . The results would suggest a cell cycle disruption to be responsible
for the tumour recurrence.
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The development of the 3-D models in other cancer systems has shown the
importance of a stepwise increase in complexity. The development of the
monoculture tumour spheroid model must precede development of more
complex models to ensure the jump in complexity does not mask deficiencies in
the model design[Jagiella, 2016]. The growth pattern of the 3-D spheroids
shown here are in agreement with those from breast cancer [Horning, 2008;
Kim, 2008], non-small cell lung cancer[Jagiella, 2016] and bone cancer[Pathi,
2010]. The RAFT structures show a permeation of cells evenly in the matrix, and
a degree of remodelling of the surroudning collagen fibers, similar to results
observed in non-small cell lung cancer[Alfoldi, 2019]. Importantly, the 3-D
spheroid cancer model developed demonstrates a biomimetic dose-dependent
drug response, with a clear dose response to both vandetanib and radiation
treatment in terms of cell growth and viability[Larson, 2013; Cisneros, 2016.
Of additional importance is the pronounced effect of co-culture models, as
fibroblasts are known to drive environment mediated resistance of cancer cells
in a reciprocal feedback model[Song, 2016].

The increased sphericity,

aggressive growth pattern and elevated inter-RAFT migration[Alfoldi, 2019] all
support such a pattern of expression.
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Figure 4.30 : PI staining for cell cycle of cells isolated from tumour spheroids at Day 1, 3, 4, 5 and 7. Tumour spheroids were either
treated with 4 Gy radiation (bottom row) or 0 Gy mock irradiation (top row) as control. The day 1 sample for the control
study did not generate enough cells to be detected with FACS. The results suggest a G2/M arrest in the radiation treated
cells which is not observed in the control.
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V.

DRUG-ELUTING TACE BEADS FOR
TREATMENT OF LIVER CANCER

For patients diagnosed with BCLC stage B HCC, the first line of treatment is
Transarterial Chemoembolization (TACE). [Sieghart, 2015] TACE takes
advantage of the unique vascular physiology of the liver, which receives
three-quarters of its oxygenated blood from the intestines via the portal vein and
the remaining portion supplied directly by the heart via the hepatic artery. As new
tumour growth is fostered primarily with blood supplied via the hepatic artery,
[Tsochatzis, 2014] the hepatic artery is an ideal target for obstruction-based
therapies. Transarterial chemoembolization occludes the hepatic artery to lead
to hypoxic conditions in the tumour. [Tsochatzis, 2014] The protocol to deliver
TACE treatment can vary, and disease recurrence was a significant obstacle that
appeared largely to depend on patient selection. [Sieghart, 2014] To improve
the outcome of this treatment, the embolic microspheres have been modified to
uptake and elute anti-cancer drugs into the tumour microenvironment,
compounding the effects of bland TACE treatment. [Caine, 2017]
In the sections to follow, the drug eluting beads were studied with in vitro
methods to quantify their physical characteristics on the same scale as the 3-D
tumour spheroids and to evaluate the in vitro effect of treatment with drug eluting
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TACE beads. These ends were achieved with microscopic examination of bead
dimensions, followed by measurement to determine single bead drug loading.
With a better picture of the drug loading on a per-bead basis, single digit
quantities of beads were introduced into the spheroid matrigel environment to
evaluate drug dispersion in matrigel and mimic the process of drug elution
following embolisation.

5.1.

METHODS

5.1.1. High Performance Liquid Chromatography
Beads were isolated from the bulk using a Gilson p2 micropipette (France)
and an EVOS FL imaging system (Thermofisher, USA) for isolation. Beads were
isolated and placed in drug unloading for 24 hours prior to quantification with
HPLC.
For in vitro testing, beads were again isolated from bulk using a Gilson p2
micropipette and embedded in Matrigel ®collagen matrix (Corning).

For

fluorescent detection, doxorubicin loaded beads were measured with an EVOS
FL imaging system. For spheroid studies, spheroid pellets were cultured and
embedded in matrigel prior to the injection of single-digit quantities of vandetanib
loading beads for treatment. Bland TACE beads were employed as control.

5.1.2. Serum Analysis
Serum samples from patients enrolled in the VEROnA trial were obtained
and analysed with cytokine panels obtained from Millipore Sigma (Merck,
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Germany).

The results from the cytokine panels were analysed with the

scikit-learn python package (scikit-learn.org).
Tissue samples obtained from patients following surgery were stained with
immunohistochemical markers obtained from Abcam, Cell Signalling Technology,
Leica biosciences and Sigma. The stained tissue sections were scanned on a
Hamamatsu Nanozoomer whole slide imager. Raman collagen samples were
prepared with type 1 rat tail collagen (Lonza) and doped with a known quantity of
vandetanib prior to scanning on a Renishaw Raman microscope (UK). Full
method details are provided in chapter 7.

5.1.3. Haematoxylin and Eosin Staining
Tissue or cell culture samples prepared according to standard H&E protocol.
Samples were fixed in 4% PFA (Alfa Aesar, USA) for 4 hours and transferred
to PBS (Sigma, UK) at 4° C before embedding by UCLH Pathology Lab in
Paraffin Wax. Wax samples were cooled to -7° C, sectioned into 25 µm sections
then placed in a water bath at 40°C where they were adhered to microscope
slides and set out on a hot plate at 45° C to dry. After drying, samples were
baked in an oven at 65°C for twenty minutes and deparaffinised with Histoclear
(National Diagnostics, UK) tissue clearing solution. Samples were next washed
twice in 100% alcohol for 5 minutes, then rehydrated through successive two
minute washes in 95% ethanol, 70% ethanol and 50% ethanol before transfer
to doubly distilled water for 5 minutes. After rehydration, samples were stained
in Haematoxylin for 15 minutes, washed in running tap water for 5 minutes
and cycled through 1% acid/alcohol for 30 seconds before a second wash in
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running tap water for 5 minutes. Samples were then placed in eosin for 1 minute,
washed for a final time in running tap water for 5 minutes and dehydrated through
escalating ethanol washes from 50% to100% EtOH for 2 minutes. At this stage
samples were recleared with histoclear and mounted with DPX. Slides were
photographed with EVOS Fl Auto imaging system (Thermo-Fisher, USA) and
analysed with ImageJ software (NIH, USA). Automated cell counting plugins
were used to measure cell-packing in tumouroid and tissue samples.

5.1.4. Immunostaining
Tissue or cell culture samples were prepared according to protocol fixed
in 4% PFA (Sigma, USA) for 4 hours and transferred to PBS at 4° C before
embedding in Paraffin Wax. Wax samples were cooled to -7°C, sectioned into
25 µm sections then placed in a water bath at 40°C where they were adhered
to microscope slides and set out on a hot plate at 45°C to dry. After drying,
samples were baked in an oven at 65°C for twenty minutes and cleared with
Histoclear tissue clearing solution. Samples were then stained according to
antibody labelling protocol(Abcam) and conjugated to secondary antibody tagged
with fluorescent protein marker. Samples were then viewed under Zeiss LSM880
Confocal Microscope or Zeiss Z1 inverted microscope (Zeiss, Germany).

5.1.5. Raman Microscopy
5.1.5.1 Crystal measurement with Raman Spectral Microscope
A 10 mg crystal of vandetanib (Cell guidance systems, Cambridge, UK) was
placed on a 100 cm microscope slide and loaded into a Raman microscope
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scanner (Renishaw, Gloucestershire, UK) equipped with a 488 nm edge Raman
laser. The crystal was scanned from 200 to 1600 wavenumbers to obtain a
spectrum of Raman activity at a range of excitation frequencies. From the
spectra, a single frequency was chosen for its strong resonance and intensity in
the Raman mode and an area of the 2D stage was scanned at this frequency to
obtain an intensity map.

5.1.5.2 Standard Preparation for Raman
A series of vandetanib concentrations from 100 to 1,000,000 ng/mL were
added to liquid collagen type I (First Link, UK) and allowed to set at room
temperature. Following collagen polymerization, the sections were frozen in
liquid nitrogen cooled isopentane (Sigma-Aldrich, USA) to -70 °C and sectioned
on a frozen cryostat at -20 °C before mounting.

5.2.

BEAD LOADING

For in vitro study of the bead properties and simulation of cancer treatment in
the laboratory, it was important to quantify characteristics of the beads to inform
quantification in later experimentation. Of particular importance was the drug
loading per individual bead, for titration of drug doses in vitro. To achieve this
end, lone beads were isolated and measured in assays designed to probe the
physical properties on the microscale.
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Figure 5.1 : HCC Bead. A solitary embolic microsphere captured in the end of a
p2 pipette tip. This procedure was used for quantification of the drug
loading level on individual beads as from this image, the diameter
of the bead and consequently the volume could be determined.
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Figure 5.2 : HPLC quantification of vandetanib loading per bead. Each
bead was photographed to determine it’s area prior to individual
measurement with HPLC. The average vandetanib loading per bead
for all beads measured was determined to be 1.29 ± 0.37 µg/bead
and a linear trend was observed between cross sectional bead area
and vandetanib quantity.
By measuring the quantity of drug on a known countable number of beads, a
linear relationship between bead size and quantity of drug loaded was determined.
The average amount of vandetanib loaded onto each bead was determined
to be 1.29 ± 0.37 µg. This quantity could now be used to standardize drug
measurement in further in vitro experiments utilizing the drug-eluting beads.
Thanks to Alice Hagan from BTG group for making the HPLC measurements.
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AND

DIFFUSION

OF

DRUG

FROM

MICROSPHERES IN TISSUE SIMULANT
The differences between the diffusion of a drug such as vandetanib through
a dense semi-solid matrigel matrix with cells embedded in the scaffold without
guaranteed direct solution access and the same cells grown in a 2-D monolayer
with more direct access to the liquid medium alone is not immediately clear. When
working with small scale quantities of drug and drug delivery, the fluid dynamics
will generally differ from those on a macro scale[Multhoff, 2012]. Particularly for
TACE beads, the dynamics of drug elution from a lone bead in media is likely to
differ from the dynamics of elution in a densely packed tumour microenvironment
with much less mobile phase to carry the drug and relatively more solid material
to slow and oppose dispersion. As the relative abundance of solvent is many
times that of the drug diffusing from the beads in vitro, layers of interfacial solvent
containing some dissolved drug will quickly mix with surrounding essentially-pure
solvent without any drug dissolved leading to a fast diffusion rate[Caine, 2017].
As drug delivery is a primary obstacle confronting cancer therapy, dynamics of
drug diffusion into different surrounding environments can provide insight into
how the elution and dispersion of the soluble drug affect the cellular response.
There may be gradient effects on the system as the drug diffuses and interacts
first with elements adjacent to the beads and only later with those located further
downstream relative to the gradient. By studying these dynamics, their effects
on tumour systems can be better understood.
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Figure 5.3 : Diffusion of Doxorubicin from TACE Beads in Matrigel. Doxorubicin eluting beads were embedded in matrigel and
Doxorubicin elution was detected with fluorescence at the 408 nm violet line after a.) 0 hrs, b.) 1 hr, c.) 2 hrs and d.) 4 hrs.
The elution occurred at a rapid rate and within 4 hours the drug had completely diffused through the matrix.
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Local availability of drug for uptake into cancer cells in the tumour
microenvironment can have a pronounced effect on the cellular response to
therapy. In the case of drug-eluting beads, the restricted administration of the
drug limits the effect to tissue cells in close proximity to the location of the beads.
As this situation is unique in terms of pharmacokinetics, where, generally
speaking, the overall systemic concentration is the limiting factor affecting drug
uptake into cancer cells, it is reasonable to assume the sustained release of
drug from beads into cancer tissue would affect cancer cells differently than the
rapid release and diffusion of drug into tissue. Particularly in the case of the
differing modes of developing drug resistance, both environment-mediated and
acquired, the specific release profile of drug from embolic beads will lead to the
survival of different populations of cancer cells, as they develop resistance
according to different resistance-based pathways. Rapid diffusion will afford
cells less time to acquire resistance through cellular-adaptive processes such as
transcriptional regulation of gene expression, however cells able to modulate the
surrounding microenvironment may survive by stimulating stroma and adjacent
cells to adopt a protective morphology and so doing provide a haven for cancer
cell survival and refuge from drug toxicity [Meads, 2009].
When working with in vitro models inherently only able to mediate resistance via
transcription, and not via environmental modification, a delayed release of drug
will alter the response of in vitro cancer cells to drug treatment.

The

establishment of a gradient of drug concentration within the in vitro system will
affect outcomes of study as some cells are exposed to a greater concentration
of drug than other cells and experience a more pronounced effect. Experiments

130

Znati, Sami

March 2022

with comparatively fast diffusion relative to the timescale will be unrestrained by
this external factor. So in the case of rapid diffusion, any observations made
from in vitro study can exclude the diffusion rate of the drug as a factor. The
diffusion of Doxorubicin occurred with surprising rapidity, well faster than the
estimate of 24 hours [Yamada, 2007; Grimes, 2014] to obtain uniform dosing of
all cells in the in vitro model. Experiments found doxorubicin elution occurred at
a considerable rate and at the 4 hour timepoint had dispersed uniformly
throughout the entire area of the 6 well plate (roughly 6 square mm). This
uniform and rapid rate of diffusion through the Matrigel basement membrane
suggests the predominantly collagen and hyaluronan extra-cellular matrix
surrounding tumour cells is highly permeable to doxorubicin and that it is likely
that absolute proximity to the region of drug administration in the basement
membrane would not affect the outcomes of treatment.

This experiment

suggests the use of TACE beads for in vitro experimentation will produce
minimal localised effects due to position of the TACE beads and is not inherently
different than free drug in solution in the matrigel system.
The current theories of diffusion state that the rate of diffusion of a molecule into
surroundings is a function of concentration and volume as determined by flux
only, which would suggest the identity of the material would have a limited effect
on the rate of diffusion [Crank, 1975; Grimes,2014], however, there are known
to be a number of material-dependent factors that can influence the diffusion
coefficient and affect rate of diffusion. These factors appear to be related to
molecular volume and spatial characteristics on the atomic scale. Because
properties such as density, molar volume, and polarizability are similar (see
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Table below) an argument can be made that the diffusion characteristics would
be similar. There are key differences in terms of hydrogen bonding affinity,
however, and those differences could slow the rate of elution for doxorubicin,
which is likely to undergo more hydrogen bonding interactions with the water
solvent phase of the basement membrane than vandetanib, thereby slowing
diffusion. At any rate, the hydrogen bonding differences suggest vandetanib
would experience fewer, not more, hydrogen bonding interactions. If any rate
difference exists between vandetanib and doxorubicin, vandetanib would have a
faster rate of diffusion than doxorubicin.
Material Name

Doxorubicin

Vandetanib

Molecular Weight (g/mol)

543.525

475.362

Density (g/cm3 )

1.6±0.1

1.4±0.1

Molar Volume (cm3 )

336.6±5.0

338.0±3.0

Polarizability (cm3 )

52.1±0.5x10

Surface Tension (dyne/cm)

96.4±5.0

53.2±3.0

Hydrogen

7/12

1/6

Bond

Donors/

Acceptors
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24

47.6±0.5x10
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IN-VITRO TESTING

After characterization of the drug quantity on the beads, simultaneous
introduction of a known drug concentration with the addition of the beads to in
vitro testing was made possible. Spheroids were prepared with a range of cell
lines in matrigel scaffold and treated with an exact quantity of beads, to control
the dose. As a control for the bead treatment, free drug in solution was used.
After characterization of the elution of doxorubicin from TACE beads and the
subsequent drug diffusion with matrigel, any observed effect on the spheroids
could be assumed to due to the rapid elution of the entire vandetanib quantity
from the beads and not a slow localised release of the drug.
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Figure 5.4 : HLE spheroid response to drug eluting beads in vitro. Human HCC cell line HLE were cultured into spheroids, seeded
and grown in matrigel, then treated with a vandetanib eluting embolic bead in vitro. The equivalent drug concentrations
were determined by the earlier drug fitting experiments shown in Fig. 5.2. No spatial drug effect was observed suggesting
the drug became evenly dispersed in the matrigel matrix rapidly enough to prevent any localised effects.
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Figure 5.5 : Dose response curves for 3-D HLE spheroids treated with
vandetanib eluting beads. The bland beads were absorbed into
the spheroid by the end timepoints and increased the total spheroid
size. There was a clear response to vandetanib treatment, which
was improved by bead-elution vandetanib delivery. This could be
due to the unintentional delivery of additional vandetanib in the
solution when the bead were introduced into the in vitro model. It
could also be the result of greater regional drug concentrations in
the vicinity of the spheroid.

The response of the spheroids to treatment with vandetanib eluting beads
was found to be equivalent or better than free drug alone. This is likely a result
of the fast elution during release of drug from the beads and subsequent high
diffusion rate in matrigel, leading to conditions very similar to those with free drug
alone. Bead treatment in vivo will likely provide a better drug exposure profile as
the blood flow in and around the tumour will alter the elution dynamics.
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BIOMARKER

ANALYSIS

OF

VERONA

PATIENT SAMPLES
Serum samples from patients in the VEROnA trial were collected and
cryostored until ready for analysis. The samples were collected according to the
trial schema (Fig. 5.6 ) at set points during the study.

Figure 5.6 : Trial Schema for the VEROnA trial.
PCA analysis was conducted on the samples to identify the serum biomarkers
with the most variance and consequently with a likelihood of being influential.
The PCA analysis could not identify a set of biomarkers capable of providing
metrics of disease progression or describing patient progression through the
trail schema. The datapoints (Fig. 5.7 ) did not cluster among the patients, but
instead formed a single cohort with no clear delineation between patient groups
or timepoints. This is likely due to a high variance in the patient’s baseline levels
preventing the recognition of crucial components with PCA analysis. More often
the serum values are clustered relative to the patient’s own baseline. With 8
patients only, there is insufficient statistical power for this analysis. Other methods
of dimensional analysis are likely to face similar issues. Thanks to the VEROnA
trial team from UCLH for providing the patient data.
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Figure 5.7 : Principal component analysis maximized variance plot. The PCA
analysis identifies the features in the dataset responsible for the
greatest variation and remaps the data points onto a new space.
There was no clear segmentation of the markers, suggesting the
PCA reorganization would not illuminate biomarkers of critical
importance.
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Figure 5.8 : PCA axis 1 cross correlation.Cross correlation of the seven
strongest PCA Axis 1 components is depicted sequentially. The top
corner shows the pearson r2 values with linear regression. Individual
patients are color-coded for the lower corner. Similar to the gross
PCA plot, the biomarkers did not cluster in any predictable fashion
and no clear segmentation was possible with a combination of any
two biomarkers.
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Figure 5.9 : PCA axis 2 cross correlation.Cross correlation of seven strongest
PCA Axis 2 components. The top corner shows the pearson r2
values with linear regression. Individual patients are color-coded
for the lower corner. Only weak segmentation is possible with this
dataset of cross correlation, possibly due to low sample counts.
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The analysis identified ICAM-1, MMP-2 and MMP-9 as the analytes most
contributory to the variance of at least one of the principal components. The first
principal component axis was primarily influenced by ICAM-1 and the second
axis variation was accounted for due to influence from all three (ICAM-1, MMP-2,
and MMP-9). All three components are markers of ECM adhesion proteins. MMP2 and MMP-9 are biomarkers associated with metastasis, invasion and poor
response[Ren, 2017; Dai, 2014] and ICAM-1 is associated with a better overall
prognosis for HCC patients[Zhu, 2013; Zhu 2016]. The contrasting indications
of prognosis likely explain their primary contributions as the sources of variation
in the data.
The other markers measured, including those as part of the immune panel,
did not cluster significantly, and did not contribute significant variance to the
first two principal components. The immune markers showed strong clustering
among the same patient, suggesting the baseline levels for those markers to be
highly variable from patient to patient.
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Figure 5.10 : Cross correlation of immune markers measured during
VEROnA Trial. The top corner shows the pearson r2 values
with linear regression. Data points in the lower corner are colorcoded according to individual patients. Clustering largely occurred
amongst single patients, suggesting a high level of interpatient
variability being responsible for the observed variation. From this
data, it is not possible to generate a prognosis using these immune
biomarkers.
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Figure 5.11 : Cross correlation of general cancer serum markers of interest
measured during VERoNa Trial. Shown above are cross
correlation of serum markers believed to be associated with
cancer. Plots in the top corner list the pearson r2 values with
linear regression. Data points in the lower corner are color-coded
by patient. Again, the clustering appears to be highly patient
dependent, with little clear indication of prognosis.
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Figure 5.12 : Cross correlation of markers relating to angiogenesis as measured
during VEROnA Trial. Plots in the top corner list the pearson r2
values with linear regression. Data points in the lower corner are
color-coded by patient.
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Factor
sCD40L
EGF
FGF-2
G-CSF
IL-2
IL-6
IL-8
TNF-a
VEGF-A
CXCL10
IL-12p40
IL12p70
IL-17A
TNF-B
sEGFR
sHER2
sIL-6Ra
Osteopontin
PDGF-AB_BB
sPECAM-1
sTIE-2
suPAR
sVEGFR1
sVEGFR2
Angiopoietin-2
Endoglin
Follistatin
HB-EGF
HGF
Leptin
PLGF
VEGF-C
VEGF-D
ICAM-1
MMP-9
MMP-2
IGFBP-1
IFNg
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T-Test Results
Good vs. Poor Response
Pre- and Post-TACE
Test Statistic
p-value
Test Statistic
p-value
0.821656
0.416268
0.11833
0.906413
1.852925
0.07234
-0.248345
0.805319
-0.81911
0.418266
-1.152107
0.257086
0.127212
0.899426
-1.115632
0.271407
-0.410626
0.692125
0.774923
0.460674
0.341743
0.736732
-0.303778
0.764983
1.011238
0.321989
0.239508
0.812745
-0.817248
0.419018
-0.952917
0.346816
-0.447937
0.658578
-0.895152
0.380396
-0.28397
0.777936
1.50592
0.140145
1.081884
0.294412
-0.480873
0.636737
-0.445663
0.664485
-0.020762
0.983808
-1.982716
0.087829
-1.441344
0.192685
3.046984
0.012315
0.195073
0.849242
1.556618
0.12831
-0.719057
0.476748
-2.367798
0.023233
0.333825
0.740396
-1.978444
0.05536
0.776192
0.442569
-3.124133
0.003459
-2.480235
0.017805
0.152027
0.880491
0.376142
0.710258
-1.748075
0.088746
-2.07801
0.044701
-2.175239
0.036076
-2.326776
0.025559
-3.350573
0.001867
-2.596084
0.013445
-1.988806
0.054156
-1.917859
0.062872
0.898846
0.374547
-1.120041
0.269914
-1.227912
0.22684
-1.293008
0.203616
0.014839
0.988236
-0.426824
0.671854
0.123788
0.902119
-0.453354
0.652807
-0.214983
0.830901
-0.334651
0.739681
-1.359345
0.18205
-0.829401
0.412057
1.414584
0.165125
-1.504566
0.140492
-1.535835
0.13666
-0.751936
0.458843
0.675705
0.503669
0.333256
0.740929
2.931001
0.005625
0.197761
0.844259
-1.28042
0.207961
-1.002336
0.32236
-0.513303
0.610711
0.562816
0.576866
-2.891067
0.006245
-0.402771
0.689316
-2.109517
0.04234
0.055412
0.956134
1.287135
0.218921
1.694666
0.112257

Table 5.5.1: T-test of serum sample measurements stratified as good and poor
responders and pre and post TACE treatment. Cells highlighted red
indicate significance (p  0.05).
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A paired t-test analysis of pre- and post- TACE serum levels was conducted
for each biomarker to evaluate their response to the TACE procedure. The
samples were separated into two groups to increase statistical power. The first
timepoints (pretreatment, baseline timepoints) were compared with timepoints 3
and 4 (timepoint 3 was taken a day after TACE administration, timepoint 4 was
taken a week after TACE administration) to measure changes after TACE.
According to the T-test, the following biomarkers were found to be significantly
different: osteopontin (p=0.0018), sPECAM-1 (p=0.0447), sTie-2 (p=0.0256) and
suPAR (p=0.0134). The markers showing significance belonged to one of two
classes of biomarker, HCC-related markers and vascular-related markers.
Osteopontin is an ECM protein upregulated following liver damage of any
kind.[Kim, 2009, 2013] and an increase in expression is expected following the
liver damage from the TACE procedure and drug treatment. SuPAR is an
inflammatory circulatory marker broadly associated with cancer and increased
expression is commonly seen in HCC patients.[Chounta, 2015] The remaining
markers are vascular-related, sPECAM-1, or CD31, is expressed on the surface
of endothelial vasculature. S-Tie-2 is expressed on the surface of maturing
pericyte cells and is linked to better prognosis as fast-growing cancers are found
to express lower levels of Tie-2.[Teichert, 2017]
A comparison of patient responses stratified by necrosis in the tumour
following resection showed three of the original four markers to be significant,
with an additional six markers also having significance. The cutoff for indication
of good response was measured to be greater than 90% necrosis in the
resected tissue, though the level of necrosis is not necessarily an indicator of
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actual disease progression. The additional markers demonstrating significance
include TNF- , sHER-2, VEGF-D, MMP-2 and IGFBP-1. These markers are
surprising, as none are direct targets of vandetanib. Of these additional markers,
only VEGF-D is vascular in nature, primarily through lymph endothelium,
possibly suggesting a signalling of inflammatory or immune markers as opposed
to angiogenic modulation. Overall, the serum biomarkers suggest the TACE
procedure influences the hematic response more than the vandetanib treatment,
however, serum levels can be poorly representative of the tumour itself,
particularly if perfusion is poor.

5.6.

IMMUNOHISTOCHEMICAL

STAINING

-

VERONA

TRIAL
Immunostaining was performed for all tissue samples obtained in the VEROnA
study. Six stains were selected to evaluate the drug response in each patient.
Antibody
CA-IX
Endoglin (CD-105)
HIF-1↵
Ki-67
MEK1+2
s-PECAM (CD-31)

Function
Hypoxia
Neo-angiogenic endothelium
Hypoxia
Growth Marker
Receptor Tyrosine Kinase Activation
Vascular Endothelium

Table 5.6.1: Antibody labels used for VEROnA tissue staining

Immunohistochemical (IHC) staining is not part of the routine diagnostic
procedure for HCC or other liver malignancies, due to the lack of robust
biomarkers and poor resolution in staining procedures. This is widely thought to
be due to the large perfusion reserve of the liver from the hepatic artery and
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other sources[Carr, 2017]. None of the IHC stains selected for study produced
resolvable features or biomarkers. The difficulty in finding suitable biomarkers in
either serum or tissue remains a challenge in HCC.
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Figure 5.13 : H&E stain of VEROnA patient
sample. Embolic beads are
visible in the lower right of the image. The tumour capsule boundary
is visible in the center of the image with tumour occupying the right
half.
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Figure 5.14 : H&E stain of VEROnA patient
tissue sample. Magnified
image from a separate region of the sample. The tumour capsule
is visible as a vertical line and beads and tumour are located to
the right of the capsule boundary.

Expression of CD-105 and MKK12 were null for all sections stained, likely
due to fluid washout from the liver clearing any markers from the tissue and
resulting in a null staining. For the case of hypoxic damage markers, including
Ki-67 and and HIF-1↵, the delay between the resection and embolism treatment
provided enough time for the markers to decay below the threshold of
expression[Richardsen, 2017]. The expression of hypoxic markers would likely
be stronger at tissue obtained closer to the embolization procedure. The lack of
CD-105 expression in the tissue sections may indicate the suppression of new
blood vessel formation due to vandetanib activity, however, the lack of staining
may also be due to fluid washout from the high perfusion reserve of the liver.
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Figure 5.15 : CAIX staining of tissue sample from VEROnA patient
Tumour capsule is central to the image. No hypoxic effects were
evident.
Regardless of cause, at the timepoint the tissue was resected, there was no
increased expression of damage, hypoxia, or growth markers in the vicinity of
the embolized blood vessels or in the distal region.
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Figure 5.16 : CAIX staining of tissue sample from VEROnA patient
tissue shown is tumour. Minimal staining was observed.

. All

Figure 5.17 : Endoglin staining of tissue sample from VEROnA patient
Pictured is tumour tissue.
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Figure 5.18 : Endoglin staining of tissue sample from VEROnA patient
Pictured is tumour tissue.

.

Figure 5.19 : Endoglin staining of tissue sample from VEROnA patient .
Pictured is a section of the whole resected liver, with tumour tissue
central. No clear endoglin staining is evident.
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Figure 5.20 : HIF-1↵ staining of VEROnA patient
HIF1-↵ expression is null.

Figure 5.21 : Ki-67 staining of VEROnA patient
expression was detected.
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Figure 5.22 : MEK1+2 stain of VEROnA patient

resected tissue.

Figure 5.23 : sPECAM stain of VEROnA patient

tissue.
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Figure 5.24 : Scoring examples of IHC staining. Shown are typical sections
receiving a score of 0, 1 or 2 for three markers.

Figure 5.25 : Microvessel Density. Shown are box and whisker charts for
microvessel density scores stratified by tissue scoring.
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Figure 5.26 : Scoring examples of IHC staining. Tissue scoring counts for the
8 VEROnA patients.
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RAMAN SPECTROSCOPY TO EVALUATE TISSUE
DOSE

Raman microscopy can provide information about a sample at the molecular
level. Analyte such as drugs like vandetanib can be detected and quantified if
they are raman active. In this study, vandetanib quantification via raman activity
was evaluated, first by verifying its predicted Raman activity, and second by
measuring the Raman emission of tissue simulant standards of known vandetanib
concentration.

Figure 5.27 : The peak at 1380 cm 1 is a strong, separable vandetanib peak
and is clear indication of vandetanib’s raman activity.

Vandetanib’s raman activity was established in crystal form, however obtaining
quantifiable data with Raman emission of biological samples was found to be
prohibitively difficult.
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Figure 5.28 : Control medium of collagen set in a hydrogel. No vandetanib is
present, however a large, broad peak exists from 1300 to 1500
recip. cm, obscuring the predicted emission peak of vandetanib.

Figure 5.29 : Collagen doped at 100 ng/mL, the same peak observed in the
control sample is observed, without detectable vandetanib peak.

Figure 5.30 : Collagen doped at 1 mg/mL, a shorter acquisition time setting was
applied to reduce noise in this experiment, however the signal did
not improve and no vandetanib signal was observed.
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The high background signal of the collagen matrix masks any signal from
the vandetanib, even when the drug is present at extraordinary high doses of
1 mg/mL, far in excess of the tissue samples measured in the resected tissue
from the VEROnA study (4-400,000 ng/mL). This suggests the background noise
to be a problem, a noted issue in Raman spectroscopy for biological samples.
[Vankeirsbilck, 2002; Butler, 2016]. Potential methods of decreasing noise such
as heat drying or solvent-displacement treatment risk altering the vandetanib
concentration profiles and spoiling the sample. Current efforts are underway
to develop Raman spectroscopes with better sources and increased spectral
resolution.
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VI.

RADIOSENSITISATION
HEPATOCELLULAR

OF

CARCINOMA

CELLS BY VANDETANIB

Sections of this chapter are quoted verbatim from Znati et al. (2020)
“Radiosensitisation of Hepatocellular Carcinoma Cells by Vandetanib.” Cancers.
12:1878.
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The risk of liver cancer has been steadily increasing since the end of the 20th
century[McGlynn, 2021], now accounting for more than 8% of cancer-related
deaths and 5% of cancer occurrence worldwide. Hepatocellular carcinoma
(HCC) is by far the most common liver cancer, accounting for 70 -85% of total
liver cancer occurrence[Perz, 2006], whereas Intrahepatic and Extrahepatic
Cholangiocarcinoma (ICC and ECC respectively) occur less frequently. Patients
with HCC are treated with curative resection if possible, or other therapies
depending on staging[Forner, 2010; Liu, 2015]. Historically, targeting radiation
to the liver with acceptable therapeutic ratio has been a challenge; however, as
radiation is implicated in 40% of all curative cancer treatments[Baskar, 2012],
there are ongoing efforts to treat HCC with Stereotactic Body Radiation Therapy
(SBRT). One approach to improving SBRT outcomes for HCC patients is the use
of radiosensitisers[Sharma, 2016], drugs which combine with radiotherapy to
enhance the anti-cancer effect.
Radiosensitisers can act via intrinsic methods by directly impairing cell function
and ability to survive radiation-induced damage, as is the case with platinumbased DNA chelators[Pignon, 2000; Rose, 2001; van Hagen, 2012; Lacas,
2017] and PARP inhibitors[Lesueur, 2017], both of which impair cellular DNA
repair and replication. Other radiosensitisers act extrinsically by placing a toxic
burden on the cell prior to radiation, as is the case with PI-103 and mTOR blockade
which disrupt autophagy, leading to cell death[Button, 2016]. Vandetanib is
a substrate-specific tyrosine kinase inhibitor (TKI), with ten-fold selectivity for
vascular endothelial growth factor receptor-2 (VEGFR-2) over off-target TKIs
and secondary inhibition of the epidermal growth factor receptor (EGFR), the
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vascular endothelial growth factor receptor-3 (VEGFR-3) and the RE-arranged
during Transfection (RET) receptor[Wedge, 2002; Ryan, 2005].
HCC development is often characterised by expansion of the vascular
system, resulting in aberrant tumour vasculature and an immunosuppressive
environment[Morse, 2018; Motz, 2011; Carmeliet, 2011. To combat this
avenue of pathogenesis, treatment of HCC with the angiogenic-inhibitor class of
drugs has been investigated[Finn, 2018; Llovet, 2015; Morse, 2018 with some
success. Vandetanib is unique in this class of drugs, primarily because of a high
selectivity for VEGFR-2. As VEGFR-2 is the primary driver of pro-angiogenic
signalling in the cell[Ferrara, 2004], selective inhibition of the receptor produces
“cleaner” signal transduction[Overington, 2006] and leads towards vascular
normalisation. Vascular normalisation is known to have a range of benefits in
cancer treatment; by normalising chaotic vasculature and eliminating the
hypoxic, nutrient-deprived environment fostering tumour growth, the treatment
can also alter the immunosuppressive environment of the tumour by improving
immune infiltration[Hamzah, 2008; Jain, 2011]. Vandetanib has also been
shown to positively influence tumour oxygenation[Ansiaux, 2009], providing
one explanation for observed anti-tumour activity. Though the exact mechanism
remains uncertain, previous work has repeatedly demonstrated synergy
between vandetanib and radiation therapy in non-small cell lung cancer,
colorectal cancer and hepatoma models[Ansiaux, 2009 Williams, 2004;
Brazelle, 2006; Frederick, 2006; Wachsberger, 2009; Shibuya, 2007];
discoveries warranting further investigation.
To evaluate vandetanib as a radiosensitiser in HCC, the effect of vandetanib-
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radiation combination therapy on HCC and cancer-related processes such as
migration, invasion, growth and viability was studied in vitro with 2-D clonogenic
survival and scratch migration assays and 3-D spheroid models of human and
murine cell culture as well as in immunocompetent mouse models.

6.1.

METHODS

6.1.1. Cell Culture
6.1.1.1 Clonogenic Assay
Cells were counted and plated on 10 cm cell culture dishes with a seeding
number dependent on the plating efficiency of the cell line. Vandetanib was
added to the media one day after plating and removed after media change
following 24 or 72 hrs. Radiation treatments were completed concurrently with
vandetanib addition. At the end of the period cells were fixed in methylene blue
(Sigma, UK) and manually counted.

6.1.1.2 Scratch Migration Assay
Scratch migration assays were conducted with an incucyte wound maker
and confluent cells plated on 6 cm dishes. Drug or radiation administration was
performed 24 hours after seeding at which point cells had obtained confluence.
The migration into the clearance was photographed on a Nikon Biostation (Nikon,
Japan) at fixed intervals following treatment.
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6.1.1.3 3-D Spheroid Assay
3-D spheroid assays were completed according to standard spheroid
protocol [Vinci, 2015]. Cells were plated on low-adherent plates, centrifuged at
250 x g and transferred into matrigel collagen matrix. Drug or radiation was
performed at the time of embedding in matrigel. Spheroid growth was recorded
at fixed intervals on a Nikon biostation (Nikon, Japan). Analysis was performed
with TASI OrganoSeg software.

6.1.1.4 Autophagy Detection
Monolayer cells were treated with vandetanib (72 hour total exposure) and
radiation (irradiated one day after plating) and stained with Hoescht to visualize
cell nuclei and an autophagy detection reagent. Plates were imaged with
fluorescence microscopy 6 days after plating. The autophagy detection reagent
was supplied by abcam(ab139484, abcam, UK)

6.1.2. Animal Model
Mouse studies were performed on immunocompetent BALB/c mice (Charles
River) with approval from UK Home Office (licence 70/8861) in accordance with
the European Commission Directive 2010/63/EU (European Convention for the
Protection of Vertebrate Animals used for Experimental and Other Scientific
Purposes), the UK Home Office (Scientific Procedures) Act (1986), and the
National Institutes of Health Guide for the Care and Use of Laboratory Animals,
with project approval from UCL Biological Services. Engraftment of harvested
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cells into the right flank of an isofluorane anesthetised mouse and growth was
measured every odd day. Further details are provided in Appendix A.

6.1.3. Western Blotting
HCC cells were seeded in DMEM and serum starved for 24 h prior to
harvesting. HUVEC cell lines were serum starved and treated with vandetanib
for 24 h, then dosed with 50 ng/mL VEGF for 20 min prior to fixation. Cell culture
samples were washed with PBS and frozen at

80 °C before being lysed on ice

with RIPA Lysis buffer. Protein concentration was measured by Bradford assay
against BSA standard, and 30 µg of protein were loaded onto the lanes of a
10-well 4–12% Bis-Tris NuPAGE gel (Invitrogen, Carlsbad, CA, USA) with
NuPAGE loading buffer and run at 125 V for 90 min before transfer onto a PVDF
membrane, blocking with LI-COR blocking buffer (LI-COR Biosciences, Lincoln,
NE, USA), and staining with primary anti-VEGFR-2 (Cell Signalling Technology,
Beverly, MA, USA, #2479) and anti-GAPDH (Cell Signalling Technology, #97166)
before secondary labelling and imaging on an Odyssey CL-X imaging system
(LI-COR Biosciences). Quantification measurements were performed with the
ImageJ (NIH, Bethesda, MD, USA) [Rueden, 2017] Optical Density Plugin and
all sample measurements were first normalised to lane GAPDH levels.

6.1.4. X-Ray Irradiation
An XStrahl (Camberley, UK) Small Animal Radiotherapy Research Platform
(SARRP), S/N 525722, was used for in vitro sample irradiation. X-ray emissions
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at effective energies of 65.2 keV [Poirier, 2019] were delivered from a Comet
MXR225/22 X-Ray tube source set to operate at 220 kV and 13 mA with beam
filtration via an integral 0.8 mm Be window and additional 0.15 mm Cu filter.
Samples were irradiated on a 1.5 cm thick Perspex movable platform and lead
shielding totalling 5 mm thickness was placed directly on the samples for
additional shielding as required. All in vitro samples were irradiated 30 min after
drug treatment, in line with previous work [Williams, 2004] indicating 30-min
irradiation post-treatment to be optimal. Animals receiving radiotherapy were
placed on a movable carriage with concurrent anesthesia during the procedure.
Dosimetry for the SARRP was measured using a PTW 30012 Farmer
ionisation chamber (PTW-UK Ltd., Lincolnshire, UK) and a UNIDOS E
electrometer (PTW-UK Ltd., Lincolnshire, UK) corrected and calibrated to the
National Physical Laboratory (Teddington, UK) primary standard. Reference
conditions: Open field; source to surface distance (SSD), 33 cm; phantom
thickness, 5.5 cm; detector’s geometric centre at 2 cm depth, 35 cm; and
half-value layer, 0.658 mm Cu.

6.2.

TWO-DIMENSIONAL MONOLAYER STUDY OF HCC
RESPONSE TO VANDETANIB AND RADIATION

6.2.1. Clonogenics
The clonogenic radiosensitivity assay was performed to characterise the id
ipsum ability of vandetanib to sensitise cells to radiation (Figure 6.1 ) and
experiments were carried out according to two experimental protocols. In the
first protocol, cells were treated with a high dose (5–10 µM) of vandetanib for a
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short exposure time (24 h) in vitro, and colony formation was used as a metric
for cellular survival.

Simultaneously, a second experiment of vandetanib

radiosensitisation was conducted in which cells were treated with a lower dose
(2–4 µM) of vandetanib for a longer exposure time (72 h) and again, cellular
survival was quantified with respect to colony formation. The lower dose of 2–4
µM was selected for the second study after the initial dose of 5 and 10 µM was
found to be entirely prohibitive of colony formation.

When cells were

administered vandetanib according to the first regime, no radiosensitisation was
found. On the other hand, cells receiving the second regime of treatment did
show enhancement of radiation-induced cell death, suggesting exposure longer
than 24 hours is necessary to observe the full radiosensitising effect. Radiation
enhancement ratios (RERs) for the long exposure experiment were determined
to be in the range of 1.45–1.8 for JHH4 (4 Gy + drug corresponding to 5.8–7.2
Gy dose, 95% CI) and 1.38–1.62 for HLF (4 Gy + drug corresponding to
5.4–6.4 Gy dose, 95% CI). Additionally, in the long exposure study, the HLF and
JHH4 vandetanib groups both showed significance (ANOVA, p  0.05) over
controls for both drug treated groups.
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Figure 6.1 : Clonogenic assays measuring sensitizing effect of vandetanib
in conjunction with ionising radiation. Following treatment, a
lethal response to vandetanib was observed consistently across
all cell lines. (A) When cells were administered vandetanib at high
dose (5-10 mM) and short exposure (24 hr) no radiosensitisation
was measured. (B) Cells receiving a lower dose (2–4 mM) for longer
exposure (72 hr) showed enhancement of radiation-induced cell
death. Cells treated with 5 or 10 mM vandetanib were eradicated
after long exposure and were not included in the study. * RER
exceeds 95% CI, ANOVA p  0.05
The most likely explanation for the discrepancy between the short exposure
and long exposure vandetanib treatments is the activation of autophagy by cells
in the intervening timepoints between treatment initiation and drug removal. The
autophagy activation will prolong cell life for a period of longer than 24 hours,
however, by the 72 hour timepoint it’s pro-survival effects have diminished due
to exhaustion of the autophagy process, and the cells begin to show signs of
radiosensitivity.

6.2.2. Scratch Assays of Migration
Vandetanib treatment is known to reduce migration of HCC cell lines
in vitro[Giannelli, 2006] and it is reasonable to believe the effect would be
enhanced with radiation, as radiation is known to induce cell cycle
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arrest[Harrington, 2007]. To test this hypothesis, the inhibition of cellular
migration into a clearance was characterised with a scratch assay (Figure 6.2 ).
Both vandetanib and radiation therapies were found to produce a significant,
dose-dependent reduction in migration after treatment (p  0.05) and the
combined treatment was found to produce an additive reduction in migration (p
 0.05), suggesting vandetanib inhibition of migration proceeds by alternate
mechanisms to those of radiation-induced inhibition.

Figure 6.2 : Treatment with vandetanib and radiation inhibits the migration of
cells into a scratched area clearance. HCC cell lines (A) HLF, (B)
JHH7, (C) HuH-1, and (D) SK-Hep-1 were plated to confluence
onto 96 well plates, and a 2 mm section was cleared to generate a
void. The wells were imaged every 4 h to monitor cell migration into
the void. Lower values indicate faster migration and closure of the
clearance. A significant, dose-dependent reduction in migration was
demonstrated following vandetanib treatment (Multiple comparisons
* p  0.05), an additive reduction in migration was observed in
conjunction with radiation (non-parametric ANOVA p  0.05 for HLF
and JHH7).
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3-D SPHEROID STUDIES

In addition to the improved biomimetic qualities of 3-dimensional cell
culture[Manikowski 2018, Tsang, 2010; Boudreau, 2006], 3-D spheroids
provide extra metrics of measuring metastatic potential via the spheroid invasion
studies. The Matrigel invasion assay (Fig. 5) measures inhibition of cancer
growth and invasion into surrounding tissue with the regular photographic
measurement of a 3-D cell-spheroid.

6.3.1. Murine Cell Lines
After extensive testing of murine HCC cell lines Hep55.1C and Hepa1-6,
described in chapter IV, the cell line BNL.1ME was selected for mouse model
study due to a high success rate for tumour formation and a desirable growth
profile.
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Figure 6.3 : BNL.1ME cell spheroids photographed at regular intervals.
The cell line appears to be highly invasive in matrigel culture and
demonstrates a moderate response to vandetanib, radiation and
combination therapy.
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Figure 6.4 : Growth curves of BNL.1ME spheroids. The BNL.1ME is highly invasive, making consisten quantification difficult, even
with automated methods.
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Figure 6.5 : PLC-PRF-5 spheroids photographed at regular intervals. The
PLC-PRF-5 cell line is characterised by asymmetrical growth
patterns and low invasive tendency when cultured in 3-D spheroids.
The spheroids show a strong response to combination therapy.

6.3.2. Human Cell Lines
When the human HCC cell line HLF was grown in 3-D spheroids, significant
growth reduction was observed in spheroids treated with both 5 µM vandetanib
and 4 Gy radiation compared to spheroids treated with 4 Gy radiation alone
(p0.05) or 5 µM vandetanib alone (p0.001). Similarly, when the human
hepatoma cell line PLC-PRF-5 was grown in 3-D, significant growth reduction
was measured in spheroids treated with combined 5 µM vandetanib and 4 Gy
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Figure 6.6 : HLF spheroids Human cell line HLF cultured in matrigel spheroids
shows an atypical metastatic character. Rather than developing
dendritic structures, HLF tends to secrete discrete cellular units
which permeate into the matrix and begin growth. The cell line does
respond to combination therapy in vitro
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Figure 6.7 : Spheroid growth charts for PLC and HLF.
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radiation compared to control (p0.001) and 5 µM vandetanib compared to
control (p0.001).

6.3.3. Co-Culture Studies
The features most lacking in 3-D culture are those relating to organ level
processes and dynamics. During the later stages of development cells began a
complex process of differentiation to form the tissue structures of organs that
enable them to function as intended. This differentiation leads sequentially to
first cellular and and then tissue subtype, facilitated by a circuit of reciprocal
signalling and stimulation which carries on to some extent in the adult organ as
well.[Collu, 2014; Bansal, 2015] Vandetanib disrupts new vessel growth via
targeted inhibition of VEGFR-II and -III, EGFR, and RET.[Wedge, 2002] These
receptors are integral surface receptors often responsible for driving initiation of
angiogenesis and requires the organ tissue differentiation to measure full effect.
Importantly, the expression of each receptor is cell background dependent and
necessitates autocrine and paracrine signalling to activate the correct receptors
on different cell populations and stimulate endothelial formation of new blood
vessels[Huang 2014;, Turner, 2014; Magistri, 2014 Because vandetanib
interferes with these signalling processes, any in vitro model designed to test
vandetanib must take care to preserve as much as possible the native signalling
environment of the cancer. By growing additional cell-types in the 3-D model as
a co-culture, the aim is to better characterize the interactions that occur in
full-scale interactions.
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6.3.3.1 Mouse Model Co-Culture Studies
To characterize tumour response in preparation for an animal model of liver
cancer, mouse cell lines were grown in 3-D and treated with Vandetanib and
Radiation.
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Figure 6.8 : Hepa1-6 cells grown in 3-D spheroids and treated with drug and irradiation. Hepa1-6 cell line spheroids grow to a
large size with relatively low invasive character. The spheroids show a significant response to therapy.
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Figure 6.9 : Hepa1-6 and NIH-3T3 were cultured in co-culture in 3-D spheroids and treated with drug and radiation. The coculture spheroids show a moderately greater tendency to form invasive processes when compared to the monoculture
spheroids. The response to therapy is more pronounced when the fibroblast cell line is included in the culture.
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Figure 6.10 : Hep55-1.C cells grown in 3-D spheroids and treated with drug and radiation. Hep55-1.C cell line spheroids possess
a very low invasive character and tendency for asymmetrical growth. The cell line does not show a strong response to
treatment.
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Figure 6.11 : Co-culture of Hep55-1.C and NIH-3T3 grown in 3-D spheroids and treated with drug and radiation. The introduction
of fibroblast cells into the Hep55-1.C cell line stimulates the cell line to adopt an invasive profile with high growth character.
The response to treatment is also greater in these spheroids.
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Figure 6.12 : Growth charts for mouse cell spheroids. In monoculture, the radiation effect is highly visible, whereas the growth
response is less distinct in the co-culture spheroids. Such a response reinforces the notion of the importance of the
microenvironment to tumour response to therapy.
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Figure 6.13 : Comparison of co-culture and mono-culture spheroids. * p 0.05.

Znati, Sami
March 2022

183

Znati, Sami

March 2022

The treatment response remained consistent in both co-culture and monoculture studies with both models demonstrating significance of combination
therapies over control (p 0.05) The greatest variability in response to treatment
was dependent on the cell line type, not the method of growing the cells in
vitro. The main advantage of growing the cells in co-culture is the increased
sensitivity of the assay, owing to the greater growth rate in both control and
experimental groups. This is beneficial for a combination therapy study, as the
greater sensitivity can highlight subtle differences in treatment response.

6.4.

HUMAN SPHEROID CO-CULTURE STUDIES

To study the relationship between the tumour micro-environment and
radiosensitivity, spheroid studies were performed with cancer cell lines grown in
co-culture with fibroblast or hepatic stellate cell types. As liver cells, including
HCC cells, neither recapitulate many full growth circuits alone or extensively
remodel surrounding tissue, by including stromal cells a more accurate cancer
model can be grown.
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Figure 6.14 : Co-culture demonstration with JHH7 and LX-2 cells grown in 3-D spheroids. The fluorescent labels make help
illuminate the effect of treatment on the differing cells. The lack of strong fluorescence in the combination treated cells at
the final timepoint is a strong indication of the toxicity of the therapy. Additionally, the strong contribution of the JHH7
cells to the co-culture cells is apparent, as their growth seems to be stimulated by the signalling activity of the fibroblasts,
evidenced by the strong green fluorescent signal and minimal red signal.
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Figure 6.15 : Vandetanib-Radiation Synergise in 3-D Spheroid Model. HCC
cell lines grown in mono-culture and co-culture 3-D spheroids. (AB) JHH7 cells fluorescently labelled green, LX2 cells fluorescently
labelled red. (A) Reference photo of a typical time-point 0 spheroid
for comparison. (B) Final time-point for each treatment including
combination and control. (C) Charts depicting growth for monoculture human spheroids. (D) Charts depicting growth for monoculture murine spheroids (E) Charts depicting growth for co-culture
spheroids. 2-Way ANOVA *p  0.05, **p  0.01, ***p  0.001,
****p  0.001. †CDI > 1.
The advantages offered by the co-culture study are highly visible when
considering the additional timepoints. In addition to the inclusion of more varied
cell types for paracrine signalling, the co-culture studies also offer a greater
sensitivity than the similar mono-cuelture assays. In 3-D spheroid co-culture of
HLF and NIH3T3 fibroblasts receiving combination treatment, invasion was
significantly reduced over radiation (p0.05) and vandetanib (p0.0001) and
likewise in 3-D spheroid co-culture of JHH7 cancer cells and LX2 hepatic stellate
cells, spheroid growth was inhibited in combination treatment compared to 5 µM
vandetanib (p0.05) and 4 Gy radiation (p0.005). JHH7 spheroids co-cultured
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with NIH3T3 and treated with combined vandetanib and radiation showed
significant growth reduction compared to either single treatment (p0.01 vs. 5
µM vandetanib and 4 Gy radiation) and compared to control (p0.01). Similar
results (Fig. S6) were observed for mouse cell lines Hep55.1-C (p0.05 vs
control) and Hepa1-6 (p0.05 vs. 4 Gy radiation and control) when grown in
spheroids. The murine cell line BNL1ME A.7R.1 was tested to eliminate the
possibility of over sensitivity to either treatment as BNL.1ME was also cultured
for tumour engraftment in the animal model (see section 2.6). Of the remaining
models studied, LX2 and each co-culture model demonstrated synergy by
coefficient of drug interaction (CDI[Chou, 1984])

6.4.1. Fractionation
A comparison of fractionation and whole-dose radiotherapy was performed
in vitro with mono-culture and co-culture spheroid samples.

The response of

cells to fractionated regimes were generally improved compared to the response
of cells treated with whole-dose radiotherapy, though there was some variation
between cell lines and none reached significance. Combination therapy with
fractionation and vandetanib was significant compared to whole-dose therapy
with the same dose of vandetanib when the cells were cultured in co-culture
(p0.05).

6.5.

MOUSE MODEL

Past studies have characterised the effect of vandetanib in animal models
and shown radiation enhancement[Ansiaux, 2009 Williams, 2004; Brazelle,
2006; Frederick, 2006; Wachsberger, 2009; Shibuya, 2007].
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To better

Figure 6.16 : HLE spheroids treated with radiation and drug under fractionation and whole-dose regimes. Fractionation appears
to be the more effective method of radiotherapy, even when administered in combination with the drug.
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Figure 6.17 : HLE co-cultured with LX-2 and treated with fractionated and whole-dose radiotherapy in combination with
vandetanib. HLE appeared to be radiosusceptible, with 6 Gy obliterating the spheroid, though the intensely invasive cell
line appeared to still possess invasive qualities, despite treatment.
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Figure 6.18 : JHH4 spheroids treated with fractionated and single-dose radiation in combination with vandetanib When
cultured alone, JHH4 is a minimally invasive cell line with a low growth profile, making distinguishing treatment effects a
challenge.
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Figure 6.19 : JHH4 and LX-2 spheroids co-cultured in matrigel and treated with fractionated and single-dose radiotherapy
and vandetanib. The striking difference between JHH4 when grown in monoculture and in co-culture is made apparent
when comparing the spheroid micrographs above with Fig. 6.18 . JHH4 alone is minimally invasive with a mild cancer
phenotypes, yet in co-culture with LX-2 the cell line is made aggressive.
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Figure 6.20 : LX-2 spheroids treated with fractionated and single-dose radiotherapy and vandetanib. The LX-2 hepatic stellate
cell line is a rapid growth cell line with the tendency to form dendritic processes when grown in 3-D culture. The cell line
responded to combination therapy more strongly than single treatment, though the assay is a poor predictor of in vivo
behavior since the cell is a stromal cell and growth stimulation is part of a complex signalling circuit.
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Figure 6.21 : Dose response curves for fractionation study. (A) HLE, (B) JHH4, (C) LX2, (D) HLE + LX2, (E) JHH4 + LX2 curves
depicted. The effect of the co-culture is most pronounced for JHH4 which demonstrated a considerable increase in
growth in co-culture. All studies responded to treatment with significance.
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characterise the anti-tumour effect of radiation fractions comparable to those
used conventionally in the clinic to treat cancer patients, an immunocompetent
mouse study was carried out with fractionated 2 Gy doses of radiotherapy. In
this study, the effect of combination therapy on a tumour grown in an
immunocompetent microenvironment was examined (Fig. 6) with a syngeneic
model and the BNL.1ME A.7R.1 cell line. This cell line was previously studied in
a 3-D model (Fig. 5D). In the single-treatment groups, tumours experienced a
growth delay characteristic of tumour treatment, with significant (3x2 Gy + VAN
vs. 3x2 Gy p0.005, 3x2 Gy vs. VAN p0.0001) size reduction compared to
control. When treated with either vandetanib or radiation alone, the tumours
remained stationary for seven days, at which point the growths recurred. In
combination therapy, the tumours initially shrunk in size compared to the starting
measurements and growth remained inhibited longer than the single treatment
groups. Tumour growth reduction was significant versus control (p0.0001), and
regression in size was seen until day 10, concurrent with the end of vandetanib
treatment, when the tumours began to exhibit signs of growth recurrence.
Immunocompetent BALB/C mice were engrafted with BNL.1ME tumours and
administered fractionated radiotherapy on days 17, 18, and 19 and/or vandetanib
treatment on days 17-24. Tumour growth was measured in three dimensions
until culling. Combined treatment was significant (p  0.001) with respect to
tumour volume and significant (p  0.05) with respect to overall survival against
both regimes and control. Volume growth curves are expressed as mean ±
SEM and analyzed by extra sum-of-squares F test. Survival is represented by a
Kaplan–Meier plot. Log-rank test. *p  0.05, **p  0.01, ***p  0.001.
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Figure 6.22 : Results of an animal study on combination treatment of vandetanib and radiation in an immunocompetent
mouse. (A) Tumour volume for all mice by treatment cohort (B) Mean tumour volume (C) Survival curve. The growth
delay observed with the combination treatment produced a siginificant reduction compared to either single treatment.
Survival also benefitted from combination therapy.
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Figure 6.23 : Immune infiltration of the excised tumour tissue. The combined therapy improves the immune profile with respect to
the T effector, T regulatory cell ratio and other markers including total monocyte infiltration. Adeditionally, PD1 positive T
regulatory cells were upregulated in the combined treatment.
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Vandetanib treatment was found to increase the T-effector to T-regulatory cell
ratio, an important ratio describing the tendency for the immune system to adopt
a position of tolerance or elimination with regards to the tumour. Additionally, the
total level of T effector cells, cells responsible for cytotoxicity of cancer cells, was
increased in the combination therapy. This alone is not necessarily an indication of
immune recognition however, as the increased presence of T-regulatory cells can
dampen cytotoxic activity[Chaudhary, 2006]. These results suggest combination
therapy increases immune infiltration and surveillance of the tumour, possibly
converting the tumour from a status of immune c̈oldẗo immune ḧot.Ädditionally,
the effect of vandetanib seems to be one of vascular normalization, improving
infiltration of T effector cells while maintaining T regulatory cells, fitting with the
hypothesis of vascular normalisation resulting from angiogenic therapy.

6.6.

MECHANISM

6.6.1. Tyrosine Kinase Inhibition
In the normal tissue micro-environment, expression of VEGFR-2 is thought
to be limited mainly to the endothelium and absent in the surrounding epithelial
tissue. It is not clear how this expression changes following cellular differentiation
into cancer and the possibility exists for cancer cells with VEGFR-2 expression.
The expression of VEGFR-2 in human and murine cell lines was measured with
Western blotting to assess functional VEGFR-2 signalling and susceptibility to
vandetanib and similar TKIs, both of which have implications for cancer growth
and vandetanib treatment 6.24 . VEGFR-2 status reflects the functionality of the
VEGF-VEGFR-2 circuit in each cell line.
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Figure 6.24 : Expression Status of VEGFR-2 in (A) human and (B) murine cell
lines via Western Blot. Expression of glycosylated (C), native (D),
and soluble VEGFR-2 (E) as measured by optical density. VEGFR2, the primary target of vandetanib, is only expressed in endothelial
cells.

VEGFR-2 expression was compared to HUVEC controls with VEGFR-2
antibody and GAPDH antibody as a loading control. HUVEC cell lines were
serum starved and treated with vandetanib for 24 hours, then dosed with 50
ng/mL VEGF for 20 minutes prior to fixation. The results obtained demonstrate
convincing evidence of the absence of VEGFR-2 from both epithelial cancer cell
lines, including human cell lines PLC/PRF, HLF and JHH4, murine cell lines
BNL.1ME, Hep55.1C and Hepa1-6, and endothelial associated cell lines. Both
SK-HEP-1, a cell line with a known endothelial origin[Heffelfinger, 1992], and
LX-2, a hepatic stellate cell line and endothelial-associated pericyte[Castilho,
2011] were negative for expression of all VEGFR-2 isoforms.

VEGFR-2

expression was present in primary Human Umbilical Vein Endothelial Cells
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(HUVECs),

indicating that they express this protein with functional

post-translational modifications (PTMs), including glycosylation and the secreted
soluble form (sVEGFR2). Vandetanib treatment affected cellular expression of
VEGFR-2 by modulating PTMs at the cell surface. Vandetanib-treated samples
produced higher levels of the non-functional[Chandler, 2019] native protein
isoform without glycosylation as well as increased levels of the soluble receptor
domain (Fig 1C and D). This pattern of expression occurred both in the presence
and absence of VEGF. Importantly, release of the soluble sVEGFR-2 isoform is
an indicator of angiogenic suppression[Collet, 2014]. Based on the blotting
results, the mechanism of vandetanib activity in vitro can be narrowed down to
intrinsic

TKI-mediated

disruption

of

VEGFR-2

activation

of

the

RAS/RAF/MEK/ERK pathway[Mao, 2012] localised only to the VEGFR-2
expressing endothelium or a more functionally agnostic result owing to
vandetanib effect on the cellular environment, specifically induction of autophagy
and generation of ROS[Zhou, 2017] inside the cells or the binding of the
inhibitor to non-specific off-target TKs and the ensuing downstream effects.

6.6.2. Autophagy
Autophagy is a pro-survival process activated by cells following metabolic
stress. The cells induce autophagy via the formation of double-membranous
autophagosomes which envelope less essential organelles and digest them in a
fashion similar to those of lysosomes. [Fulda, 2015] Radiation and vandetanib
are both known to trigger autophagy, and in combination the autophagic flux
would be increased, possibly causing increased cell death.
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Figure 6.25 : Autophagy in PLC and HLF Cells Treated with Vandetanib and Radiation and with Chloroquine Autophagy Inhibition
(A) Micrographs of PLC cells treated with vandetanib (72 hour exposure) and radiation (irradiated day 1) at indicated
doses and stained with Hoescht (Blue) and autophagy detection reagent co-localised with LC3 (Green) three days after
treatment. (B) Bar chart of results from (A) with standard error. (C) Bar chart of results of assay performed with HLF cell
line with standard error. N of 3 independent experiments were obtained for all cell lines. The kit used for this assay was
supplied by Abcam (ab139484). Significance determined by ANOVA with multiple comparisons.
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The presence of the diffuse green staining in the chloroquine-positive
radiation control (top right), contrasted with the chloroquine-positive control (top,
second from left), suggests cells activate the autophagic pro-survival pathway
following radiation treatment. The chloroquine arrest of autophagy during vesicle
formation provides additional evidence of radiation-induced autophagy (*, p
0.05). Treatment with vandetanib similarly increases autophagic burden (‡, p
0.05) and reduces the number of surviving cells. The combination treatment
potentiates cell death by increasing flux into autophagy and straining cellular
resources, leading to autophagic exhaustion and eventually death (†, p 0.05).
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Gene expression in the drug and vandetanib treated cells suggests autophagy
persists and even increases at the 72 hour mark when compared to the 24 hour
timepoint. This result aligns with the immunofluorescent assay conducted to
measure autolysosome formation. Interestingly, the expression of growth markers
varies amongst cell lines, suggesting some cell line dependency. The expression
of STAT3 increased at 72 hours after treatment with vandetanib, possibly a
consequence of the EGF blockade. Additionally, radiation treatment decreased
MEK1+2 signalling at 24 hours but increased it at 72 hours possibly part of the
cellular DNA repair response.
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Figure 6.26 : Western blotting of protein expression levels for protein involved in autophagy (LC3B, Beclin-1) and growth
(STAT3 and MEK1+2). The prolonged expression of the autophagy proteins suggests vandetanib treatment causes
autophagy.
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VII.

CONCLUSION

Hepatocellular carcinoma (HCC) is a hepatoma of the liver which arises
against a background of liver damage. HCC incidence is rapidly increasing
worldwide, with greater incidence in the developing nations of Africa and east
Asia, but increasing incidence in developed countries as well. Worst of all are
poor survival outcomes for patients, with a high annual death toll being attributed
to the disease[Jemal, 2011]. To better care for patients afflicted with HCC and
other liver cancers, better laboratory models of disease are required. A major
area of research is in improving the biomimetic characteristics of in vitro cancer
models, by introducing a cellular scaffold and embedding cancer cells in a 3dimensional tumour model[Yamada, 2007; Nyga,2013]. It is believed that better
laboratory models of cancer will aid in better diagnosis and provide more accurate
predictions to improve patient outcomes.
To address the shortcomings in current HCC treatment and further the
understanding and development of knowledge pertaining to HCC, research was
undertaken for the development of a complex 3-D model of HCC, to characterise
the nature of the experimental anti-HCC treatment involving arterial embolisation
with vandetanib eluting beads, and evaluate the potential for the combination of
vandetanib and radiation treatments. To that end, research was designed with in
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vitro laboratory assays utilizing 2-D cell culture, 3-D assays of cancer
progression were developed, animal models of cancer were studied and data
obtained from a Phase 0 clinical trial were analysed. 3-D spheroids were grown
in matrigel using an array of human and murine HCC cell lines in co-culture with
human and murine stromal cells. In some cases, cell lines from other cancers
including colorectal cancer were employed for controls. Additional 3-D models
were created with the same cell lines using the collagen RAFT platform of cells
embedded in ECM to provide a more comprehensive recreation of the tumour
microenvironment in vitro. With these models as well as conventional 2-D cell
culture, a titration of vandetanib and radiation treatment was performed to
characterise the effect of the drug in various models and to probe for any
combination effects with radiation. A panel of 20 human HCC cell lines was
treated with drug plus radiation to measure radiosensitisation by 2-D clonogenic
survival assays. Radiation response between 2-D, 3-D spheroid models and
animal models were compared to evaluate the accuracy of dish culture to model
radiation response. The cell cycle progression of cells receiving radiation
treatment was studied with PI staining. Drug loading on individual TACE embolic
beads was quantified with HPLC and embolic beads were introduced into in vitro
dish culture. The rate of drug elution from the beads was measured in vitro with
fluorescence, and the anti-cancer effect of drug elution was studied by
introducing beads into a 3-D spheroid cancer model. Serum samples from
patients undergoing vandetanib-TACE were analyzed with PCA and a student’s
t-test, and IHC staining was carried out on resected tissue from liver cancer
patients. The utility of Raman spectroscopy to measure drug dose in the cancer

205

Znati, Sami

March 2022

tissue was explored with Raman microscopy. A gap was created in confluent
human HCC cell lines and gap-filling invasion was measured following
vandetanib and radiation treatment. Three-dimensional-spheroids of HCC cells
alone or in co-culture with fibroblasts were implanted in matrigel and treated with
vandetanib alone or in conjunction with radiation. An immunocompetent mouse
model was developed and tumour growth in the animal model was measured
under conditions of vandetanib, radiation and combination treatments. The
expression of VEGFR-2 on different cell lines was measured with western
blotting and the role of autophagy in the mechanism of radiosensitisation by
vandetanib was studied with autophagy detection reagents. A paired t-test was
performed for all groups to measure significance between treatments and
Coefficient of Drug Interaction (CDI) and two-factor ANOVA was calculated to
measure interaction.
The sphericity of tumour spheroids embedded in matrigel was determined to
be semi-spherical, with a fitting eccentricity of between 0.51 and 0.77 depending
on cell line. In the panel of cell lines, an IC50 range from 2.7-83 µM was measured.
In a head-to-head comparison of 3-D models and 2-D models, the 3-D models
showed better agreement with results found in a mouse model of cancer. In
tumour spheroids treated with radiation, a cell cycle delay was observer in the
G2/M phases of the cell cycle. Drug loading per bead was found to be in the
range of 0.92-1.66 µg per bead and the diffusion rate of drug being unloaded
from the beads was measured at 4 hours. In 2-D clonogenic survival assays,
human HCC cell lines showed inhibition when treated with vandetanib but no
significant radiosensitisation was observed. 2-D migration assays showed a
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significant, dose-dependent reduction in migration after vandetanib treatment
(p<0.05) and additive reduction in cells treated with vandetanib plus radiation
(p<0.05). When human cell line HLF was grown in 3-D spheroids, significant
growth reduction was observed in spheroids treated with both 5 µM vandetanib
and 4 Gy radiation compared to spheroids treated with 4 Gy radiation alone
(p<0.005) and 5 µM vandetanib alone (p<0.0001). In 3-D spheroid co-culture
of HLF and NIH3T3 receiving combination treatment, invasion was significantly
reduced over radiation (p<0.05) and vandetanib (p<0.0001) and likewise in 3
D spheroid co-culture of JHH7 and LX2 cells, spheroid growth was inhibited in
combination treatment compared to 5 µM vandetanib (p<0.05) and 4 Gy radiation
(p<0.005). Similar results were demonstrated for mouse cell lines Hep55.1-C
grown in spheroids alone (p<0.05 vs control) and in co-culture with NIH3T3
(p<0.01 vs. control) and Hepa1-6 cells alone (p<0.05 vs. 4 Gy rad and control)
and in co-culture with NIH3T3 fibroblasts, (p<0.01 vs 4 Gy rad, 5 and 10 µM
vandetanib and control). In animal models, HCC tumours experienced a growth
delay characteristic of tumour treatment with significant (3x2 Gy + VAN vs. 3x2
Gy p 0.005, 3x2 Gy vs. VAN p0.0001) size reduction compared with control.
Overall, the data obtained suggested a level of interaction between vandetanib
and radiation at a level beyond the efficacy of solitary treatment. The data also
strongly suggest a benefit to 3-D cell culture as a model of cancer progression
over monolayer culture. The 3-d in vitro models closely matched the results from
the animal models without the tremendous effort associated with carrying out
animal trials. 3-D models also benefit from clearer ethical considerations The
results from the clinical trial illuminate the great difficulties associated with clinical
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research. From the panel of more than 40 biomarkers, and in the IHC panel, no
clear serum soluble biomarker or tissue-staining marker of disease was isolated.
These results highlight the importance of laboratory study to informed treatment
decisions, and also suggest for advances to be made in the clinic, especially with
regards to biomarker demarcation, promising candidates for exploration in the
clinic can first be isolated via laboratory processes, either in mouse models or
with in vitro means.
The advantages of 3-d models were clearly demonstrated in this research,
as the in vivo behaviour was more readily recapitulated in 3-D models than the
counterpart 2-D models. By the introduction of the 3-D cellular scaffold, more
biomimetic models of cancer progression were enabled and by introducing more
complex cell types into the model, this cause can be furthered and a better
model with more sensitivity to population dynamics can be obtained[Lazzari,
2018; Song, 2017; Jeong, 2016; Nyga, 2016]. In this research, spheroids with
co-culture composition showed a greater level of sphericity and more sensitivity
to drug treatments than their monoculture counterparts. In 3-D RAFT models,
co-cultures of cells demonstrated a tumour-like proliferation throughout the matrix
and exhibited behaviours suggestive of cell signalling. These more accurate
cancer models provide a more sensitive metric of drug response and can better
inform research in later stages.
The 3-D models developed enable more complex assays, including those
employed in this research to test drug-eluting embolic beads in vitro, which
would not be possible with conventional 2-D methods. With a better in vitro
model, radiosensitization effects can be more carefully observed and a stronger
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argument can be made for combination therapy as 3-D models in many cases
demonstrated significant improvement over control with a greater sensitivity than
the 2-D equivalents. This research, when combined with data from an in-human
trial of vandetanib-eluting radiopaque beads, can lay the groundwork for beadguided radiotherapy to improve outcomes for patients in a stratification of poor
prognosis. There are future clinical trials planned for yttrium-loaded beads as
well as for TKIs such as vandetanib.
The demonstrated effect of vandetanib treatment in 2-D and 3-D models and
in vivo, combined with favorable physical properties make a strong case for
vandetanib efficacy in liver cancer. By comparison with sorafenib, the current
mainline treatment of HCC, vandetanib mouse model results are more robust
and demonstrate a tumour size reduction in vivo, even when challenging a more
aggressive HCC cell line, than seen with sorafenib, which maintains tumour size
and does not reduce tumour growth[Zhai, 2016]. Additionally, the spheroid data
for vandetanib suggests a much greater effect than seen with sorafenib[Sekino,
2020; Eilenberger, 2019; Tovar, 2017]. As vandetanib is not approved for
systemic HCC treatment[Hsu, 2012], these promising results will not see direct
clinical application. There is a strong argument, however, for inclusion of
vandetanib as eluent of drug eluting TACE beads[Beaton, 2019] as studied in
the VEROnA protocol, especially when considering it’s significant improvement
in efficacy when used in combination with radiation and there is ongoing
research into deployment of vandetanib in the clinic.

Future studies into

vandetanib-eluting beads are being considered in other clinical trials. Similarly,
the combination of radiation in conjunction with radioopaque vandetanib beads
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is being explored.
The development of more biomimetic 3-D models which led to these
conclusions must continue to progress to enable better predictions of treatment
outcomes and more intelligent experimental planning. By better characterizing
the physicochemical condition[Grimes, 2014; Unger, 2014; Yamada, 2007]
better assays of spheroid treatment response can be developed. The cellular
composition of the spheroid is equally important to it’s physiological status, as in
vivo tissue is not homogenous with respect to cell type. Future 3-D models will
incorporate vasculature[Unger, 2014; Magdeldin, 2017; Lazzari 2018] as well
as immune cells[Nyga, 2016, Buuren, 2015; Boucherit, 2020]. The frontiers
extend beyond collagen scaffolds however, and organ-on-a-chip systems (Ex.
mimetas.com, or see [Dutton, 2019]) with separate compartments to simulate
biological encapsulation will raise the bar even further. Future studies on 3-D
models will look to better develop the microenvironment in the tissue.
Researchers are considering the inclusion of cancer associated fibroblasts in
their models as a means to evaluate the role of this cellular subtype in cancer
progression[Pape, 2020]. Other research is involved with the 3-D scaffolding
itself, and both natural and synthetic approaches are being developed[Stamati,
2020; Veillou, 2021].
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A.

A1.

MATERIALS AND METHODS

CELL CULTURE

A1.1. Cell Lines
The human cell lines used are shown below in Table A1.1. Other factors
considered during analysis relating to donor characteristics are also shown in
Table A1.1. Murine cell lines are listed in Table A1.2. For a discussion of cell
lines, see A1.12.
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Table A1.1: Human cell lines used for research.
Cell Line

Source/Access. Donor
No.
Patient

SK-Hep1
Hep G2

ATCC HTB-52

52 M
15
Caucasian
8 M Black

JHH2

ECACC
85011430
ECACC
86062703
JCRB1028

JHH4

JCRB0435

JHH5

JCRB1029

JHH6

JCRB1030

JHH7

JCRB1031

Hep3B

Derivation Cell Type

57
Japanese
51
Japanese
50
Japanese
57
Japanese
53
Japanese
68 M
68 M

Adenocarcinoma
M HCC

Etiology

endothelial/
mesenchymal †
epithelial

M

Hepatocyte epithelial
carcinoma
Hepatoma

M

HCC

M

HCC

F HCC

epithelial

M

HCC

epithelial

HepB

JCRB0404
JCRB0405
ATCC
CRL8024
JCRB0199
53
M
Japanese
Huh7ECACC
12 M
D12
010427
SNU423 ATCC
CRL- 40 M Asian
2238
SNU387 ATCC
CRL- 41 F Asian
2237
SNU449 ATCC
CRL- 52 M Asian
2234
SNU1079 B. Dwyer ‡
Huh28
B. Dwyer ‡
CC-LP-1 B. Dwyer ‡
CC-SW- B. Dwyer ‡
1
LX-2
K. Rombouts §

Hepatoma
Hepatoma
Hepatoma

epithelial
epithelial

HepB

HCC

epithelial

HepB

HCC

epithelial

pleo. HCC

epithelial

HepB

pleo. HCC

epithelial

HepB

HCC

epithelial

HepB

HUVEC

Umbilical
Vein

HLE
HLF
PLCPRF-5
Huh1

Lonza
2935

CC-

ICC
ICC
ICC
ICC
Hepatic
Stellate
Cell ††
endothelial

† See [Hefelfinger, 1992]. ††See [Castilho, 2011]
‡ Cell line obtained courtesy of B. Dwyer at the University of Edinburgh, Edinburgh, UK.
§ Cell line obtained courtesy of Prof. K. Rombouts at UCL, London, UK.
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Table A1.2: Murine Cell lines used for research.
Cell Line

Source/Accession Mouse
No.
Background

Deriv.

Hep-55.1C
Hepa1-6
BNL1ME A.7R.1
NIH3T3

CLS-GmbH
CLS-GmbH
ATCC TIB-75
ATCC CRL-1658

HCC
HCC
HCC/ epithelial
fibroblast

C57BL/6 Mouse
C57BL/6J Mouse
BALB/C Mouse
mouse embryo

A1.2. Monolayer Cell Culture
Cell lines were grown under standard cell culture conditions (humidified, 37
°C, 21% O2 , 5% CO2 ) in Dulbecco’s Modified Eagle Medium (DMEM) + 10%
Fetal Bovine Serum (FBS) and 1% Penicillin/streptomycin (all procured from
Gibco, Waltham, MA, USA). HUVEC cells were grown in EGM-Plus (Lonza,
Basel, Switzerland). Cells were passaged regularly at 60–80% confluency.

A1.3. Plasmid Transfection
Plasmids containing a pcDNA3-EGFP (Doug Golenbock: Addgene plasmid #
13031) or pQCXI Neo DsRed-LC3-GFP (David Sabatini: Addgene plasmid #
31183 [Sheen, 2011]) retroviral vector were transformed into competent TG1 E.
coli strain bacteria according to protocol [Addgene, 2020].

Transformed

bacteria were plated onto selective agar plates (MP biomedicals, Morocco) and
cultured for 24 h before inoculation in LB Agar (Sigma, Dorset, UK) and
purification with Qiagen Maxi-Prep or Midi-Prep kits (Qiagen, Hilden, Germany).
After plasmid purification, human cell lines were transfected with FuGene HD
Transfection Reagent (Bio-rad, Hercules, CA, USA) via the corresponding
transfection protocol. Two 5 cm dishes (Corning, Corning, NY, USA) were
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seeded with 5 ⇥ 105 cells and cultured overnight under cell culture conditions.
After 24 h, one dish was transfected with plasmid according to protocol, with the
second dish acting as a control. At 48 h following addition of plasmid, both
dishes were treated with selective agent until the control cells were completely
dead. Transfected cells were then removed from selective media and grown
under normal cell culture conditions. Fluorescent protein expressing cells were
then isolated with Fluorescence Assisted Cell Sorting to obtain the maximum
yield of cells expressing the fluorescence vector. The transfected cell lines were
used in the experiments depicted in Chapter IV and VI. pcDNA3-EGFP was a
gift from Doug Golenbock (Addgene plasmid # 13031).

pQCXI Neo

DsRed-LC3-GFP was a gift from David Sabatini (Addgene plasmid # 31183;
http://n2t.net/addgene:31183; RRID:Addgene_31183)

A1.4. Western Blotting
HCC cells were seeded in DMEM and serum starved for 24 h prior to
harvesting. HUVEC cell lines were serum starved and treated with vandetanib
for 24 h, then dosed with 50 ng/mL VEGF for 20 min prior to fixation. Cell culture
samples were washed with PBS and frozen at

80 °C before being lysed on ice

with RIPA Lysis buffer. Protein concentration was measured by Bradford assay
against BSA standard, and 30 µg of protein were loaded onto the lanes of a
10-well 4–12% Bis-Tris NuPAGE gel (Invitrogen, Carlsbad, CA, USA) with
NuPAGE loading buffer and run at 125 V for 90 min before transfer onto a PVDF
membrane, blocking with LI-COR blocking buffer (LI-COR Biosciences, Lincoln,
NE, USA), and staining with primary anti-VEGFR-2 (Cell Signalling Technology,
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Beverly, MA, USA, #2479) and anti-GAPDH (Cell Signalling Technology, #97166)
before secondary labelling and imaging on an Odyssey CL-X imaging system
(LI-COR Biosciences). Quantification measurements were performed with the
ImageJ (NIH, Bethesda, MD, USA) [Rueden, 2017] Optical Density Plugin and
all sample measurements were first normalised to lane GAPDH levels.

A1.5. IC50 Determination
Cell line IC50 s for vandetanib were obtained for a panel of 20 cell lines. Cells
were plated on 96-well plates at a concentration of 15,000 cells/ml (3000 cells/well)
prior to treatment with vandetanib (serially diluted from 160 µM to 0.25 µM)
for 24 h. IC50 was measured five days following drug treatment via cellular
metabolism of resazurin. Cell culture media was replaced with FluorobriteTM
media containing 10 µg/mL resazurin. Resazurin metabolism into fluorescent
resorufin was monitored for up to 4 h, at which point fluorescence emission at
590 nm was measured with a Perkin Elmer Envision 2103 plate reader (Waltham,
MA, USA), and the dose corresponding to 50% survival was determined from
the survival curves using Graphpad Prism (San Diego, CA, USA).

A1.6. Clonogenic Survival
HCC cells from tissue culture cell lines were trypsinised and counted, and 2000
cells at a concentration of 250 cells/mL were plated on 10 cm dishes (Corning)
for 24 h before addition of vandetanib in 0.1% DMSO and/or treatment with
irradiation. Drug exposure was maintained for either 24 or 72 h, depending on
the experiment, before media was changed to remove the drug from the cellular
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environment. Drug controls were treated with 0.1% DMSO. Radiation controls
received mock irradiation to maintain equivalent cell culture conditions. After ten
days, the cells were fixed in methanol and stained with 0.4% Methylene Blue
in Methanol or 330 µM Crystal Violet in 2% Ethanol (Sigma) and colonies were
counted by two independent observers. Statistical analysis was performed in
Graphpad Prism, where regression analysis was performed to derive radiation
enhancement ratios. Significance was determined with 2-way ANOVA.

A1.7. Migration Assay
HCC cells were plated to confluence on a 96-well plate and a 2 mm section
of confluency was cleared with an Incucyte Woundmaker (Essen Biosciences,
Essen, Germany) across the centre of the monolayer. Cells were treated with
vandetanib in 0.1% DMSO or vehicle (0.1% DMSO) and/or irradiation. Migration
into the clearance was imaged at regular 4 h intervals with a Nikon Biostation
(Tokyo, Japan) and quantified with ImageJ software [Rueden, 2017]. Significance
was determined via one-way ANOVA with multiple comparisons (Tukey) using
Graphpad Prism. Additive effect was determined via comparison of confidence
intervals from the ANOVA non-parametric test in Graphpad Prism. Synergy was
evaluated with CDI [Chou, 1984].

A1.8. 3D Spheroid Cell Culture
Spheroids were formed according to a standard spheroid protocol [Vinci,
2015]. HCC cells were plated on 96 well plates at 10,000 cells per well in
200 µL DMEM + 10% FBS, centrifuged at 250⇥ g for 5 min and allowed to
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form aggregates under normal cell culture conditions for a period of three days.
Following aggregation, the cells were placed on ice, the media was removed
and replaced with 100 µL Matrigel matrix (Corning) diluted with DMEM to a
protein concentration of 4–6 mg/mL. DMSO or vandetanib treatment was added
at indicated concentrations to the Matrigel mixture on ice during dilution and prior
to setting. Cells were irradiated immediately following drug treatment. Spheroids
were then allowed to grow at normal cell culture conditions for one week with
growth and invasion into the gel matrix measured at regular intervals. Spheroid
growth was quantified with the TASI OrganoSeg segmentation software [Hou,
2018]. Significance figures were measured with two-way ANOVA in Graphpad
Prism. Synergy was evaluated with CDI [Chou, 1984].

A1.9. RAFT Assay
A RAFT (Lonza, UK) collagen solution was prepared according to protocol
and seeded with 1 million HCC cancer cells and deposited into a 24-well plate. A
compression absorber was placed on top of the cell mixture and the collagen
solution was compressed into a tumouroid. The raft tumouroid was removed
and placed in 10% serum DMEM and cultured for one week prior to washing
with PBS and fixation in 4% Paraformaldehyde. After fixing, the tumouroid was
embedded in paraffin wax, sliced on a microtome and stained with hematoxylin
and eosin or immunofluorescent staining.
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A1.10. Autophagy Detection
Monolayer cells were treated with vandetanib (72 hour total exposure) and
radiation (irradiated one day after plating) and stained with Hoescht to visualize
cell nuclei and an autophagy detection reagent. Plates were imaged with
fluorescence microscopy 6 days after plating. The autophagy detection reagent
was supplied by abcam(ab139484, abcam, UK)

A1.11. Flow Cytometry
Cells were trypsinized gently on ice following addition of 70% Ethanol kept
at -8 °C. The cells were kept at - 20 °C for 30 minutes prior to centrifugation
at 270 G for 5 minutes. Cells were washed in 1x PBS and 0.02% propidium
iodide (PI) was added as stain. Cells were then transported to Flow Cytometer
for quantification.

A1.12. Characteristics of the Cell Lines Used for Research
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JCRB 1028

JCRB 0404

JCRB 0199

ATCC
8024
ATCC
2237
B.Dwyer

JCRB 1031

JCRB 0435

ATCC HTB-52

ATCC
CRL2234
ECACC
01042712
ECACC
85011430

JHH2

HLE

Huh1

PLC/PRF6

JHH7

JHH4

SK-Hep-1

SNU449
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B.Dwyer
JCRB 1029
B.Dwyer
ATCC
CRL2238
ATCC
CRL2236

CC-LP-1

SNU1079
JHH5
CC-SW-1
SNU423

43 M Asian

40 M Asian

50 M Japanese

8 M Black

15 M Caucasian

M

52 M Asian

52 M

51 M Japanese

53 M Japanese

41 F Asian

Not reported

53 M Japanese

68 M
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57 F Japanese

Derivation

ICC
HCC
ICC
pleo-morphic
HCC
HCC

Human
hepatocyte
carcinoma
ICC

HCC

HCC

Adeno-carcinoma
HCC

HCC

HCC

pleo-morphic
HCC
ICC

Hepatoma

HCC

Hepatoma

Hepatoma

HCC

Hepatoma

epithelial

epithelial

epithelial

epi-thelial

epithelial

epithelial

endo-thelial

epithelial

epi-thelial

epithelial

epithelial

epithelial

epithelial

Cell Type

Table A1.3: Mutations in cell lines used.
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HepB
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HepB
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HepB

HepB

Etiol.

not known
mutated
silent
p.?
(homz,
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p.N239D
p.G262D (hetz,
subst)

null

null
(exons811deletion)

wt

p.A161T (homz,
subst)
mutated

p.R2495 (homz,
subst)
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p.R267P (homz,
subst)

p.K164* (homz,
subst)
mutated

mutated

p.E336fs*7
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p.?
(homz,
unknown)
p.G244A (homz,
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p.R110L (homz,
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Mutations:
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APC
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WNT pathway
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The process of cell line selection is driven by three factors: the genetic
background of the cells, the broader phenotypic characteristics of the donor
background and their structural and growth characteristics when grown in different
models and under different conditions in vitro. The genetic background of the cells
as determined by whole genome sequencing or more frequently DNA or RNA
exome sequencing, is an important factor for the design of certain experiments.
The mutation status can influence outcome, depending on specific mechanism
being evaluated. A specific mutation in a target region can have a dramatic effect
on the outcomes of the treatment. For example, mutations in the WNT pathway
and associated AXIN1 + 2 proteins are known to drive radiation resistance in
cells [Zhao, Tao et al. 2018; Zhao, Yi et al. 2018]. Sequencing and mutational
background of the cell lines surveyed did not reveal any mutations in genes
such as RET that are specific to the activity of vandetanib, however, so only
mutations influencing response to radiation were included from a treatment
planning perspective. Additionally, donor characteristics such as etiological
background, cell background, age, sex and ethnicity affect the cell character when
grown in culture. There are often strong morphological differences between the
cells derived from a much younger patient than those from patients advanced in
age. It is these phenotypic characteristics: morphology, growth rate, extracellular
secretion and others, that have the most direct effect on the outcome of a trial.
To select from among the cell lines, each was tested first in a panel of 20 cell
lines treated with vandetanib under oxic and hypoxic conditions (Chapter IV).
Cell lines selected had the highest (HLE, HLF), mean (JHH4, JHH7) or lowest
IC50 (HepG2).
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LABORATORY METHODS

A2.1. X-Ray Irradiation of In Vitro Samples
An XStrahl (Camberley, UK) Small Animal Radiotherapy Research Platform
(SARRP), S/N 525722, was used for in vitro sample irradiation. X-ray emissions
at effective energies of 65.2 keV [Poirier, 2019] were delivered from a Comet
MXR225/22 X-Ray tube source set to operate at 220 kV and 13 mA with beam
filtration via an integral 0.8 mm Be window and additional 0.15 mm Cu filter.
Samples were irradiated on a 1.5 cm thick Perspex movable platform and lead
shielding totalling 5 mm thickness was placed directly on the plates for additional
shielding as required. All samples were irradiated 30 min after drug treatment,
in line with previous work [Williams, 2004] indicating 30-min irradiation posttreatment to be optimal.
Dosimetry for the SARRP was measured using a PTW 30012 Farmer
ionisation chamber (PTW-UK Ltd., Lincolnshire, UK) and a UNIDOS E
electrometer (PTW-UK Ltd., Lincolnshire, UK) corrected and calibrated to the
National Physical Laboratory (Teddington, UK) primary standard. Reference
conditions: Open field; source to surface distance (SSD), 33 cm; phantom
thickness, 5.5 cm; detector’s geometric centre at 2 cm depth, 35 cm; and
half-value layer, 0.658 mm Cu.

A2.2. Immunocompetent Animal Model
All experiments were performed on immunocompetent BALB/c mice (Charles
River, Wilmington, MA, USA). Animal experiments were conducted with approval
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from UK Home Office (licence 70/8861) in accordance with the European
Commission Directive 2010/63/EU (European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scientific Purposes),
the UK Home Office (Scientific Procedure Act 1986), and the National Institutes
of Health Guide for the Care and Use of Laboratory Animals, with project
approval from UCL Biological Services.

Animals were housed in a

temperature-controlled facility with 12 h on–12 h off light cycle and provided
water and laboratory rodent food ad libitum.

A2.3. BNL.1ME Tumour Engraftment and Treatment
The BNL.1ME mouse cell line was selected from among three hepatic murine
cell lines (Table A1.2) due to rapid growth properties, low immunogenicity and
consistency in forming lesions. The cell line was replated after undergoing three
in vivo passages in BALB/C mouse and allowed to reach 60–80% confluency
before harvest under sterile conditions and subcutaneous injection of 5 ⇥ 105
cells in a volume of 50 µL of PBS into the right flank of isoflurane-anesthetised
mouse. Tumour growth was measured every other day. Radiation and/or drug
treatment began nine days after injection. Animals were administered 25 mg/kg
vandetanib in DMSO or DMSO as control for ten days. Radiation group animals
were irradiated on three consecutive days receiving one fraction of 2 Gy radiation
each day. Survival was measured from injection point. Significance was evaluated
with Log-Rank test in Graphpad Prism. Mice were monitored daily for signs of ill
health and radiation toxicity including loss of >10% body weight, hunched posture,
loss of active movements, or skin, gastro-intestinal or lung changes. Mice were
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euthanised by cervical dislocation at humane endpoints including clinical signs
of ill health or radiation toxicity, persistent tumour ulceration for >24 h, maximal
mean tumour diameter of 1.5 cm, and at predetermined study endpoints. There
was no unanticipated mortality due to drug or radiation treatment.

A2.4. Raman Microscopy
1.2.4.1 Crystal measurement with Raman Spectral Microscope
A 10 mg crystal of vandetanib (Cell guidance systems, Cambridge, UK) was
placed on a 100 cm microscope slide and loaded into a Raman microscope
scanner (Renishaw, Gloucestershire, UK) equipped with a 488 nm edge Raman
laser. The crystal was scanned from 200 to 1600 wavenumbers to obtain a
spectrum of Raman activity at a range of excitation frequencies. From the
spectra, a single frequency was chosen for its strong resonance and intensity in
the Raman mode and an area of the 2D stage was scanned at this frequency to
obtain an intensity map.

1.2.4.2 Standard Preparation for Raman
A series of vandetanib concentrations from 100 to 1,000,000 ng/mL were
added to liquid collagen type I (First Link, UK) and allowed to set at room
temperature. Following collagen polymerization, the sections were frozen in
liquid nitrogen cooled isopentane (Sigma-Aldrich, USA) to -70 °C and sectioned
on a frozen cryostat at -20 °C before mounting.
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A2.5. High Performance Liquid Chromatography
Single bead samples were extracted from a 1 mL vial containing
Vandetanib-loaded TACE beads (BTG, UK) with a 2 µL micropipette (Gilson,
France), photographed at 10x magnification with an EVOS FL microscope
(Thermo-Fisher, USA) to determine the radius of each bead, and placed in 25 µL
50:50 KCl:EtOH (pH 14) (Prepared with reagents from Sigma-Aldrich, USA)
drug extraction solution according to protocol [Caine, 2017]. After 24 hours of
extraction, the beads were removed and stored and shipped on ice for HPLC
quantification of vandetanib dose (Alice Hagan, Biocompatibles Technology
Group, Camberly, UK).

A2.6. Haematoxylin and Eosin Staining
Tissue or cell culture samples prepared according to standard H&E protocol.
Samples were fixed in 4% PFA (Alfa Aesar, USA) for 4 hours and transferred
to PBS (Sigma, UK) at 4° C before embedding by UCLH Pathology Lab in
Paraffin Wax. Wax samples were cooled to -7° C, sectioned into 25 µm sections
then placed in a water bath at 40°C where they were adhered to microscope
slides and set out on a hot plate at 45° C to dry. After drying, samples were
baked in an oven at 65°C for twenty minutes and deparaffinised with Histoclear
(National Diagnostics, UK) tissue clearing solution. Samples were next washed
twice in 100% alcohol for 5 minutes, then rehydrated through successive two
minute washes in 95% ethanol, 70% ethanol and 50% ethanol before transfer
to doubly distilled water for 5 minutes. After rehydration, samples were stained
in Haematoxylin for 15 minutes, washed in running tap water for 5 minutes
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and cycled through 1% acid/alcohol for 30 seconds before a second wash in
running tap water for 5 minutes. Samples were then placed in eosin for 1 minute,
washed for a final time in running tap water for 5 minutes and dehydrated through
escalating ethanol washes from 50% to100% EtOH for 2 minutes. At this stage
samples were recleared with histoclear and mounted with DPX. Slides were
photographed with EVOS Fl Auto imaging system (Thermo-Fisher, USA) and
analysed with ImageJ software (NIH, USA). Automated cell counting plugins
were used to measure cell-packing in tumouroid and tissue samples.

A2.7. Immunostaining
Tissue or cell culture samples were prepared according to protocol fixed
in 4% PFA (Sigma, USA) for 4 hours and transferred to PBS at 4° C before
embedding in Paraffin Wax. Wax samples were cooled to -7°C, sectioned into
25 µm sections then placed in a water bath at 40°C where they were adhered
to microscope slides and set out on a hot plate at 45°C to dry. After drying,
samples were baked in an oven at 65°C for twenty minutes and cleared with
Histoclear tissue clearing solution. Samples were then stained according to
antibody labelling protocol(Abcam) and conjugated to secondary antibody tagged
with fluorescent protein marker. Samples were then viewed under Zeiss LSM880
Confocal Microscope or Zeiss Z1 inverted microscope (Zeiss, Germany).
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B1.

MATH SUPPLEMENT

SPHERICAL CROSS SECTIONAL AREA - SEEDING
RELATION

Taking the assumption of a perfect sphere whose radius, r(s), is a function of
the cell-seeding number, s:
r(s) =
where ds = s

r
3

s
r0
s0

s0 , r0 = r(s0 ) and dr = r(s)

(B.1)

r0 .

It then follows that a sphere seeded with s cells has volume V (s)

V (s) =

4⇡
4⇡ r03
r(s)3 =
s
3
3 s0

(B.2)

r0 2 2
)3 s3
s0

(B.3)

and cross sectional area A(s)

A(s) = ⇡r(s)2 = ⇡(

and indicating the cross sectional area A(s) to be proportional to the seeding
number raised to the power

2
3

for an ideal spherical structure.
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