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Abstract

Background: TNF-related apoptosis-inducing ligand (TRAIL) can induce cell death in
cancer cells after binding to its TRAIL receptors [TRAILR, Death Receptor 4 (DR4) and
Death Receptor 5 (DR5)] while sparing non-malignant cells. The application of TRAIL
provides an approach that can potentially overcome drug resistance and toxicity
associated with high doses of conventional therapies. It could be administered alone or
in combination with conventional therapies and, therefore, may offer a promising new
approach to bone sarcoma treatment. Enhancing the cytotoxic effect of TRAIL involves
targeting a tumour associated antigen (TAA). Here, the aim was to characterise bone
sarcoma cells for TRAILR expression and to assess the effectiveness, both in vitro and
in vivo of a novel TRAIL construct, neural/glial antigen 2 (NG2) targeted TRAIL
(SCFVYNG2-Fc-scTRAIL).

Methods: Bone sarcoma cell lines were characterised for TRAILR and NG2 expression
on RNA and protein level. Together with non-malignant cell lines, they were exposed
to the novel TRAIL therapeutic (ScFvNG2-Fc-scTRAIL) in vitro and then tested in vivo in

a newly developed xenograft model of dedifferentiated chondrosarcoma.

Results: Surface DR5 was expressed in all cell lines examined (very high: HT1080,
MG63; moderate: SW153, U20S, TC71). NG2 was also expressed (very high: SW1353,
MG63; moderate: U20S, HT1080). ScFvNG2-Fc-scTRAIL demonstrated enhanced
cytotoxicity in DR5- and NG2-expressing cell lines (MG63>HT1080>U20S), which
increased with doxorubicin and was also found in vivo when engrafting a luciferase

expressing HT1080 cell line in a dedifferentiated chondrosarcoma mouse model.

Conclusion: | demonstrate that a novel targeted TRAIL therapeutic, ScCFvNG2-Fc-
scTRAIL, has a selective and significant cytotoxic effect on cell lines expressing both cell
surface DR5 and NG2, and these cytotoxic effects can be enhanced further with
doxorubicin. Such combinations could minimise the risk of treatment failure due to
drug resistance, a common problem of single agent approaches. Furthermore, these
findings provide a framework for the clinical development of ScFvNG2-Fc-scTRAIL and
could potentially be used in the neoadjuvant setting, which would be a shift from the

usual convention of prioritising excision of the sarcoma.



Key words: Bone sarcoma, chondrosarcoma, TNF-related apoptosis-inducing ligand,

apoptosis, death receptor, cancer therapy, scFv—TRAIL fusion proteins
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that when Jurkat cells are exposed to increasing concentrations of SuperKillerTRAIL
there is a greater reduction in cell viability. ....ccoveeeeiiiiiiiiiie e, 51

Figure 6 — Nanodrop readout for RNA extracted from a murine fibroblast cell line
demonstrating acceptable quality 260/280 = 2.1, 260/230 = 1.5. ....covvvvevrrreereeerreenne, 53

Figure 7 - Nanodrop report providing information about quality and concentration of
the RNA obtained from bone sarcoma cell lines and the NHDF cell line. ...................... 53
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Figure 8 — Nanodrop readout for SJISA-1 cells demonstrating acceptable cDNA quality
and concentration following conversion from RNA. .......ccccoiiiiiiiiieeiniieee e 55

Figure 9 - DR5 primer binding site check. DR5 primers were selected to detect all DR5
splice variants. DR5 is also known as ‘TNFRSF10B, CD262, DR5, KILLER, KILLER/DRS5,
TRAIL-R2, TRAILR2, TRICK2, TRICK2A, TRICK2B, TRICKB and ZTNFR9’, gene located on
chromosome 8, total exons = 9. http://projects.insilico.us/SpliceCenter/PrimerCheck

Figure 10 - Run method set-up on The Applied Biosystems™ QuantStudio™ 7 Flex Real-
Time PCR System for the amplification of the target DNA sequence. .......ccccocvveeernnnnen. 58

Figure 11- Example of the gating strategy used to select for single cells and exclude the
doublets in the HT1080 dedifferentiated chondrosarcoma cells stained for DR5. The
following axes were used FSC-A vs SSC-A, FSC-W vs FSC-A (AvH) and FSC-H vs FSC-A

Figure 12 — Flow cytometry assessment of unfixed stained live HT1080 cells vs stained
then fixed HT1080 cells. In the presence of 10 pg/ml hulgG. Both methods
demonstrate a similar degree of MFI histogram shift in DR5 expression compared to
the isotype control. HT1080 = dedifferentiated chondrosarcoma cell line................... 63

Figure 13 - Flow cytometry assessment of the use of human IgG blocking agent. Non-
specific binding was reduced (isotype control histogram BLUE superimposed the
unstained histogram RED) when using the concentration of 10 pg/ml of human IgG
blocking agent (applied for 15 minutes before staining with the primary antibody)
reduced the non-specific DINAING. ......cc.vvviiiiiee e 64

Figure 14 — Flow cytometry assessment of the use of FcR blocking. Inclusion of FcR
blocking (human FcR blocking reagent, Miltenyi Biotec, 20 ul per 1077 cells) did not
decrease the degree of non-specific binding. The isotype control (ITC) histograms in
the presence of FcR blocking agent (purple histogram) superimposes the histogram of
the isotype control without the presence of the FcR blocking agent (light blue
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Figure 15 — Flow cytometry assessment of the use of different fluorochromes. A similar
degree of shift relative to the isotype control in DR5 surface expression in the U20S
osteosarcoma cell line was demonstrated when using an anti-DR5 antibody either
conjugated to the PE or APC flUOFOPNOIE........coeieiirieeeeee e 66

Figure 16 — Flow cytometry assessment of DR5 positive control cell line and the
optimal antibody concentration to use. Titration of the anti-DR5 primary antibody [20
pug/ml (5 =5 plin 50 pl flow buffer) vs 12 ug/ml (3 = 3 pl in 50 pl flow buffer) vs 4 ug/ml
(1 =1l in 50 pl flow buffer)] used to stain for DR5 in the positive control MF DR5-Fas
cell line resulted in similar degrees of histogram shift in the flow cytometry plot. Non-
specific binding was reduced when 1gG blocking agent [both Human, H and Mouse, M
used at 10 ug/ml (5 =5 pl in 50 pl flow buffer)] as no shift in the Isotype Control (ITC)
was observed relative to the unstained control.........cccccooeieeircce e, 67

Figure 17 - Flow cytometry assessment of DR5 positive control cell line. The mouse MF
DR5-Fas cell line is negative for human DR4 [using anti-DR4 (12 pg/ml)]. cccovveveeennenn. 67
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Figure 18 — Flow cytometry assessment of DR4 positive control cell line. The mouse MF
DR4-Fas cell line, which expresses human DR4 is positive for DR4 [using anti-DR4 (12
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Figure 19 - Flow cytometry assessment of DR4 positive control cell line. The mouse MF
DR4-Fas cell line negative for human DR5 [using anti-DR5 (12 pg/mI)]....cccceevveerveennens 68

Figure 20 — Flow cytometry assessment of DcR1 positive control cell line. Human
umbilical vein endothelial cells (HUVECs) were utilised for this purpose. An increased
shift to the right was found with increasing concentration of the anti-DcR1 antibody (3
ul, 5 pland 10 pl). 3 pl refers to a concentration of 12 pg/ml of anti-DcR1 antibody...69

Figure 21- Flow cytometry assessment of DcR2 positive control cell line. Granulocytes
staining positive for DcR2 (at three different concentrations of DcR2 antibody 0.5
ug/ml, 1.5 pg/mland 2.5 pg/ml) and lymphocytes staining negative (at the highest
concentration of 5 HE/MI). ...oouiiiiiiiece e e 72

Figure 22 — Flow cytometry gating strategy to separate lymphocyte fraction and
granulocyte fraction based on the expression of CD3: (A) The lymphocyte population
(green in histogram) was identified by using anti-CD3 Ab. Granulocytes stained
negative for CD3 (red and orange in histogram) [Anti-CD3 used at 3 pug/ml]. Unstained
granulocytes (blue in histogram). (B) Example of gating strategy for granulocytes in the
blood sampPles @NAlYSE. .......uuiiiiiiiee e e 73

Figure 23 — Flow cytometry assessment of DcR1 and DcR2 negative control MCF-7 cell
line. Flow cytometry demonstrated no significant surface expression of DcR1 or DcR2
in the breast adenocarcinoma MCF-7 cell line. Anti-DcR2 antibody used at 1.5 pg/ml.
Anti-DcR1 antibody used at 12 HE/ M. ....uiieiiie e e 74

Figure 24 — Example of cell line block created embedded with bone sarcoma cell lines
for Immunohistochemistry (IHC) analysis. All cell lines were stained at the same time.
Batch numbers are an internal coding method to be able to trace the work that has
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Figure 25 — Proliferation assay outcome [cytotoxicity (%)] for untreated and
staurosporine treated HT1080 cells in the periphery of the 96-well plate at location of
plate chosen within the INCUDAtOr. ........vvvieiiiiii e 84

Figure 26 — Example 96-well plate setup with TRAIL treated, staurosporine treated and
untreated columns. The numbers indicate absorbance values.........cccccvvvveeerevevivennnnnn. 85
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Figure 28 — Thermo Fisher GeneArt CRISPR Search and Design Tool
(https://www.thermofisher.com/uk/en/home/life-science/genome-editing/geneart-
crispr/geneart-crispr-search-and-design-tool.html).........ccccoeeeiviiiiiiiiieicic e, 90

Figure 29 — GCD assay and DNA electrophoresis (using E-Gel® EX Invitrogen system, 2
% agarose) to confirm presence of cleaved DNA products and degree of efficiency of
editing in cell lines with an indel created by CRISPR Cas9. (a) DNA ladder, (b) HT1080
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no gRNA (-gRNA), (b) HT1080 plus gRNA (+gRNA), (c) SW1353 no gRNA (-gRNA), (d)
SW1353 plus gRNA (+gRNA). On inspection, there is about 50 % efficiency indicated by
the top band in lanes (c) and (e) in relation to the bands in (b) and (d) respectively....95

Figure 30 - Two populations (SW1353 DR5 positive and negative subsets) could be
observed using FACS and the negative cells (approx. 42 %) were sorted into a 6-well
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Figure 31 — DR5 negative SW1353 population (orange), isotype control (blue),
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Figure 32 — Two populations (HT1080 DR5 positive and negative subsets) could be
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Figure 33 — DR5 negative HT1080 population (orange), isotype control (blue),
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Figure 34 - Micro CT demonstrating bony destruction and thinning of the right femur 6
weeks following intrafemoral injection of HT1080 cell line (red arrows) compared to
the normal/noninjected bone of the left femur (white arrow)........cccccoveeecveeeveeennenn. 103

Figure 35 — Flow cytometry analysis cells of HT1080 bone sarcoma cells transduced to
express luciferase (HT1080 pSLIEW) demonstrating majority of cell population contains
pSLIEW vector, which carries the luciferase and GFP gene allowing the cells to express
GFP (detected by 488 530_30-A bandpass filter). .....cccceecieeeeciiie e, 104

Figure 36 - Mouse with HT1080 pSLIEW cells engrafted into the femur demonstrating a
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Figure 37 — qRT-PCR used to determine DR4 and DR5 mRNA transcript levels in bone
sarcoma cell lines and normal human dermal fibroblast (NHDF) cell line. (A) For DR4
MRNA transcript levels, the MCF-7 breast carcinoma cell line was used as a positive
control. The FaDu pharyngeal carcinoma cell line was used as a negative control. (N =
3). (B) For DR5 mRNA transcript levels, the human hepatocellular carcinoma HepG2
cell line was used as a positive control. The Burkitt’s lymphoma BJABLexR cell line was
used as a negative CoNtrol. (N = 3). e e e 109

Figure 38 — qRT-PCR used to determine decoy receptor 1 (DcR1) and decoy receptor 2
(DcR2) mRNA transcript levels in bone sarcoma cell lines and normal human dermal
fibroblast (NHDF) cell line. (A) Decoy receptor 1 (DcR1) mRNA transcript levels were
elevated in the U20S osteosarcoma cell line and the normal human dermal fibroblast
(NHDF) cell line. (B) Decoy receptor 2 (DcR2) mRNA transcript levels were most
elevated in the SJISA-1 osteosarcoma cell liNe........cccuveeieciiieiecciiee e 111

Figure 39 — qRT-PCR used to determine OPG mRNA transcript levels. Elevated levels
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Figure 40 - Western blot analysis of DR4 receptor expression in bone sarcoma cell lines
(DR4 predicted size: between 50-60 kDa). 40 pg of total cell lysate loaded. Mouse anti-
human DR4 primary antibody, Abcam [32A242] (ab13890). High expression is found in

the TC71 Ewing’s sarcoma cell line followed by the SAOS-2 osteosarcoma cell line. CS =
chondrosarcoma, ES = Ewing’s sarcoma, OS = 0steosarcoma.......ccccceceeeeecvvreveeeeeeeennnns 113

Figure 41 - Western blot analysis of DR4 receptor expression in bone sarcoma cell

lines. High DR4 receptor expression found in the MG63 and SAOS-2 osteosarcoma cell
lines compared to the SISA-1 osteosarcoma cell line. 40 pg of total cell lysate loaded.
Mouse anti-human DR4 primary antibody, Abcam [32A242] (ab13890)........ccc..cc...... 114

Figure 42 - Western blot analysis of DR4 receptor expression in bone sarcoma cell

lines. High DR4 receptor expression in the Ewing’s sarcoma TC71 cell line compared to
the U20S osteosarcoma cell line, SW1353 chondrosarcoma cell line and Jurkat cells
[167,168] (an immortalised human T lymphocyte cell line reported to be negative for
DR4) [196,197]. 40 pg of total cell lysate loaded. Mouse anti-human DR4 primary
antibody, Abcam [32A242] (@b13890). .....c.weueereeeeeeeeeeeeeeeeeeeee e 114

Figure 43 — Western blot analysis of DR5 receptor expression in bone sarcoma cell
lines. The HT1080 dedifferentiated chondrosarcoma cell line expresses the greatest
quantities of DR5, particularly the short isoform in comparison to the other bone
sarcoma cell lines. The TC71 Ewing’s sarcoma cell line also expresses DR4. 40 ug of
total cell lysate loaded. Rabbit anti-human DR5 monoclonal antibody, Cell Signaling
Technology (CST) (D4EP) XP® Rabbit MAD. ........ccoviiiiieeee e 115

Figure 44 - Western blot analysis of DR5 receptor expression in bone sarcoma cell

lines. Long and short isoforms of DR5. The MG63 osteosarcoma cell line and the
normal human dermal fibroblast (NHDF) cell line express a high level of DR5. The NHDF
cell line also expresses a high quantity of the short isoform compared to the long.
SW1353 = chondrosarcoma cell line; BMMSCs = bone marrow-derived stem cells;
Jurkat cells were used as a control for the short and long isoforms of DR5. 40 ug of
total cell lysate loaded. Rabbit anti-human DR5 monoclonal antibody, Cell Signaling
Technology (CST) (D4EP) XP® Rabbit MAD. ........ccoeiiiieceee e 115

Figure 45 - Western blot analysis of DR5 receptor expression in three osteosarcoma
cell lines (MG63, SAOS-2 and SISA-1). Two isoforms can be observed (long and short) in
all cell lines with strongest expression in the MG63 cell line. They can be pre-processed
or processed forms of DR5. 40 ug of total cell lysate loaded. Rabbit anti-human DR5
monoclonal antibody, Cell Signaling Technology (CST) (D4EP) XP® Rabbit mAb. ........ 116

Figure 46 - Western blot analysis of DR5 receptor expression in bone sarcoma cell

lines. Strong expression can be seen in the SW1353 chondrosarcoma and TC71 Ewing’s
sarcoma cell lines compared to the U20S osteosarcoma cell line. Both isoforms are
present; however, the shorter isoform appears to be more prominent. 40 pg of total
cell lysate loaded. Rabbit anti-human DR5 monoclonal antibody, Cell Signaling
Technology (CST) (D4EP) XP® Rabbit MAD. .....cccvviieieeieieeeeeee e 116

Figure 47 — Western blot analysis of DR5 receptor expression in the HT1080
dedifferentiated chondrosarcoma cell line. Very strong expression of DR5 in the
dedifferentiated chondrosarcoma HT1080 cell line. 40 ug of total cell lysate loaded.
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Rabbit anti-human DR5 monoclonal antibody, Cell Signaling Technology (CST) (D4EP)
XP® RADDIE MAD. ettt nanan 117

Figure 48 - Western blot analysis of DR5 receptor expression in bone sarcoma cell lines
Membrane portion of subfractionation demonstrated membrane DR5 receptor
expression is strongest in the dedifferentiated chondrosarcoma HT1080 cell line. Two
bands were visible and this is likely to represent the two isoforms (short and long) of
DR5 described, with greater expression of the short in the HT1080 cell line. Both are
slightly apparent for the NHDF and SJISA-1 cell lines. 20 pg of total cell lysate loaded
DR5 monoclonal antibody rabbit, anti-human, Abcam® Recombinant Antibodies,
[EPRL659(2)] (BDLBLBAB). ..o eee e s e een e een s e 118

Figure 49 - DR5 expression is elevated in the dedifferentiated chondrosarcoma HT1080
cell line compared to the other bone sarcoma cell lines in the nuclear subfraction. 20
ug of total cell lysate loaded DR5 monoclonal antibody rabbit, anti-human, Abcam®
Recombinant Antibodies, [EPR1659(2)] (ab181846). .....cc.ceevvvreeireeniieeriieeeree e 119

Figure 50 - In the cytoplasmic subfraction elevation in the expression of DR5 could
again be seen in the HT1080 dedifferentiated chondrosarcoma cell line compared to
the osteosarcoma (U20S) cell line and Ewing’s sarcoma (TC71) cell lines. 20 ug of total
cell lysate loaded DR5 monoclonal antibody rabbit, anti-human, Abcam® Recombinant
Antibodies, [EPR1659(2)] (QD181846)......cccvcuiiiiiieeiiieeiieeeiieeeieeesireesieeesreeesreessaree s 119

Figure 51 — Flow cytometry analysis for surface expression of DR4 and DR5 in the TC71
Ewing’s sarcoma cell line. Degree of expression presented as histogram plots and
qguantified using MFI. After subtracting background fluorescence, DR5 is expressed to a
greater extent (311) than DRA (L105)....uciiciuiiieiiiiieeeecrtee e e et e e e e e e e 120

Figure 52 — DR4 and DR5 surface expression levels determined using flow cytometry.
(A) For DR4, FaDu = pharyngeal carcinoma cell line, which is the negative control.
Normal human dermal fibroblast (NHDF) is the non-malignant cell line (N = 3). (B) For
DR5 surface expression levels (mean +/-SEM; n = 4). Burkitt’s lymphoma cell line (BJAB
LexR) was used as a negative control. Normal human dermal fibroblast (NHDF) is the
NoN-mMalignant Cell i@ (N =4). et e e 122

Figure 53 - DR4 and DR5 surface expression levels in non-malignant cell lines
determined using flow cytometry. OBs and HUVECs (n = 1). NHDF = normal human
dermal fibroblasts, BMMSCs = bone marrow-derived mesenchymal stem cells. HUVECs
= human umbilical vein cells, HHL5 = human hepatocytes, AC10 — ventricular
cardiomyocytes, OBs = human 0Ste0DbIaStS. ......cccccvrierieee e e 124

Figure 54 — DcR expression levels in bone sarcoma cell lines assessed using flow
cytometry. (A) The SAOS-2 osteosarcoma cell line expressed the greatest level of DcR1.
Human umbilical vein cells (HUVECs) were used as a positive control (N = 3). (B) The
SISA-1 osteosarcoma cell line and TC71 Ewing’s sarcoma cell line express high levels of
decoy receptor 2 (DcR2) in comparison to the other cell lines. Granulocytes derived
from human blood were used as a positive control (N =3). ..ccoocviireeiiiieiiiiiiiireeeeeeeenn, 126

Figure 55 — DcR expression levels in non-malignant cell lines assessed using flow
cytometry. (A) DcR1 expression was greatest in the human-derived osteoblasts (OBs)
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(MFI =613). OBs and HUVECS (n = 1). (B) DcR2 expression is elevated in granulocytes,
HUVECs and human-derived osteoblasts (OBs). OBs (n = 1) and HUVECS (n = 2)........ 127

Figure 56 - TRAIL expression in bone sarcoma cell lines in comparison to the positive
control 786-0 human renal carcinoma cell line. TRAIL was not found to be significantly
expressed in any of our bone sarcoma cell lines. 40 ug of total cell lysate loaded. TRAIL
(C922B9) rabbit anti-human monoclonal antibody, Cell Signaling Technology (CST)..128

Figure 57 - Flow cytometry data demonstrating no significant surface level expression
of TRAIL in the (a) HT1080 dedifferentiated chondrosarcoma cell line or the (b) TC71
EWInNg’s SArcoma Cell INE. ..o.uvvieeieieeee e e e e 130

Figure 58— Cell line block with a range of cell lines used for Immunohistochemistry
(IHC) staining. All cell lines were stained at the same time. Batch numbers are an
internal coding method to be able to trace the work that has been performed......... 132

Figure 59 - Selected cell lines from the cell line block at higher magnification. Antibody
used at a concentration of 1 in 100. Scale bars = 200 uM. There is strong staining in
dedifferentiated chondrosarcoma HT1080 cells (a). Moderate staining is demonstrated
in SJSA-1 osteosarcoma cells (b). There is absent staining in MCF-7 breast carcinoma
cells (c) and the negative control BJAB Burkitt’s lymphoma cells (BJABR) (d). ......... 133

Figure 60 — Molecular pathways involved in sarcomagenesis. Green = Protumourigenic
factors activated or overexpressed in sarcoma. Red = Tumour suppressors that may be
inactivated in sarcoma. Adapted from [234]. ....c..ooooiiiiee i 146

Figure 61 — qRT-PCR used to determine cFLIP. mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 2). cFLIP,. was found to be elevated in the HT1080
dedifferentiated chondrosarcoma, the U20S osteosarcoma and the TC71 Ewing’s
SArCOMA COIITINES. .t e st e e e saneee s 147

Figure 62 — gRT-PCR used to determine XIAP mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 3). Highest levels were found in the SAOS-2 cell line.
Elevated XIAP levels is a factor thought to confer resistance to TRAIL. ...........c.......... 148

Figure 63 — gRT-PCR used to determine Akt mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 3). Akt was expressed at the greatest level in the human
bone marrow-derived mesenchymal stem cells (MSCS). .....cccoovvveereeeeiiiciirreeeeee e, 149

Figure 64 - gRT-PCR used to determine H-Ras mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 3). H-Ras expression in bone sarcoma cell lines (mean +/-
SEM, n = 3), normal human dermal fibroblast (NHDF) cell line, mesenchymal stem cells
(MSCs) and the 786-0 renal clear cell adenocarcinoma cell line. Elevated H-Ras levels
has been one of the factors thought to confer resistance to TRAIL. .......ccccvveveeeeeriennns 150

Figure 65 — qRT-PCR used to determine PTEN mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 2). PTEN mRNA transcript levels (mean +/-SEM, n = 2). The
MCF-7 breast carcinoma cell line was used as the positive control as described
previously [159] (Fold change = 196). MSCs PTEN transcript levels were also elevated
(Fold change = 30). 786-0 renal adenocarcinoma cells were included as negative
control as recently described [235]. ..o crieeiei e 151
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Figure 66 — qRT-PCR used to determine TRAIL mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 2). Low levels in bone sarcoma cell lines and the NHDF cell
line in comparison to the positive control cell line renal clear cell carcinoma (786-0) cell
line. The SISA-1 osteosarcoma cell line appears to express the highest TRAIL transcript

levels in comparison to other bone sarcoma cell lines........ccccceeeiieiciiiieeiee e, 152

Figure 67 — gRT-PCR used to determine NG2 mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 3). NG2 expression in bone sarcoma cell lines (mean +/-
SEM, n = 3). NG2 levels were greatest in the MG63 osteosarcoma cell line. The A375M
melanoma cell line was included as the positive control. .........cccceecveeiiiiiieeiiniiiieeeee 153

Figure 68 — Wst-8 cytotoxicity assays on control cell lines (a) Crosslinked
SuperKillerTRAIL (SKT) has a greater effect on the positive control cell lines (MF DR4-
Fas and MF DR5-Fas) than non-crosslinked FLAG TRAIL. (b) SuperKillerTRAIL has a
greater effect compared to non-crosslinked FLAG TRAIL or His TRAIL on HT1080
dedifferentiated chondrosarcoma cell line cell line (n = 4; mean +/-SEM,* = p<0.05,
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Figure 69 — IncuCyte® live-cell analysis images for U20S cell line before and at 24 hours
after treatment with 100 ng/ml SuperKillerTRAIL. (a) Example of a view of the cells in a
well using the IncuCyte® live-cell imaging system. Before treatment with 100 ng/ml
SKT. (b) Example of the application of a confluency mask to assess percentage of
confluency in one well of 96-well plate. (c) After 24 hours of treatment with 100 ng/ml
SKT rounded body apoptotic cells are visible along with intact cells. (d) After 24 hours
of treatment with staurosporine all the cells are dead. ........cccvvvveeeiiiiicciiieeee s 164

Figure 70 — U20S IncuCyte® live-cell analysis tracking confluency normalised to seeding
confluency following exposure of U20S cells to non-crosslinked and crosslinked forms
of TRAIL (treatment during exponential growth phase at about 72 hours) (mean +/-
SEM, n = 3). (a) There is an initial decrease in confluency after SuperKillerTRAIL (SKT)
(100 ng/ml) or FLAG TRAIL (100 ng/ml) with M2 antibody (0.5 pug/ml) treatment. FLAG
TRAIL alone (100 ng/ml) appears to have a stimulatory effect. (b) Wst-8 cytotoxic assay
used to compare used to compare the cytotoxic effects of crosslinked and non-
crosslinked forms of TRAIL on U20S cells. SKT has a greater effect compared to tagged
forms of TRAIL such as FLAG TRAIL or His TRAIL (p<0.05, Student’s unpaired t-test)..167

Figure 71 — IncuCyte® live-cell analysis images for TC71 cell line before and at 24 hours
after treatment with 100 ng/ml SuperKillerTRAIL. (a) TC71 cells before treatment with
100 ng/ml SKT. (b) After 24 hours of treatment with 100 ng/ml SKT rounded body
apoptotic cells are visible along with intact cells. (c) After 24 hours of treatment with
staurosporine all the cells are dead. .........eeeveeiieieciiiieeiee e 168

Figure 72 - TC71 IncuCyte® live-cell analysis tracking confluency normalised to seeding
confluency following exposure of TC71 cells to non-crosslinked and crosslinked forms
of TRAIL (treatment during exponential growth phase at about 72 hours) (mean +/-
SEM, n = 3). (a) There is an initial decrease in confluency after SuperKillerTRAIL (100
ng/ml) treatment. FLAG TRAIL alone (100 ng/ml) appears to have a stimulatory effect.
(b) Wst-8 cytotoxic assay used to compare used to compare the cytotoxic effects of
crosslinked and non-crosslinked forms of TRAIL on U20S cells. At the highest
concentration, the crosslinked forms (SuperKillerTRAIL and FLAG TRAIL with M2
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antibody) have a greater effect compared to non-crosslinked tagged forms of TRAIL
such as FLAG TRAIL or His TRAIL (p<0.05, Student’s unpaired t-test). ......cccceecveerrunens 170

Figure 73 — IncuCyte® live-cell analysis images for SW1353 cell line before and at 24
hours after treatment with 100 ng/ml SuperKillerTRAIL. (a) SW1353 cells before
treatment with 100 ng/ml SKT. (b) After 24 hours of treatment with 100 ng/ml SKT
appearance of cells is similar to untreated with limited rounded body apoptotic cells
visible. (c) After 24 hours of treatment with staurosporine all the cells are dead....... 171

Figure 74 — SW1353 IncuCyte® live-cell analysis tracking confluency normalised to
seeding confluency following exposure of SW1353 cells to non-crosslinked and
crosslinked forms of TRAIL (treatment during exponential growth phase at about 72
hours) (mean +/- SEM, n = 3). (a) Evidence of cytotoxic effect with SuperKillerTRAIL
could be observed at 100 ng/ml after 100 hours. (b) Wst-8 cytotoxic assay (n = 3, mean
+/-SEM) used to compare used to compare the cytotoxic effects of crosslinked and
non-crosslinked forms of TRAIL on SW1353 cells. At the highest concentration, the
crosslinked forms (SuperKillerTRAIL and FLAG TRAIL with M2 antibody) have a similar
effect compared to non-crosslinked tagged forms of TRAIL such as FLAG TRAIL. Nearly
100 % of the cells remain viable at the highest concentrations..........cccecveeiiniiieennn. 173

Figure 75 — IncuCyte® live-cell analysis images for HT1080 cell line before and at 24
hours after treatment with 100 ng/ml SuperKillerTRAIL. (a) View of the cells in a well
using the IncuCyte® live-cell imaging system before treatment with 100 ng/ml SKT. (b)
After 24 hours of treatment with 100 ng/ml SKT rounded body apoptotic cells are
visible along with intact cells. (c) After 24 hours of treatment with staurosporine all the
CEIIS Are AU, ..eieieeeieee e s e e st e e anee s 174

Figure 76 - HT1080 IncuCyte® live-cell analysis tracking confluency normalised to
seeding confluency following exposure of HT1080 cells to non-crosslinked and
crosslinked forms of TRAIL (treatment during exponential growth phase at about 24
hours) (mean +/- SEM, n = 3). (a) SuperKillerTRAIL (SKT) reduces rate of proliferation
temporarily greater than FLAG TRAIL with M2 antibody (mean +/-SEM, n = 3). (b) Wst-8
cytotoxic assay (n = 4; mean +/-SEM) used to compare used the cytotoxic effects of
crosslinked and non-crosslinked forms of TRAIL on HT1080 cells. SKT has a greater
effect compared to tagged forms of TRAIL such as FLAG TRAIL or His TRAIL (p<0.05,
unpaired t-test). Crosslinked forms of TRAIL (SuperKillerTRAIL) are more effective than
non-crosslinked forms (His TRAIL and FLAG TRAIL) in the HT1080 dedifferentiated
chondrosarcoma cell line similar to findings of previous reports [251]......ccccceveeeeenneee 176

Figure 77 — IncuCyte® live-cell analysis images for NHDF cell line before and at 24 hours
after treatment with 100 ng/ml SuperKillerTRAIL. (a) NHDF cells before treatment with
100 ng/ml SKT. (b) After 24 hours of treatment with 100 ng/ml SKT; appearance of cells
is similar to untreated with limited rounded body apoptotic cells visible. (c) After 24
hours of treatment with staurosporine, cells appear to be dying and detaching from
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Figure 78 - IncuCyte® live-cell analysis images for NHDF cell line. The effects of
SuperKillerTRAIL (SKT) on NHDF cell proliferation (seeded at 1200 cells, treatment at
48 hours). SuperKillerTRAIL (SKT) has a greater effect at reducing cell proliferation at
100 Ng/MIthan 10 NG/ ML ..veeieiei ettt et e e e ans 178
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Figure 79 — SuperKillerTRAIL cytotoxicity assays in osteosarcoma cell lines: (a) MG63,
(b) U20S, (c) SAOS-2, (d) SJISA-1, from increasing to decreasing sensitivity (mean +/-
SEIML, N = 3) . ittt et e ettt e e et e e e e etae e e e e e br e e e e eabae e e e e abaaeeearraeeeaanraeeeeanraaaaan 180

Figure 80 — SuperKillerTRAIL cytotoxicity assays in chondrosarcoma cell lines (a)
HT1080, (b) SW1353 from increasing to decreasing sensitivity (mean +/- SEM, n = 3).

Figure 81 — SuperKillerTRAIL cytotoxicity assay in Ewing’s sarcoma cell line (TC71).
(MEAN H/-SEM, N = 3). cuteieiiee ettt ettt ettt e eete e e et e e et e e teeesabaeeebeeesareeessneeeeaseeenns 181

Figure 82 - Surface DR5 levels and responses to SuperKillerTRAIL (1 ng/ml, 0.04 nM and
10 ng/ml, 0.4 nM) (excluding more resistant SW1353 and SJSA-1) (strong correlation
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Figure 100 - DR4-1 siRNA target sequence location. DR4 is also known as TNFRSF10A,
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Figure 103 - IncuCyte® live-cell analysis system images following SuperKillerTRAIL (SKT)
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(Fc-scTRAIL) and NG2/MCSP targeted crosslinked from of TRAIL scFv(MCSP)-Fc-scTRAIL
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Figure 111 - U20S cells were treated at 16-hour timepoint at exponential growth
phase. Combination of SuperKillerTRAIL with doxorubicin can be seen to have
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Figure 136 — Doses of Bcl-2 inhibitor (ABT-737) above 100 nM were found to be toxic
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Figure 149 - Low dose of NG2 targeted TRAIL (0.01 nM) is as effective as the higher
dose (10 nM) at reducing the rate of HT1080 proliferation; however, regrowth is visible
following treatment. Staurosporine (1 uM) was included as control for cell death and
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Figure 157 — DR5 and NG2 expression in myxofibrosarcoma cell lines (MUG-Myx2a and
MUG-Myx2b). Red = unstained, blue = isotype control, orange = DR4 (histograms top
row, NG2 (histograms bottom row, NG2 MFI = 7906 MUG-Myx2a vs 5221 MUG-
Myx2b), green = DR5 (MFI = 275 MUG-Myx2a vs 420 MUG-MyX2Db)........cccccccvueeeuean. 296

Figure 158 — Limited sensitivity of myxofibrosarcoma MUG-Myx2a (a) and MUG-Myx2b
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Figure 160 — (a) SW1353 chondrosarcoma cell line is resistant to NG2 targeted
scFv(MCSP)-Fc-scTRAIL 1834 and Fc-scTRAIL 1551; addition of 10 nM bortezomib/BZB
or 100 nM Smac mimetic/SM83 sensitised the cells to both forms of TRAIL and to a
greater extent the NG2 targeted form. (b) Sensitisation was also observed for the
U20S osteosarcoma cell line. (c) The SISA-1 cell line was sensitised with the addition of
BZB but no difference was observed between the targeted and non-targeted forms
due to lack of NG2 expression (mean +/- SD, n = 1). Data courtesy of Hutt et al. ....... 301

Figure 161 — NG2 knockdown (KD) using siRNA. 72 % NG2 KD achieved in SW1353 cell
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Figure 162 — (a) Up to 74 % NG2 knockdown could be achieved in U20S osteosarcoma
cell line at 72 hours. (b) IncuCyte® live-cell analysis monitoring revealed decreasing
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Figure 163 — Treatment and imaging schedule for toxicity study utilising three NSG
mice engrafted with HT1080 pSLIEW cells into the femur. .......ccceeveeiiiiiciiie, 311

Figure 164 — Pilot study investigating the engraftment of HT1080 Luc +ve cells in NSG
mice and treatment with combined doxorubicin and NG2 targeted TRAIL therapy.
Rapid tumour growth was observed using VIS when day 5 after implantation was
compared to day 7 after implantation. Day 15 after implantation and day 8 following
commencement of therapy, there was a noticeable decrease. Mice survived for about
a further three weeks following cessation of therapy. With this, a working model was
established and the doxorubicin and NG2 targeted TRAIL combination demonstrated
effectiveness and no significant toXiCitY. cooveeeeeieiieiiiiiieeee e 314

Figure 165 — Randomised study comparing group 1 (6 mice) - Doxorubicin alone (2
mg/kg) once a week; Group 2 (6 mice) -NG2 targeted TRAIL (scFvNG2(9.2.27)-IgG1Fc-
SCTRAIL); Group 3 (6 mice) — Doxorubicin 2 mg/kg once a week in combination with
NG2 targeted TRAIL (scFvNG2(9.2.27)-1gG1Fc-scTRAIL); Control group 4 — (3 mice) - PBS
treated; Group 5 — (3 mice) - Non-targeted TRAIL. (a) NSG mice treated with non-
targeted TRAIL or NG2 targeted TRAIL (with or without doxorubicin) showed much
reduced intensity of signal, after therapy when compared to control NSG mice and
NSG mice treated with doxorubicin alone (p<0.05 at day 27; two-way ANOVA). CT
reconstruction images demonstrated early evidence of bone destruction in the control
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group (b) compared to those treated with the doxorubicin and NG2 targeted TRAIL
therapy combiNAtioN (C).....cccueiiiieiiiie e s 320

Figure 166 - MF TNFR1-Fas cells are responsive to the lab TNF-alpha, which has an
effective concentration at 0.1 ng/ml. The cells were cultured in RPMI containing 10 %
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Chapter 1. Background and Introduction

Published in Cancer Letters as a Review Paper:

TNF-related apoptosis-inducing ligand (TRAIL) for bone sarcoma treatment: Pre-clinical
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Introduction

Sarcomas are malignant tumours arising in tissues derived from the embryonic
mesenchymal layer. They are rare, accounting for less than 1 % of all malignant tumours
[1]. Although there are more than 50 sarcoma types, they are usually classified as soft
tissue or bone sarcomas [2]. Bone sarcomas account for only 0.2 % of all neoplasms,
approximately 1/10% the incidence of soft tissue sarcomas. The most common primary
bone sarcomas are: (1) Osteosarcoma (35 %), occurring mostly in adolescence, with a
second incidence peak in the elderly associated with Paget’s disease or as a sequel to
radiotherapy; (2) chondrosarcoma (25 %), most commonly seen after the age of 40; and
(3) Ewing’s sarcoma (16 %), presenting usually during the first two decades of life [3].
Patients with bone sarcoma have poor 5-year survival rates, close to 50 %, and survival
has not improved over recent decades [4]. Survival is lower in those unresponsive to
neoadjuvant treatment and in the 20-30 % of cases with detectable metastases at
presentation, survival approaches 20 % [5]. Surgery is part of the multidisciplinary
management of patients with primary bone sarcoma and is often complex, particularly
in anatomical locations such as the pelvis. Depending on bone sarcoma type and
location, chemotherapy and radiotherapy may be used as adjuncts alongside surgical
treatment [6]. However, current therapies are limited by the development of drug
resistance, toxicity associated with high dose therapies, non-selective tumour targeting
and inaccessibility of tumour sites [7,8]. Recurrence sites include the lungs (60-85 %),

the resection area (10-20 %) and the bones (10-20 %) [3].
Bone sarcoma genetics

Greater understanding of the molecular pathogenesis and the genetic aberrations
occurring in bone sarcomas has been sought in the hope that novel therapeutic
approaches may follow. Osteosarcoma is characterised by a wide range of mutations
occurring in different sites of the genome, which leads to a wide range of intertumour
genetic heterogeneity [9]. The most common aberrations reported include alterations
in p53 and Rb pathways either via genetic mutations or at the epigenetic level (DNA
methylation, histone modification, miRNA regulation) [10]. However, these aberrations
have proven difficult to target in vivo and are related to resistance to conventional

chemotherapy [11]. On the other hand, more than 90 % of Ewing’s sarcoma cases are



characterised by a (11;22)(g24;q12) chromosomal translocation, which fuses the EWS
gene on chromosome 22 with the FLI1/ETS gene on chromosome 11 and encodes the
EWS/FLI-1 transcriptional factor [12,13]. This chimeric protein seems to play a crucial
role in Ewing’s sarcoma tumourigenesis affecting the expression of a variety of genes
and interfering or working in parallel with other important oncogenic drivers such as the
insulin-like growth factor (IGF) pathway, the sonic hedgehog (Shh) pathway and the
over-expression of membrane type-1 matrix metalloproteinase, which facilitates
invasion and metastasis [12-15]. Turning these findings into clinical outcomes remains a
challenge, although some very promising clinical trials with factors targeting the IGF
pathway have been published [16]. Interestingly, chondrosarcomas present a wide
range of genetic aberrations mainly depending on the origin of the disease (central or
peripheral chondrosarcoma) [17]. Central chondrosarcomas are characterised by a high
frequency of somatic mutations in IDH1 and IDH2 genes, whereas these mutations are
absent in peripheral chondrosarcomas [18]. In addition, chondrosarcomas presenting as
part of syndromes are characterised by specific mutations, such as mutations in the
PTHR1 gene (Ollier's disease and Maffucci syndrome), EXT1/2 genes (multiple
osteochondromas) and the P53 gene (Li-Fraumeni syndrome) [19]. Finally, structural
and numerical chromosomal abnormalities are very frequent in high grade

chondrosarcomas [20].

An alternative approach, that could overcome the existing limitations in treating bone
sarcomas on a molecular basis, would be to trigger cancer cell death independently from
genetic aberrations, by activating the caspase cascade extrinsically. One member of the
tumour necrosis factor superfamily (TNFSF) is TNF-related apoptosis-inducing ligand
(TRAIL) which can accomplish this expectation. TRAIL associated death receptors (DRs)
are expressed at a high level in bone sarcomas but not in normal tissues and have
emerged as an appealing molecular target for selective induction of apoptosis in bone

sarcoma cells.

Inducing apoptosis via death receptors (DRs)

Apoptosis is considered the prominent process of programmed cell death, characterised
by distinct morphological alterations. It is mainly driven by caspase cascade activation,

which follows a wide range of cellular stimuli including defective DNA repair, cellular



stresses (heat damage, cytotoxic drugs, microorganisms, irradiation) and defective
cellular signalling [21,22]. Apoptosis is principally activated via two distinct molecular
pathways, the extrinsic and the intrinsic, although extensive communication between

the two exists at different levels [22,23].

The intrinsic or mitochondrial apoptotic pathway is regulated by the fine balance
between the pro- and anti- apoptotic arm of members of the Bcl-2 family [24,25]. It is
characterised by an initial destabilisation of the mitochondrial membrane, which is
followed by release of apoptogenic factors that form the apoptosome. Subsequently,
the apoptosome triggers the caspase cascade, leading to cell death [26]. The TP53 gene,
acting as a cellular stress sensor, regulates among other genes the activation of the
mitochondrial pathway [27]. This pathway is a principal target of many conventional
chemotherapeutic agents, such as doxorubicin [28]. Most of these agents provoke
mitochondrial membrane permeabilisation via different pathways including
antiapoptotic Bcl-2 proteins inhibition, proapoptotic intracellular mediators up-
regulation and direct toxic effect on the mitochondrial inner membrane [29]. TP53
mutations, commonly reported in a high percentage of tumours, seem to moderate the

effectiveness of these therapies, leading to tumour resistance [28,30].

In contrast, the extrinsic apoptotic pathway is triggered by the activation of DRs, a group
of transmembrane receptors and members of the TNFSF containing a cytoplasmic death
domain (DD). Currently, six types of DRs have been identified (TNF-R1, CD95, TRAIL-
R1/DR4, TRAIL-R2/DR5, DR3, DR6), but the current thesis mainly focuses on death
receptors binding TRAIL, known as DR4 (TRAIL-R1) and DR5 (TRAIL-R2) [23]. The DR4 and
DR5 receptors are primarily expressed in cancer cells, but not in most non-transformed
cells. Therefore, selective apoptosis can be triggered, without important tissue
toxicities. Once TRAIL binds its receptors, a structural modification and/or
oligomerisation of the receptor occurs, leading to its activation. Subsequently, the
receptor’s DD interacts with the adaptor molecule Fas-associated death domain (FADD)
protein resulting in the formation of the death-inducing signalling complex (DISC). The
DISC activates the initiator caspase 8, which then cleaves the effector caspases to
mediate cell death [31,32]. There are two types of cells dependent on the intracellular
signalling after DR activation. In type | cells, the amount of DISC and caspase 8 produced

is adequate to trigger cell death, whereas in type Il cells further amplification is needed.
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Such amplification is succeeded through the activation of the intrinsic pathway
[22,23,31,32]. The extrinsic pathway seems to be, at least partially, independent of p53
function [25]. As a result, it provides an alternative pathway to trigger tumour death in

cancers refractory to conventional chemotherapy due to TP53 mutations.

Regulation of DR expression and function has drawn the interest of many researchers,
due to the potential unravelling of factors that can be targeted therapeutically. Studies
of multiple myeloma cells and Hela cells indicate that DR5 is, at least partially, regulated
by p53 function. Particularly, downmodulation of p53 in myeloma cells led to decreased
expression of DR5 and sensitivity to DR5 agonists, whereas p53 suppression with siRNA
led to decreased expression of DR5 as well [33,34]. Other important DR5 transcriptional
regulators include C/EBP-homologous protein (CHOP), NF-kB and the JNK pathway,
whereas there is some evidence that androgen receptors may exert regulation as well
[32,35]. At the translational level, a large number of miRNAs seem to interact with DR
mRNAs thereby exerting multiple regulatory effects [32]. Furthermore, at the post-
translational level, processes including glycosylation and palmitoylation play a crucial
role in facilitating DR activity via the trafficking and anchorage of these receptors to the
cellular membrane [36]. Not only O-glycosylation but N-glycosylation plays an important
role in determining TRAIL sensitivity [37]. TRAIL-R2 is O-glycosylated and is required for
receptor clustering, DISC formation and caspase 8 recruitment. Recent data, however,
from Dufour et al., (2017), suggests that TRAIL-R1 N-glycosylation can enhance its ability
to trigger apoptosis and is important in modulating TRAIL mediated anti-viral responses
and tumour immune surveillance. Significant changes in glycosylation occur in
neoplastic cells and glycosylation status and the measurement of cellular expression
levels of glycosylation enzymes (such as glucosyltransferases) could be used as potential
biomarkers to predict the sensitivity of cancer cells to TRAIL [38]. Finally, the role of the
ubiquitin-proteasome system (UBS) in the deconstruction of DRs after their activation is
worth consideration. It is believed that a reduction in DR number due to UBS activation

can lead to resistance to DR agonists mediated apoptosis [38].

TRAIL and the ‘TRAIL receptors’

Like other members of the TNFSF, Kelly et al. state that ‘TRAIL is a homotypic trimer that

is expressed as a type Il transmembrane protein and is cleaved proteolytically from the



cell surface and released in a soluble form’ [31,39]. Five plasma membrane receptors
can bind TRAIL. Upon binding of TRAIL to two receptors, TRAIL-R1 (also known as DR4,
TNFRSF10a, CD261) and TRAIL-R2 (DR5, TNFRSF10b, CD262), the caspase cascade is
activated which then causes apoptosis [31,40]. Other receptors include decoy receptors
known as DcR1 (TRAIL-R3, TNFRSF10C, CD263) and DcR2 (TRAIL-R4, TNFRSF10D, CD264).
Characteristics of these decoy receptors include that the DD is not present (DcR1), or
the DD is truncated as well as being non-functional (DcR2) and because of this, upon
binding of TRAIL, cell death is not directly initiated [40,41]. Finally, TRAIL binds to
osteoprotegerin (OPG, TNFRSF11B), a soluble receptor that inhibits osteoclastogenesis
by binding to RANKL (receptor activator of nuclear factor kB ligand) with high affinity
and preventing association with its membrane receptor (RANK) [36,42,43]. OPG binds
TRAIL with a lower affinity, implying a potential mechanism of cell death avoidance by
preventing TRAIL/TRAIL-R interaction as it does with the RANKL/RANK system [42,43].
There is a debate as to whether TRAIL actually affects bone metabolism through
interfering with osteoclastogenesis. In any case, both TRAIL overexpressing and TRAIL
deficient mice achieve normal bone density, questioning the importance of such

interaction in vivo [23,36].

The expression of TRAIL is mostly by immune cells such as natural killer cells,
macrophages and T lymphocytes. Interferon-gamma is a cytokine that upregulates TRAIL
expression and this suggests TRAIL has many roles in immune regulation [31,32,39].
TRAIL may play a role in T cell AICD (activation-induced cell death) in the thymus and
peripheral blood [44,45]. Lamhamedi-Cheraddi et al. reported that TRAIL deficient mice
had significantly impaired intrathymic negative selection, which led to excessive
autoimmune responses [44]. However, other investigators did not manage to obtain
similar results, questioning the importance of the TRAIL pathway in central immune
tolerance [46,47]. Moreover, several studies proved the inhibitory function of TRAIL on
the establishment of experimental autoimmune diseases. Song et al. reported that
blockade of endogenous TRAIL with soluble DR5 (sDR5) was related to significant
exacerbation of collagen-induced arthritis (experimental model of rheumatoid arthritis),
whereas Hilliard et al. obtained similar results using sDR5 in experimental autoimmune
encephalomyelitis (experimental model of multiple sclerosis) [48,49]. In contrast, Lub-

de Hooge et al. reported that levels of sTRAIL in serum were higher in patients with



systemic lupus erythematosus comparing to healthy controls and patients with
rheumatoid arthritis and Wegener’s granulomatosis [50]. Therefore, further
investigation is needed to clarify the precise role of TRAIL in immune regulation and
immune tolerance. Finally, it seems that TRAIL may participate in allergic diseases, as
well. Robertson et al. reported that TRAIL expression in bronchial biopsy samples and
TRAIL concentration in bronchoalveolar lavage (BAL) fluid were significantly increased

after antigen provocation in asthmatic patients compared to the normal controls [51].

Moreover, many studies suggest TRAIL has a role in tumour surveillance. Its
antimetastatic action is clearly described in many studies [22,32,52]. Bos et al., report
that low levels of TRAIL expression in tumour samples correlate with an increased
incidence of brain metastases in patients with breast cancer [53]. However, its role
against primary tumours remains controversial [22,32,52]. In many cancer cells,
apoptosis can be induced by TRAIL which is independent of the gene profile of TP53.
However, in the majority of non-transformed cells, this does not occur [22,54]. The
molecular basis of this selectivity remains quite unclear, although multiple factors have
been described, such as the relative levels of TRAIL-R expression, the levels of DcR
expression, intracellular inhibitors such as c-FLIP (FLICE inhibitory protein) and XIAP (X-
linked inhibitor of apoptosis protein), and the type of intracellular signalling (I or II)
following DR activation [31,40,55] (Figure 1). These differences between normal and
tumour cells create an opportunity for therapeutic interventions that selectively target
the apoptotic pathways in tumour cells, but to a lesser degree normal cells leading to

fewer side effects.
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Figure 1 - TRAIL activation of intrinsic and extrinsic apoptotic pathways. The intrinsic or mitochondrial pathway is regulated by the balance between
the pro- and anti- apoptotic arm of the Bcl-2 family [24,25]. An initial destabilisation of the mitochondrial membrane is followed by release of
apoptogenic factors that form the apoptosome and trigger the caspase cascade, leading to cell death. The extrinsic pathway is triggered by the
activation of death receptors (DRs), a group of transmembrane receptors containing a cytoplasmic death domain (DD). The receptor’s DD interacts
with the adaptor molecule FADD (Fas-associated death domain protein) resulting in the formation of the death-inducing signalling complex (DISC).
The DISC activates the initiator caspase 8, which then cleaves the effector caspases to mediate cell death. DED: death effector domains; c-FLIP:
cellular FLICE-inhibitory protein; BAK: B cell lymphoma 2 (Bcl-2) homologous antagonist killer; BAX: Bcl-2-associated X; Bid: BH3-interacting domain
death agonist; XIAP: X-linked inhibitor of apoptosis (IAP); Smac/DIABLO: Second mitochondria-derived activator of caspase/direct inhibitor of

apoptosis-binding protein. Described resistance mechanisms are highlighted in bold.



Different TRAIL variants and TRAIL associated toxicity

Hepatic toxicity has been associated with Fas ligand and TNF administration. Concerns
have been raised about TRAIL, particularly when administered as higher-order
complexes (see below) [56]. A TRAIlL-induced apoptotic response has been
demonstrated in human hepatocytes in culture; however, studies have not raised the
same concern in vivo in mice and non-human primates [57]. The variable effects found
in different species remind us of the limitations of animal studies in predicting toxicity
of chemotherapeutics on humans. Researchers have also used different forms of
recombinant TRAIL. Some TRAIL versions are linked to amino-terminal tags to aid in
isolation and purification, but can also enable the association of TRAIL trimers at higher
concentrations. These tags include the polyhistidine tag (His-TRAIL), a Flag tag (that can
aid in the crosslinking of TRAIL with concurrent use of M2 antibodies), a leucine-zipper
or an isoleucine-zipper trimerisation domain (LZ-TRAIL, iz-TRAIL) [43]. TRAIL forms
without extraneous amino acid residues (untagged) have been shown to be non-toxic in

non-human primates [58].

Studies have shown that only aggregated forms of TRAIL, such as His-TRAIL or cross-
linked Flag-TRAIL are capable of inducing cell death in primary human hepatocytes (PHH)
at day 1 of in vitro culture. After some days of in vitro culture, PHH develop resistance
to TRAIL. [56,59] Tagged TRAIL variants, like LZ-TRAIL, His-TRAIL are also toxic to
proliferating human keratinocytes, as well as adult astrocytes [43]. While LZ-TRAIL and
His-TRAIL display similar anti-tumour effects, LZ-TRAIL demonstrates much lower
toxicity in normal cells than His-TRAIL [56]. In contrast, an unmodified soluble TRAIL
consisting of 114-281 amino acids (Apo2L/TRAIL) has minimal toxic effects both on
hepatocyte cell lines and after intravenous administration to cynomolgous monkeys
[60]. Another study by Hao et al., demonstrated the absence of DR4 and decreased
levels of DR5 receptor expression in PHH, proposing a possible explanation for TRAIL
resistance of normal liver cells. The authors also tested hepatotoxicity by injecting
chimeric mice intraperitoneally and subcutaneously with non-tagged recombinant TRAIL
(amino acids 114-281). There were no histopathological changes and no caspase-3
cleavage in the TRAIL-treated group hepatocytes [61]. TRAIL agonistic antibodies (e.g.

Apomab), have been reported as safe in vitro and in vivo [62].
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Although unmodified TRAIL has been reported to be safe for human hepatocytes in vitro,
under some circumstances such as inflammation or cotreatment with chemotherapeutic
agents, PHH can be sensitised to TRAIL-induced apoptosis [56]. Mundt et al,
demonstrated TRAIL overexpression at the protein level in hepatocytes from chronic
hepatitis C virus (HCV) infected patients, as well as in the liver of mice after alcohol
intake. Increased TRAIL expression led to steatosis and apoptosis of HCV infected cells,
whereas it only caused steatosis without apoptosis in cells after alcohol intake. The
authors concluded that hepatocyte steatosis and apoptosis are therefore regulated by
separate molecular pathways [63]. Moreover, hepatitis B virus (HBV) was reported to
lead to Bax overexpression and render liver cells sensitive to apoptosis through TRAIL
[64]. Koschny et al., reported that TRAIL cotreatment with low dose bortezomib, a
proteasome inhibitor, had no toxic effect on PHHs, whereas the use of high
concentrations of bortezomib led to TRAIL-mediated hepatocyte death. However, the
threshold to sensitise liver cells was 40 times higher than that needed to induce

apoptosis in cancer cells, thus opening a therapeutic window [65].

Soluble TRAIL can be genetically linked to a single-chain variable antibody fragment
(scFv) and this is known as a fusion protein. This improves TRAIL selectivity as well as
overcoming potential toxic effects. The scFv portion can be designed to bind to a pre-
selected tumour specific target antigen (such as EpCam, CD7 and CD19) inducing the
accumulation of TRAIL at the tumour site [52,66-68]. This causes the bystander effect
which is where the therapy eliminates the cancer cells that express the target antigen
[67], but the therapy also affects neighbouring cells that express or do not express the
antigen [69] (Figure 2). In a bone fibrosarcoma cell line (HT1080), scFv:scTRAIL
(engineered to recognize erb-b2) was found to be more effective than KillerTRAIL [52].
The scFv:scTRAIL has been found to have potent anti-tumour efficiency, with no severe

side effects.

More recently, an anti-PD-L1:TRAIL fusion protein, which contains three PD-L1-blocking
scFvs has been developed [70]. This has a multi-fold therapeutic effect, which includes
targeted delivery of TRAIL in cells expressing PD-L1 and reactivation of antitumour T-
cells by blocking the PD-1/PD-L1 interaction. In addition, suppressive immune cells such
as monocyte/macrophages and dendritic cells are converted into pro-apoptotic cells and

production of IFN-y is increased thereby sensitising cells to TRAIL and upregulating PD-
11



L1 [70]. These encouraging data certainly ask for further investigation of fusion proteins

containing TRAIL in the treatment of bone and soft tissue sarcoma.
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Figure 2 - Use of ScFv:scTRAIL to target cancer cells. Soluble TRAIL can be genetically linked to a single-chain variable antibody fragment (scFv) and
this is known as a fusion protein. The scFv portion can be designed to bind to a pre-selected tumour specific target antigen (such as EpCam, CD7 and
CD19) and induce the accumulation of TRAIL at the tumour site. This causes the bystander effect which is where the therapy eliminates the cancer
cell that expresses the target antigen but the therapy also affects neighbouring cells that express or do not express the antigen [67,69]. In a bone
fibrosarcoma cell line (HT1080), scFv:scTRAIL (engineered to recognise erb-b2) was found to be more effective than a crosslinked from of TRAIL

known as KillerTRAIL. In bone sarcoma, NG2, or neural/glial antigen 2, is an example of a tumour specific antigen expressed in chondrosarcoma cells

that could potentially be targeted.
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TRAIL and bone sarcomas

i) Preclinical studies

In vitro studies

Osteosarcoma cell lines have shown a wide range of sensitivities to TRAIL induced
apoptosis. Generally, most cell lines are considered to be TRAIL resistant, although TRAIL
sensitive lines have been described [55,71-73]. The molecular basis of TRAIL resistance
remains unclear. The relative expression levels of death receptors, decoy receptors and
osteoprotegerin (OPG) could be important determinants of TRAIL sensitivity; however,
studies indicate an equal distribution in both sensitive and resistant cell lines [72,74,75].
Therefore, the key determinant of sensitivity is probably located downstream in the
intracellular signalling pathways [74]. In any case, significant levels of DR expression are
reported in all sensitive lines [72,73]. In addition, many conventional chemotherapeutic
drugs sensitise resistant cell lines to TRAIL mediated apoptosis. The most prominent of
them include doxorubicin, cisplatin and etoposide. Their mechanism of action includes
up-regulation of DRs, down-regulation of anti-apoptotic proteins (c-FLIP), increase in
caspase-8 expression and activation of the mitochondrial pathway [55,71,72,76,77].
Finally, other drugs reported to act synergistically with TRAIL in osteosarcoma include
celecoxib and bisphosphonates. They enhance TRAIL potency mainly via down-

regulation of antiapoptotic Bcl-2 protein and up-regulation of DR5 respectively [78,79].

Regarding Ewing’s sarcoma, many cell lines exhibit high levels of sensitivity to TRAIL
induced apoptosis [80-83]. Very high DR expression is reported in most cell lines and in
tumour tissue. Mitsiades et al., reported that 9/10 Ewing’s sarcoma cell lines tested
were TRAIL sensitive with both DR4 and DR5 protein expression detected in the sensitive
cell lines by western blotting. On the contrary, the resistant line expressed only
intracellular DR4 protein, but the death receptor was absent from the cell surface. In
addition, this group investigated DR expression in Ewing’s sarcoma biopsies by
immunohistochemistry, reporting that 72 % of tissues tested expressed both DRs,
whereas only 3 % expressed none [81]. Picarda et al., attributed the resistance in some
Ewing’s sarcoma cell lines due to low levels of DR4 despite high expression of DR5 [84],
whereas other studies suggest there is no significant difference in DR expression

between sensitive and resistant cell lines [82]. In any case, it seems that the presence of
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at least one functional DR is prerequisite for sensitivity to TRAIL-induced apoptosis [81].
In addition, caspase-8 expression levels seem to be an important determinant of Ewing’s
sarcoma sensitivity to TRAIL. Low levels of caspase-8 are associated with resistance
phenomena both in vitro and in vivo [82,85,86]. Lissat et al., reported that 24 % of
tumour samples from Ewing’s sarcoma biopsies express low levels of caspase-8,
whereas intratumour heterogeneity of caspase-8 expression is reported as well,
implying that there is a TRAIL resistant population of cells inside tumours due to a failure
of the DR pathway to effectively induce apoptosis [86]. In addition, a number of studies
indicate that IFN-y restores both caspase-8 levels and TRAIL sensitivity of resistant lines
in vitro [82,85,86]. Finally, proteasome inhibitors (e.g. bortezomib) and histone
deacetylase inhibitors are found to exert synergistic effect when co-administered with

TRAIL [87,88].

There is very little preclinical data for chondrosarcoma in the literature to date. Most of
the chondrosarcoma cell lines are considered to be TRAIL resistant. However,
combinational approaches with other drugs, such as doxorubicin, placlitaxel or the

proteasome inhibitor MG132, seem to enhance TRAIL potency in vitro [89,90] (Table 1).

In vivo studies

A number of xenograft models have been used to evaluate TRAIL potency in the
treatment of bone sarcomas in vivo. Picarda et al., investigated the in vivo response of
osteosarcoma and Ewing’s sarcoma tumours to human TRAIL (hTRAIL) delivered by
transduced plasmids, by inoculating in vitro sensitive cells of both sarcomas in a
paraosseous location, closely to the metatarsus of the mice. TRAIL administration
caused a significant decrease of both sarcoma incidence and tumour growth, prevented
tumour-induced osteolysis and doubled animal survival 40 days after the inoculation. In
addition, in an osteosarcoma metastatic model established by IV injection of in vitro
sensitive osteosarcoma cells, TRAIL administration reduced lung dissemination
significantly and increased animal survival more than three times, compared to the
control group, 42 days after injection with cancer cells [73]. Moreover, Merchant et al.,
(2004) reported that, although TRAIL seems quite potent in vivo against Ewing’s sarcoma
(4/21 animals with complete response, 9/21 animals with temporary response), its

efficacy seems to be lower than expected from the in vitro experiments. Moreover,
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Ewing’s sarcoma cells that were TRAIL sensitive before inoculation, developed
resistance when cultured after inoculation and in vivo development. Also, this resistance
is correlated with down-regulation of death receptors. However, pretreatment with IFN-
y restores the initial sensitivity in vitro by up-regulating DR5 and caspase-8 expression.
Finally, they investigated whether the combination of TRAIL and IFN-y was superior to
TRAIL alone in vivo. Surprisingly, both TRAIL alone or the combinational therapy had
similar effects on the primary tumour. However, the combination therapy significantly
decreased the metastatic rate and subsequently increased overall survival [85]. In
conclusion, it seems that in vivo experiments using TRAIL against bone sarcomas show
quite promising results. However, combination approaches with other factors seem

essential to maximise the antitumour effect (Table 1).

ii) Clinical studies

Very few clinical trials evaluating TRAIL and other DR4/DR5 agonists in patients with
primary bone sarcoma have been published to date. In addition, most published studies
include a range of cancers other than sarcoma and therefore only limited data about
sarcoma are available. Most trials indicate that TRAIL and other DR4/DR5 agonists
(proapoptotic receptor agonists-PARAs) have a satisfactory safety profile, as serious
adverse events rarely occur [91-94]. However, efficacy is moderate or low in contrast to
more promising preclinical studies [91-97]. The best responses to date were reported
by Herbst et al., who described two patients with chondrosarcoma who experienced
durable partial responses- as determined by response evaluation criteria in solid
tumours (RECIST) - after treatment with recombinant human TRAIL (rhTRAIL) [80]. In
addition, Camidge et al., described a patient with chondrosarcoma who experienced a
minor, non-evaluable by RECIST response (20 % reduction in measurable disease) after
treatment with PRO95780 (Drozitumab; Genentech Inc., DR5 agonist) [95,96]. Merchant
et al., reported one progressive, treatment refractory osteosarcoma case that resulted
in stabilisation, ongoing more than one year without any therapy, of the disease both
clinically and on PET-scan after treatment with lexatumumab (HGS-ETR2; Human
Genome Sciences Inc., DR5 agonist). A metastatic recurrent Ewing’s sarcoma case was
also reported in the same study with maintenance of regression following radiotherapy
in the irradiated field for five months, while lexatumumab was being administered.

Lesions, however, outside the field progressed [93]. Finally, as part of a study covering
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wide range of solid carcinomas and sarcomas, Tabernero et al. reported five sarcoma
cases with stable disease after treatment with conatumumab (AMG655; Amgen Inc.,
DR5 agonist) in combination with ganitumab (type | insulin-like growth factor receptor
antagonist). Types of sarcomas investigated in the study included among others a 62-
year-old woman with stage IV well-differentiated myxofibrosarcoma who had a partial
response from the treatment, as determined by RECIST; a 38-year-old woman with stage
IV synovial sarcoma and a 58-year-old man with stage IV leiomyosarcoma (both
experiencing prolonged stable disease of 261 and 227 days respectively) [91]. In
conclusion, it seems that the initial enthusiasm caused by in vitro studies has been
moderated by clinical trial results. However, as described below, alternative TRAIL-
based strategies, such as novel TRAIL delivery approaches, may be more effective (Table

2).

TRAIL resistance

Multiple factors contribute to a TRAIL-resistant phenotype, including death receptor
DR4 and DR5 expression, their ability to initiate a signal, as well as the sensitivity
threshold of tumour cells to the initiated signal. Other factors include loss of caspase-8
expression and the ability of tumour cells to mobilise to remote sites and survive hostile
microenvironments [36]. The downregulation of DR4 and DR5 in chromosome 8p occurs
in many cancer types through loss of heterozygosity or epigenetic changes such as
promoter hypermethylation and leads to resistance. FLIPs (FLICE [Fas-associated death-
domain-like IL-1B-converting enzymel-inhibitory proteins) seem to regulate TRAIL-
induced apoptosis in a complex manner [40]. They have similar structure to caspase-8
and -10 but lack proteolytic activity [98]. Overexpression of FLIPs has been linked to
TRAIL resistance, but it has also been reported that cellular FLIP. (c-FLIP,) can also act
proapoptotically [98,99]. A study by Picarda et al., of Ewing’s sarcoma cell lines reported
that 50 % of studied cell lines were resistant to TRAIL-induced apoptosis, [84] despite
previous evidence of greater sensitivity [82,100]. The authors suggested a correlation
between TRAIL resistance and reduced DR4 expression despite high DR5 levels. Using
flow cytometry and caspase assays, they showed that TRAIL-resistant Ewing’s sarcoma
cells can be resensitised by inducing expression of a truncated but functional isoform of
DR4 (bDR4), as well as by downregulating c-FLIP expression [84]. Another study by

Mitsiades et al., revealed no correlation between FLIP concentration or increased decoy
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receptor expression and TRAIL resistance in Ewing’s sarcoma cell lines; instead, the
authors suggested that TRAIL resistance was due to decreased DR5 expression in the
resistant cell line and found that when DR5 levels were restored, the resistant Ewing’s
sarcoma cells became TRAIL-sensitive [81]. A significant cause of resistance in some
tumours including Ewing’s sarcoma is loss of caspase expression attributed to caspase-
8 downregulation due to hypermethylation of regulatory sequences in the caspase-8
gene. There is also in vitro data supporting that upregulation of endogenous caspase
inhibitors such as XIAP, clAP1, clAP2 and survivin that block caspase-3,-7, 8 and -9
activation desensitises cells to TRAIL-induced apoptosis [101]. The transcription factor
NF-kB, associated with oncogenetic mechanisms, upregulates antiapoptotic proteins
such as IAPs, FLIP and Bcl-X., but there have been reports that NF-kB can act
proapoptotically by regulating DR4, DR5 or TRAIL expression [21,102]. Proteasome
inhibitors, such as bortezomib prevent IkBa protein degradation, thereby inhibiting the
release of NF-kB. [88] Protein kinase C (PKC) activation was shown to inhibit TRAIL-
induced apoptosis by preventing the recruitment of FADD to the DISC and the activation
of NF-kB [103].

Enhancing TRAIL effectiveness

In order to overcome resistance, many studies have proposed agents that act
synergistically with TRAIL and resensitise tumour cells to TRAIL-induced apoptosis (Table
3). Some agents that act synergistically are currently used as part of standard sarcoma
chemotherapy. Doxorubicin acts effectively in combination with TRAIL in leukaemia,
multiple myeloma and breast cancer cells by activating the intrinsic apoptotic pathway,
while TRAIL activates the extrinsic pathway. Doxorubicin also upregulates TRAIL
receptors DR4 and DR5 and inhibits the expression of extrinsic apoptosis inhibitor c-FLIP
[36,104-106]. Other agents that cause increased DR4 and DR5 expression include
etoposide, cisplatin, paclitaxel, tunicamycin, sulforaphane, proteasome inhibitor MG132
as well as treatment with irradiation [22,41,79]. Locklin et al., reported that MG63 cells
can also be sensitised to TRAIL with bisphosphonate treatment, via DR5 upregulation
[75]. A study by Hotta et al., reported that another chemotherapeutic drug, cis-
diammine dichloroplatinum (CDDP) sensitises TRAIL-resistant osteosarcoma cell lines
SAOS-2 and MG63 by promoting TRAIL-induced activation of procaspase-8 and

procaspase-3, leading to increased caspase-8 activity. The authors demonstrated that
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CDDP also downregulates c-FLIP and enhances TRAIL-induced decline in mitochondrial
membrane potential [71]. Deng et al., indicated that the combination of doxorubicin,
IFNy and TRAIL had an increased apoptotic effect in MG63 osteosarcoma cells compared
to TRAIL monotherapy. Doxorubicin and IFNy upregulate DR5 and promote caspase-8
activation [73,107]. Histone deacetylase inhibitors (HDIs) such as NAHA, NaB and MS275
also act synergistically with TRAIL by activating caspase-3 and caspase-9 [87]. Many
cancer cells can be sensitised to TRAIL after treatment with proteasome inhibitors that
block among others the NF-kB signalling pathway. This is of importance as non-canonical
effects of TRAIL signalling can occur with recruitment of molecules such as TNF receptor-
associated factor 2 (TRAF2) and receptor-interacting serine/threonine protein kinase 1
(RIPK1) resulting in NF-kB activation and upregulation of anti-apoptotic genes. This and
the potential migration, invasion and proliferative effects of TRAIL signalling has been
reviewed in detail recently by von Karstedt et al. [108]. A study by Lu et al., in 2008
showed that bortezomib enhances TRAIL activity in Ewing’s sarcoma cell lines [88].
Another way to promote TRAIL-induced apoptosis is by targeting inhibitors of apoptosis
(IAPs) with pharmacological agents such as celecoxib, second mitochondria-derived
activator of caspases (Smac) mimetics, as well as other antiapoptotic molecules like Bcl-
2 inhibitors [78,109-111]. Guo et al., demonstrated that Smac mimetics downregulate
XIAP, clAP1 and survivin in Jurkat cells, while Dai et al., used a Smac mimetic, SH122,
that enhances TRAIL activity in prostate cancer cells both by blocking XIAP and clAP1
and by deactivating NF-kB [109,110]. Another study by Belz et al., showed that a
combination of a Smac mimetic (BV6) and dexamethasone promoted clAP1, clAP2 and
XIAP degradation by the proteasome, thereby promoting the assembly of the
ripoptosome (RIP-1/FADD/caspase-8 complex) [112]. Bcl-2 inhibitors have also been
found to effectively promote cell death by inducing activation of caspase-8, Bid cleavage
and therefore increase caspase-3 activity in prostate cancer cells [111]. Therefore, TRAIL
combination therapies targeting either DR receptors and caspases or molecules that
modulate TRAIL apoptotic pathways present a more promising therapeutic strategy than

TRAIL monotherapy.

Another limitation for the use of sTRAIL in humans is its short in vivo half-life, which has
been reported to be about 30 minutes [113,114]. Researchers have implemented

various techniques in order to overcome this difficulty. One of the most common is the

20



binding of TRAIL to a tumour-specific single-chain variable antibody fragment (scFv),
which results in a scFv:sTRAIL fusion protein with larger molecular weight, therefore
reduced glomerulal excretion and extended circulation time [115]. Miiller et al.
genetically fused a modified variant of TRAIL, Flag-TNC-TRAIL, to human serum albumin
(HSA) and showed that HSA-Flag-TNC-TRAIL has a serum half-life of 15 hours and
enhanced in vivo anti-tumour activity [116]. Another strategy, reported by Kim et al., is
to use PEGylated TRAIL (PEG-TRAIL), which demonstrates higher stability, as well as an
improved pharmacokinetic profile due to slower renal clearance [117,118]. The same
authors linked PEGylated TRAIL to transferrin (Tf), creating Tf-PEGiok-TRAIL. They
showed that Tf-PEG1ok-TRAIL also has a prolonged half-life and is even more effective
than PEG-TRAIL against tumours in vivo, due to transferrin’s high affinity for Tf receptors
[119]. Kim et al. also created poly (lactic-co-glycolic) acid (PLGA) microspheres that
deliver PEG-TRAIL to tumour sites locally and continuously. The authors presented
evidence that PEG-TRAIL microspheres have a sustained release profile (18 days) and
are more effective in inhibiting tumour growth in vivo. This data indicates that they can
be used as a long-term TRAIL delivery system with therapeutic advantages [120]. Using
a similar strategy, the same team of authors designed nanoparticles (NPs) that deliver
TRAIL by mixing PEGylated heparin (PEG-HE), poly-i-lysine (PLL) and TRAIL. TRAIL-PEG-
NPs demonstrated a 28.3 fold increase in half-life compared to TRAIL alone, as well as
higher tumour suppression activity [121]. Although more in vivo studies are required,
these encouraging results suggest that the above methods for TRAIL delivery could

greatly improve its efficacy in a clinical setting.

TRAIL delivery through mesenchymal stem cells

Despite the initial enthusiasm following in vivo and in vitro studies and their conclusions
characterising TRAIL as a selective and considerably safe anticancer therapy, limitations
caused by its pharmacokinetic characteristics have moderated its application in clinical
use [122,123]. A short half-life due to its rapid clearance requires frequent and high dose
administration, which may lead to toxicity [122]. In addition, limited bioavailability in
the tumour site, especially in metastatic regions, impairs its apoptosis inducing potency
observed in preclinical models [114,123]. Approaches including cell delivery of TRAIL
have been proposed and genetically modified mesenchymal stem cells (MSCs)

expressing TRAIL seem to be a promising strategy for tackling rh-TRAIL limitations [124-
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133]. Some useful features of MSCs render them effective carriers of specific agents such
as TRAIL. First, they can be easily and effectively transduced usually either by lentiviral
or adenoviral vectors and express high amounts of the desired agent [126,132,134-137].
In addition, MSCs are considered to be immune privileged due to low membrane
expression of MHC and other immunopotent molecules [138,139]. Therefore, they
manage to evade potential immune rejection and render allogeneic transplantation
possible [131,140]. Moreover, MSCs seem to possess tumour tropism properties,
migrating and being incorporated into the tumour site, especially the surrounding
stroma. Many groups have published studies indicating that MSCs are gathered around
a wide variety of tumours after IV administration, such as lung cancer, bone sarcomas
and breast cancer [125,133,141]. A number of studies published during the last decade
have demonstrated very satisfactory results regarding the apoptosis inducing potency
of TRAIL expressing MSCs (Table 4) [124-133]. In fact, some studies indicate that MSCs
expressing TRAIL induce higher rates of apoptosis compared to rh-TRAIL, and indeed
some cancer types traditionally considered TRAIL resistant seem to be sensitised to
MSC-expressed TRAIL [124-126,132]. Recent studies by Juan et al., indicate that
genetically modified MSCs express high amounts of membranous TRAIL via extracellular
vesicles (EVs, cell-released membranous vesicles), which were mostly exosomes. These
TRAIL-loaded EVs were very potent against all cancer cell lines tested, but showed no
toxicity to normal cells [142]. As for the bone sarcomas, Grisendi et al., transduced
adipose derived MSCs via a retroviral vector and examined their apoptosis inducing
potency in several bone sarcoma lines, as well as in a Ewing’s sarcoma xenograft model.
In this study, bone sarcoma lines were sensitive to MSC-expressed TRAIL with Ewing’s
sarcoma cell lines presenting the highest susceptibility (apoptosis rate approximately 71
%). The apoptosis induction was specifically associated with caspase 8 activation. Results
from in vivo studies demonstrated a significant increase in apoptosis rates compared to
the control group combined with a reported antiangiogenic function [125]. Similar
results were reported by Guiho et al., who used adipose-derived MSCs expressing TRAIL
against Ewing’s sarcoma both in vitro and in vivo. Significantly, some cell lines resistant
to rh-TRAIL showed very satisfactory sensitivity to MSC-expressed TRAIL [124]. In
conclusion, the use of MSCs in cancer therapy remains quite controversial. There are
many conflicting studies supporting intrinsic tumour promoting or tumour suppressing
properties of MSCs [143-145]. These differences may be attributed to experimental

22



conditions, MSC type and relevant concentrations, cancer type and the molecular
microenvironment [146]. Undoubtedly, it seems that more studies are needed to clarify

the safety of MSCs in cancer therapy.

Conclusion and future direction

Inducing apoptosis exclusively in cancer cells by stimulating DRs seems to be a promising
therapeutic option for bone sarcomas, which still have a poor prognosis in many cases
despite multi-modal therapy. TRAIL-mediated apoptosis is most effective in Ewing’s
sarcoma; however, osteosarcoma and chondrosarcoma are less TRAIlL-sensitive.
Whereas most studies in vitro and in non-human primates have indicated that TRAIL,
especially non-oligomerised versions, are non-toxic to untransformed cells, more
evidence is required to evaluate its safety to human tissues. In order to employ TRAIL-
induced apoptosis in bone sarcoma cells in a clinical setting, overcoming resistance
remains the main challenge. Multiple in vitro and in vivo studies have focused on
enhancing TRAIL effectiveness by combining it with chemotherapeutic drugs that
upregulate death receptors DR4 and DR5 and caspases 3 and 8, by targeting regulatory
molecules in the TRAIL extrinsic pathway, or by designing new, more stable oligomerised

variants of TRAIL.

Most primary bone tumours are treated with surgical resection of the tumour and
subsequent reconstruction. Local delivery of tumouricidal agents may, therefore, be
possible following surgery. Agents such as TRAIL may be eluted or delivered locally,
possibly using cell-based strategies, into the tumour bed by biologically enhanced
reconstructions. It may be possible to further increase TRAIL potency by using pre-
activated mesenchymal stem cells (MSCs) to deliver TRAIL to the cancer site; however,
the safety of this strategy requires careful evaluation. Other techniques have been
reviewed for local delivery of antineoplastic agents into tumour sites, such as the use of
surgical pastes and coating of implants [116]. Although in vitro promise has not been
delivered in clinical studies for TRAIL agents, the anatomic location and present
treatment paradigm mean that there is potential for these techniques. It is therefore
essential that more preclinical and clinical studies are conducted to determine the

detailed risks and benefits of this novel therapeutic strategy.
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From in vitro studies, the potency of TRAIL along with other DR4/DR5 agonists have been
assessed against bone sarcoma cell lines where in general, they were shown to be
potent. The highest sensitivity was shown in Ewing’s sarcoma cell lines, however cell
lines that were less sensitive include the osteosarcoma and chondrosarcoma cell lines
(Table 1). Satisfactory results are also shown from in vivo studies, especially in Ewing’s
sarcoma xenograft models. However, the very few clinical trials published so far indicate
only low or moderate efficacy of soluble TRAIL in bone sarcoma cases (Table 2).
Potentially, in vivo resistance can be overcome by strategies for example, co-
administering soluble TRAIL with other drugs, fusion proteins and TRAIL cell delivery

approaches, particularly through MSCs [110,130].

With regards to improving the efficacy of TRAIL, future investigation should build on the
effectiveness of the use of fusion proteins of TRAIL targeting bone sarcoma- or soft
tissue sarcoma-specific cell surface proteins to improve the selectivity of TRAIL and
minimise side effects. Its success, however, depends on the expression of the target
antigen by a significant fraction of the cancer cell population. One protein of interest in
bone sarcoma is NG2, or neural/glial antigen 2, which is expressed highly on RNA level
in chondrosarcoma [147] and moderately in osteosarcoma. Preliminary flow cytometry
and western blotting data from our laboratory confirm this finding. Studies in melanoma
have found increased half-life and enhanced activity with anti-MCSP/NG2-TRAIL in vitro
and in vivo, [148] or by using a bispecific antibody directed at DR5 (anti-MCSP/NG2-DR5)
[149], both worth pursuing further in bone sarcoma. Furthermore, technology such as
RNA sequencing, whole genome and exome sequencing and single cell sequencing can
help enable the better characterisation of cell and tissue samples to help gain more
information about the potential susceptibility to TRAIL. This would be used to
investigate levels of death receptor and decoy receptor expression, and factors that
regulate the intrinsic and extrinsic apoptotic pathways. Recent PCR data from lung
cancer samples has revealed increased levels of Akt, which contributes to TRAIL
resistance [150]. Increased levels of XIAP, an inhibitor of apoptosis has also been found
to contribute to TRAIL resistance among other factors such as NF-kB [151]. Further
information is required regarding Akt, XIAP, NF-kB and other factors, which increase

TRAIL resistance in bone and soft-tissue sarcoma at the genome and protein levels. This
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would better inform the type of combination therapies such as the use of Smac

mimetics, to be used for selected patients and personalise therapy.
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Table 1. Important preclinical studies on the main bone sarcomas.

Authors Study PARA Cancer Study Results
Type Used Studied Purpose
Moon et al., In vitro TRAIL Osteosarcoma Proapoptotic sTRAIL alone
effect of soluble efficacy: 6 %
(2011)
TRAIL alone or apoptotic rate
[79] combined with
Bisphosphonate
TRAIL-
Bisphosphonate
efficacy: 46 %
apoptotic rate
Cheongetal., | Invitro TRAIL Chondrosarcoma | Proapoptotic TRAIL alone
effect of TRAIL efficacy: >80 % cell
(2011) [89]
alone orin viability
combination with
proteasome
inhibitor MG132 TRAIL-MG132
efficacy:
<40 % cell viability
Picarda etal., | Invitro TRAIL Osteosarcoma In vitro and in vivo | In vitro: cell
efficacy of TRAIL viability in both OS
(2010) In vivo Ewing’s sarcoma
on osteosarcoma and EWS cell lines
[73] and Ewing’s <20 %
sarcoma

In vivo: significant

decrease in
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tumour incidence,
tumour growth,
pulmonary
metastatic rate
and 2-fold increase
in overall survival

rates

Lissat et al., In vitro TRAIL Ewing’s sarcoma | Levels of caspase-8 | 24 % of tumour
expression in samples express
(2007) .
Ewing’s sarcoma low levels of
[86] tissue samples caspase-8
IFN-y effect on
caspase-8 levels
o IFN-y increases
and sensitivity to
caspase-8
TRAIL
expression levels
and renders
resistant cell lines
sensitive
Sonnemann et | In vitro TRAIL Ewing’s sarcoma | In vitro effect of TRAIL alone

al., (2007)

[87]

TRAIL combined
with histone
deacetylase
inhibitors (HDACi)
in TRAIL resistant

cell line

efficacy: 17 %

apoptotic rate

TRAIL-HDI efficacy:

54 % apoptotic

rate
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Merchant et In vitro TRAIL Ewing’s sarcoma | In vitro and in vivo | In vitro: 9/11 cell
al., (2004) efficacy of TRAIL lines tested are
In vivo DR5 agonist
and DR5 agonist on | equally sensitive to
185] Ewing’s sarcoma TRAIL and DR5
agonist
IFN-y effect on in
vivo reported In vivo: Complete
TRAIL resistance response in 19 %
and 9 %,
temporary
responses in 43 %
and 61 % after
treatment with
TRAIL and DR5
agonist
respectively
IFN-y restores in
vivo acquired
TRAIL resistance
Bouralexis et In vitro TRAIL Osteosarcoma Proapoptotic The combination
al., (2004) effect of soluble of sTRAIL with
Soft tissue
TRAIL alone or chemotherapeutic
[55] sarcoma

Giant cell tumour

combined with

drugs (especially
doxorubicin)

significantly
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conventional

increased tumour

chemotherapeutics | cell death.
Tomek et al,, In vitro TRAIL Chondrosarcoma | Proapoptotic TRAIL alone
effect of TRAIL efficacy:
(2003)
alone orin
Approx. 20 %
[90] combination with
apoptotic rate
conventional
chemotherapeutics
TRAIL-DOX: 90-95
% apoptotic rates
Hotta et al., In vitro TRAIL Osteosarcoma Proapoptotic TRAIL alone
effect of TRAIL efficacy:
(2003)
alone or combined
31+£23%
[71] with conventional
apoptotic rate
chemotherapeutics
(MGB63 cell line)
TRAIL-CDDP
pretreatment: 24.2
1 3.1 % apoptotic
rate
Evdokiou et In vitro TRAIL Osteosarcoma Proapoptotic TRAIL alone
al., (2002) effect of TRAIL efficacy:
alone or combined | Considerable
[72]

with conventional

chemotherapeutics

apoptotic rates (80
%) in 1/6 cell lines

tested
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TRAIL-
chemotherapeutics
(DOX, CDDP, ETP)
efficacy: Apoptotic
rates >75 % in
TRAIL resistant cell

lines

Mitsiades et
al., (2001)

[81]

In vitro

TRAIL

Ewing’s sarcoma

Proapoptotic
effect of TRAIL in
EWS cell lines

DR expression
levels in EWS cell
lines and tumour

samples

TRAIL efficacy:
9/10 cell lines

sensitive

DR expression:
9/10 cell lines
express both DR,
72 % of tumour
samples express
both DR, 25 % of
tumour samples

express 1 DR
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Table 2. Important clinical studies in bone and soft tissue sarcomas.

Authors | Study PARA Used Cancer Study Results
Type Studied
Purpose
Tabernero | Phase Ib/Il | Conatumumab Locally Phase Ib: Safety Dose Limiting
advanced or and tolerability of | Toxicities (as
etal., Clinical Trial | (DR5 agonist;
metastatic, conatumumab (in | defined by the
AMG655; Amgen
(2015) (NCT00819 treatment- combination with | authors): 0/9
Inc.)
169) refractory ganitumab- anti patients.
91
54 solid tumours | IGFR type 1)
Complete or
(including
Phase Il: Efficacy | partial response:
sarcoma
of conatumumab
cases) 0/78 patients.
(in combination
with ganitumab) | Stable disease:
28/78 patients (5
sarcoma cases)
(36 %)
Demetri Phase Ib/Il Conatumumab Locally Phase Ib: Safety Safety: Treatment
advanced or and tolerability of | -related
etal., Clinical Trial | (DR5 agonist;
metastatic, conatumumab (in | hematologic
AMG655; Amgen
(2012) (NCT00626 unresectable | combination with | adverse events.
Inc.)
704) doxorubicin) Similar incidence
[92] soft tissue
in both groups.
sarcomas Phase I

Progression-free
survival (PFS) in
conatumumab-
doxorubicin
group compared

to placebo-

PFS: No
significant
difference
between the
conatumumab-

doxorubicin
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doxorubicin group and
group placebo—
doxorubicin
group.
Merchant Phase | Lexatumumab Ewing's Safety, DLTs (as defined
Sarcoma tolerability, by the authors):
etal., Clinical Trial | (DR5 agonist;
Osteosarcoma | pharmacokinetics
HGS-ETR2; Human 1 /24 patients.
(2012) (NCT00428 Neuroblastom |, therapeutic
Genome Sciences ]
272) a efficacy of Complete or
[93] Inc.)
Rhabdomyosa lexatumumab partia| response:
rcoma 0/24 patients.
Stable disease:
5/24 patients.
Subbiah Case study | Dulanermin Refractory Efficacy of Safety: No
chondrosarco | Dulanerminina significant
etal., (rhTRAIL;
ma adverse events
AMG951; Amgen refractory
(2012)
Inc.) Efficacy: Partial
chondrosarcoma
[94] response
case
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Herbst et Phase | Recombinant Advanced Safety, Safety: 28 % of
al., cancer tolerability, the patients with
Clinical Trial | Human TRAIL
pharmacokinetics | serious adverse
(2010) (including
(rhTRAIL) and antitumour events (as
sarcoma
[95] activity of defined by the
cases)
rhApo2L/TRAIL authors)
Efficacy: 46 % of
the patients with
stable disease, 2
chondrosarcoma
cases with partial
response
Ongoing with
Phase 1 studies
for osteosarcoma
Camidge Phase | PR0O95780 Advanced Safety, Safety: 10 % of
malignancies | tolerability, the patients with
etal., Clinical Trial | (DR5 agonist;

(2010) [96]

Drozitumab;

Genentech Inc.)

(including
sarcoma

cases)

pharmacokinetic,
maximal
tolerated dose
(MTD) and
antitumour
activity of

PROS5780

DLTs (as defined

by the authors)

Efficacy: 3/50
patients with
partial response
(including one
chondrosarcoma

case)
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Belch et al., | Phase Mapatumumab Relapsed/Refr | Efficacy and Safety: Similar
actory safety of incidence of
(2010) Clinical Trial | (DR4 agonist;
Multiple mapatumumab- adverse events in
HGS-ETR1; Human
[97] (NCT00315 Myeloma bortezomib both groups
Genome Sciences
757) compared to
Inc.) Efficacy:
bortezomib alone
Response rate,
PFS and duration
of response
similar in both
groups
Not Phase Il PRO95780 Advanced Efficacy and Efficacy not
published chondrosarco | safety of evidenced for the
Clinical Trial | (DR5 agonist;
mas PRO95780 when | study group
Drozitumab;
(NCT00543 given as a single
Genentech Inc.)
712) agent

Table 3 - Agents that sensitise cells to TRAIL-induced apoptosis and their effects.

Agent Effect ‘ Tumour Type ‘ Reference
Effects on DR4 and DR5
Bisphosphonates DRS5 upregulation Osteosarcoma MG63 [79]
Cisplatin DR5 upregulation Glioma [41]
Doxorubicin DR4 DR5 | Osteosarcoma MG63, leukaemia, | [90,104,107]
upregulation multiple myeloma, breast, soft tissue
sarcomas, prostate
Doxorubicin c-FLIP Leukaemia, multiple  myeloma, | [90,104]
downregulation breast, soft tissue sarcomas, prostate
Etoposide DR5 upregulation Colon, glioma, leukaemia [41]
IFNy DR5 upregulation Osteosarcoma MG63 [107]
Irradiation DR4, DR5 | Leukaemia [22,41]
upregulation
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Paclitaxel DR4, DR5 | Prostate [152]
upregulation
Proteasome inhibitor | DR5 upregulation Soft tissue sarcomas [89]
MG132
Sulphoraphane DR5 upregulation Hepatoma [41]
Tunicamycin DRS5 upregulation Prostate [41]
Effects on caspases
Bcl-2 inhibitors Caspase-8 and Bid | Prostate [111]
activation leading
to caspase-3
activation
CDDP Caspase-8 Osteosarcoma SAOS-2 and MG63 [71]
activation,  c-FLIP
downregulation
Celecoxib Survivin and Bcl-2 | Osteosarcoma MG63 [78]
downregulation
Doxorubicin Caspase-8 Osteosarcoma MG63 [107]
activation
HDIs (SAHA, NaB, | Caspase-3 and | Ewing’s Sarcoma [87]
MS275) caspase-9
activation
IFNy Caspase-8 Osteosarcoma MG63 [107]
activation
Proteasome inhibitors | Inhibition of NF-kB | Ewing’s sarcoma [88]
e.g., bortezomib by preventing IkBa
degradation
Proteasome inhibitors | Caspase-8, caspase- | Osteosarcoma SAOS-2 and MG63 [77]
e.g. exopomicin 3 and caspase-9
activation
Smac mimetics XIAP, clAP1 and | Leukaemia, glioblastoma [109]
survivin
downregulation,
activation of
caspase-3 and
caspase-8,
Smac mimetics (BV6) | Promotion of | Leukaemia [112]
and dexamethasone clAP1, clAP2 and
XIAP degradation
Smac mimetics (SH122) | XIAP  and clAP1 | Prostate [110]

blocking by NF-kB
inhibition
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Table 4 - Important studies of human mesenchymal stem cells expressing TRAIL.

Author Cancer type studied | Type of | MSCs In vitro results In vivo results
MSCs transduction
used
Yuanetal., Lung cancer (LC) Bone Lentiviral MSCs express Not tested
Marrow- | vector membranous
(2017) [142] Malignant pleural
Derived TRAIL via
mesothelioma
MSCs extracellular
(MPM)
vesicles (EVs),
Renal cancer (RC)
mostly
Breast cancer (BC) exosomes
Neuroblastoma (NB) Cancer cell lines:
MSC TRAIL- EVs
induce
apoptosis in all
cancer cell lines,
even in those
resistant to
rhTRAIL
Guiho et al.,, Ewing’s sarcoma Adipose- | MIGR1-TRAIL- | ES cell lines: ES paratibial
(ES) Derived | GFP orthotopic
(2016) [124] High rates of
MSCs model:
Vector apoptosis (>80
% in most lines) | Inhibition of

even in cell lines
resistant to

rhTRAIL

tumour growth
by 75 % and

increase in
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survival rates by

60 %
Grisendi et al,, Osteosarcoma (OS) | Adipose- | pMIGR1 Sarcoma cell ES xenograft:
Derived | vector lines:
(2015) [125] Ewing’s Sarcoma Significant
MSCs
(ES) High rate of increase of
apoptosis (from | apoptosis in
Rhabdomyosarcoma
42 £ 0.6 % of RD | comparison to
(RD)
to71+0.3 % of | controls (6.11
ES lines) 0.98 % vs
0.27 +0.15 %)
Yuanetal., Lung cancer (LC) Bone Lentiviral BC and LC cell Not tested
Marrow- | vector lines:
(2015) [126] Malignant pleural
Derived
mesothelioma MSCs expressing
MSCs

(MPM)

Colon cancer (CC)

Renal cancer (RC)

Squamous Cell

Carcinoma (SCC)

Breast cancer (BC)

full length TRAIL
and truncated
soluble TRAIL
both induce

apoptosis.

MSCs-fITRAIL
induce higher
rates of
apoptosis than
MSCs-sTRAIL in
both cell lines
(approx. 60 % vs
50 %).
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Yuan et al., Lung cancer (LC) Bone Lentiviral Lung cancer cell | Not tested
Marrow- | vector lines:
(2014) [127]
Derived
Apoptosis rate
MSCs
ranges between
35-75 % (MSCs-
fIT)
Lee et al., Metastatic Adipose- | Adenoviral MFH cells lines: | MFH xenograft:
malignant fibrous Derived | vector
(2013) [128] High rate of Inhibition of local
histiocytoma MSCs
apoptosis tumourigenesis,
(MFH)
metastatic
(89.1 £ 6.5 %)
tumourigenesis
and reduction of
pre-established
metastasis
Ciavarella et al., | Multiple myeloma Adipose- | MIGR1-TRAIL- | MM cell lines: Not tested
(MM) Derived | GFP
(2012) [129] Significant rates
MSCs
vector of cell death
(53.3+3.6%to
67.3 £2.5%)
when
pretreated with
bortezomib
Barti Juhasz Rhabdomyosarcoma | Bone pORF-h-TRAIL | RD cell culture: | Not tested
(RD) Marrow- | vector Significant
etal.,
Derived inhibition
(2011)[130]
MSCs (almost 85 %)
Mohr et al,, Pancreatic cancer Bone Adenoviral PC cell lines: PC xenograft:
(PC) Marrow- | vector
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(2010) [131] Derived High rates of Localised tumour:
MSCs apoptosis Tumour
(Panclline> 40 | regression when
%, PancTul MSC-TRAIL were
line> 50 %) combined with
when compared | XIAP silencing
with XIAP
Metastasis: 1/6
silencing
mice with lung
metastasis in
study group
compared to 5/6
mice with lung
metastasis in
control group
Loebinger Lung cancer (LC) Bone Lentiviral Cancer cell lines: | BC xenograft:
Marrow- | vector (pRRL- | Significant
etal., Breast cancer (BC) Localised tumour:
Derived | cPPT-hPGK- increase in
) Reduction in
(2009) [133] Squamous cell MSCs mcs-WPRE) apoptosis: Lung

cancer (SCC)

Cervical cancer (CC-

Hela)

cancer

(19.6 % + 0.8 %),
breast cancer

(37.7% +

6.5 %),
squamous cell
cancer (34.5% +

1.0 %)

cervical cancer

(36.1 % + 3.5 %)

tumour growth
(0.12+£0.12cm”3
vs 0.66 = 0.69
cm”3) and weight
(0.07 £0.06 g vs
0.33+0.33g)

Metastasis: 3/8
mice tumour free
in study group
compared to 0/8
mice tumour free

in controls in

39




in combination

combination with

with doxycycline | doxycycline
Mohr et al., Lung cancer (LC) Bone Adenoviral LC cell lines: LC xenograft:
Marrow- | (type 5)
(2008) [132] Apoptosis rates | Tumour increased
Derived | vectors
of approx. 30 % | by a factor of
MSCs (Ad.EGFP,
vs <5 % in 1.25 in study
Ad.BGal,
control lines group vs a factor
Ad.TR)

of 3 in controls
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MAIN AIMS OF THE PHD

* Characterisation of a range of sarcoma cell lines for factors that contribute to

TRAIL sensitivity.

* Study the effects of using ‘pre-activated’ bone marrow-derived mesenchymal

stem cells (BMMSCs) expressing TRAIL on sarcoma cell lines.

* Screen sarcoma cell responses to enhanced forms of TRAIL.

* Study the effects of combining TRAIL with chemotherapy and novel

sensitising agents in vitro.

* Study effects of using TRAIL in an in vivo mouse model of bone sarcoma.

* Study the effects of using ‘pre-activated’ bone marrow-derived mesenchymal

stem cells (BMMSCs) expressing TRAIL on sarcoma cell lines.
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Chapter 2. General Materials and Methods
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2.1 Mammalian cell culture

2.1.1 Bone sarcoma cell lines

A number of authenticated bone sarcoma cell lines representing osteosarcoma,

chondrosarcoma and Ewing’s sarcoma were used as part of this research. Sources

include American Type Culture Collection (ATCC) and others, which are presented in

Table 5.

Table 5 - Bone sarcoma cell lines utilised for experiments as part of the PhD.

Sarcoma cell line

Sarcoma type

Patient

Source

U20S

Osteosarcoma

Derived from a moderately
differentiated osteosarcoma
from the tibia of a 15-year-

old Caucasian female.

ATCC

SAQS-2

Osteosarcoma

Derived from an 11-year-old
Caucasian female who was
treated with RTG,
methotrexate, adriamycin,
vincristine, cytoxan, and
aramycin-C. SAOS-2 is p53
deficient [153].

ATCC

MG63

Osteosarcoma

Derived from a 14-year-old
Caucasian male. The MG63
cell line was kindly donated
by Dr Neil Cross, senior
lecturer in molecular and
cellular biology at Sheffield

Hallam University.

Sheffield
Hallam

University

SJSA-1

Osteosarcoma

The cell line was derived from
a 19-year-old black male in

1982 from an osteosarcoma

ATCC
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of the femur. It is known to
carry an amplification of the
gene, which encodes the p53
associated protein MDM?2.
There is also a 15-fold
amplification of the gli proto-

oncogene.

TC71

Ewing’s sarcoma

Derived post chemotherapy
from the humerus of 22-year-
old male with Ewing’s
sarcoma with EWS/FLI1

translocation.

NICR

catalogue

SW1353

Chondrosarcoma

Derived from a grade 2
chondrosarcoma of the right
humerus in a 77-year-old

Caucasian female.

ATCC

HT1080

Chondrosarcoma

Derived from a 35-year-old
Caucasian male and is known
to have activated N-ras
oncogene. Originally
described as a fibrosarcoma
cell line, more recently IDH
mutations detected in this
cell line make it more
characteristic of a
dedifferentiated

chondrosarcoma [154].

ATCC
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2.1.2 Control cell lines

DR4 and DR5 positive control cell lines

As a DR4 positive cell line, | used a murine fibroblast cell line engineered to express
DR4 (MF DR4-Fas). MF DR5-Fas was used as a DR5 positive cell line. These are TRAILR-
Fas chimeras produced by replacing the intracellular portions of DR4 and DR5
contained the death domain (DD) with that of Fas [155]. | have demonstrated this

using flow cytometry analysis (Figure 3).
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Figure 3 — (a) Schematic representation of TRAILR1-Fas (MF DR4-Fas) and TRAILR2-Fas

(MF DR5-Fas) as presented by [155]. (b) MF DR4-Fas and MF DR5-Fas cells were used

as positive control cell lines for DR4 and DR5 respectively. Methods and antibodies

used are explained in Section 2.4. Background signal from isotype control was

subtracted. MFI = median fluorescence intensity.
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DR4 and DR5 negative control cell lines

The pharyngeal carcinoma (FaDu) cell line was used as a negative control for DR4. It
has been reported to express a mutated form of DR4 [157], due to a homozygous
mutation in the DR4 gene, which confers TRAIL resistance due to its lack of a death
domain and has also been reported to be negative for DR5 [158]. A DR5 negative
control cell line is the BJABLexR [155, 156], produced by exposing the Burkitt’s
lymphoma cell line to increasing doses of the TRAIL R2/DR5 agonistic antibody
Lexatumumab and those surviving were harvested to yield a cell line with low DR5
levels [155]. Negative surface expression of DR4 in the FaDu cell line and DR5 in the

BJAB'®R cell line was confirmed using flow cytometry (Figure 4).

FaDu cell line BJAB'=*R cell line
:E; |I E !
] 200 =
e rauy e et Pl A ey ey
DR4 DR5

Figure 4 - The FaDu cell line is a DR4 negative control and the BJAB*® cell line is a DR5

negative control.

Other control cell lines for death, decoy receptors and other relevant downstream

proteins

Another DR5 positive control cell line is the HepG2 hepatocellular carcinoma cell line
[156]. The MCF-7 breast carcinoma cell line is reported to be a positive control for DR4
[157], DcR2 [158] and PTEN [159]. The Mono Mac 6 cell line have characteristics of
mature monocytes and have negative DR4 cell surface expression [160], and low TRAIL
expression at the mRNA level [161]. As a positive control for decoy receptor 1 (DcR1), |

used human umbilical vein endothelial cells (HUVECs) as described previously [162]. As
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a positive control for decoy receptor 2 (DcR2), | used whole blood, specifically gating
for the positive control peripheral blood granulocytes. | also used the 786-0 renal clear
cell adenocarcinoma cell line from ATCC as a positive control for TRAIL [163] and H-Ras
[164]. Hela cells were also used as they have been described previously in the

literature as a positive control for XIAP [165].

2.1.3 Non-malignant cell lines

As non-malignant cell lines, | used the normal human dermal fibroblast (NHDF) cell line
derived from a neonatal male (ATCC); human bone marrow-derived mesenchymal
stem cells (BMMSCs) obtained locally from the bone marrow of patients undergoing
total hip arthroplasty (THA); human-derived osteoblasts (OBs); human vascular
endothelial cells (HUVECs); a hepatocyte cell line (HHL5) and a ventricular

cardiomyocyte cell line (AC10).

2.1.4 Cell culture

Tissue culture 6-well, 24-well and 96-well plates and 25cm”2, 75cm”2 and 125cm”2
vented cell culture flasks were obtained from Corning/Costar UK Ltd. (High Wycombe,
UK) and were used to culture mammalian cell lines for experiments. For fluorescence
assays, 96-well assay plates, clear bottom with lid were used (Corning/Costar UK Ltd).
Mammalian cell lines were incubated at 37 °C in a humidified atmosphere of 5 % CO..
The media and supplements used to maintain the cell lines are presented in Table 6.
The passaging of cell lines was performed on a regular basis in a tissue culture hood

every 2-3 days at a ratio of 1:5 to 1:20 once a confluence of 80-90 % was achieved.

Cells were detached from the plasticware by removing then washing off residual
medium with phosphate-buffered saline (PBS; GIBCO-Invitrogen, Paisley, UK) before
incubation at 37 °C with 1:10 Trypsin/ethylediaminetetraacetic acid 10x (EDTA; Sigma
Aldrich) in PBS solution for about 3 minutes inside an incubator. Adding FBS-
supplemented medium stopped the digestion process of surface proteins. Media was

changed once every 72 hours.
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Table 6 — Growth media and any additional supplements used to maintain cell lines

used for the PhD project. FBS = fetal bovine serum, NEAA = non-essential amino acids,

HUEGF = human epidermal growth factor, FGF = fibroblast growth factor.

Cell line Growth Media Additional Supplements
U20S, SAOS-2, TC71, RPMI-1640 10 % FBS, 1 % Pen/Strep
SJSA-1, MG63, SW1353, L-glutamine
786-0, Mono Mac 6,
BJAB'*R MCF-7, Hela
HT1080, NHDF DMEM 10 % FBS, 1 % Pen/Strep
HHL5 DMEM 10 % FBS, 1 % Pen/Strep,
NEAA, L-glutamine
BMMSCs DMEM FGF-Basic (AA
1-155)
Recombinant
Human Protein (Thermo
Fisher Scientific)
10 % FBS, 1 % Pen/Strep,
L-glutamine
AC10 DMEM, F-12 Ham 10 % FBS, 1 % Pen/Strep,
L-glutamine
HepG2 DMEM, F-12 Ham 10 % FBS, 1 % Pen/Strep,
L-glutamine
HUVECs Gibco™ Hydrocortisone 1 pg/ml,
HUEGF (10 ng/ml), FGF-
Medium 200 Basic (3 ng/ml), Heparin
(10 pg/ml)
FaDu MEM 10 % FBS, 1 % Pen/Strep

2.1.5 Cell counting

Cells were counted using an Improved Neubauer counting chamber (Hawksley,

Lancing, UK). N cells were counted in one of the large squares (which contains 25

medium squares) and the concentration of the sample was calculated using the

following equation: N x 1074 cells/ml
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2.1.6 Cryopreservation of cell lines

Cryopreservation medium

FBS 20%
DMSO 10 %
Culture media 10 ml

Cell lines were cryopreserved for storage. Cells were trypsinised and centrifuged at 300
x g for 3 minutes, then resuspended in 10 ml freeze media (80 % media, 20 % FBS, 10 %
dimethyl sulfoxide (DMSO) at 2-5 x 1076 cells/ml per cryovial. Cells were stored at -80
°C. For reculturing, cells were defrosted at 37 °C and transferred to a universal tube
with 10 ml of media then centrifuged at 300 x g for 3 minutes. The supernatant was
discarded and pellet resuspended in fresh media and transferred to a flask for

continued culture.

2.2 TRAIL (Apo-2L; TNFSF10; CD253) ligands

Soluble (human) (rec.) SuperKillerTRAIL™ was obtained from Apidogen® life sciences
(0.5 mg/ml). The extracellular domain of human TRAIL (aa 95-281) is fused at the N-
terminus to a His-tag and a linker peptide. The active multimeric conformation is
stabilised by an inserted mutation allowing an additional CC-bridge [166]. It
demonstrates superior activity on human cell lines that require extensive cross-linking
of TRAIL-Rs for killing (e.g. Jurkat cells) [167,168], which we have confirmed using Wst-
8 assay (Figure 5a and b). FLAG-TRAIL and M2 antibody were obtained from Axxora LLC
and Sigma Aldrich respectively. His-TRAIL was provided by Biolegend and recombinant

human TNF (2 x 107 units/mg) was provided by Knoll AG (Ludwigshaven, Germany).
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Figure 5 — Pictorial representation of the composition of (a) SuperKillerTRAIL™

(soluble) (human), (recombinant), ALX-201-115 and (b) Wst-8 assay demonstrating

that when Jurkat cells are exposed to increasing concentrations of SuperKillerTRAIL

there is a greater reduction in cell viability.

2.3 Reverse transcriptase-polymerase chain reaction (RT-PCR)

Background

SYBR green is a dye that binds in the minor groove of double-stranded DNA in a
sequence independent way. Its fluorescence increases over 100-fold when it binds.
The fluorescence can be detected online in real-time and the threshold cycle (Ct) of
each sample can be recorded as a quantitative measure of the amount of PCR product

in the sample [169]. The Ct value is defined as the fractional cycle number at which the
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sample fluorescence signal passes a fixed threshold above baseline. Samples with a
higher copy number initially, show high fluorescence earlier in the PCR process,
resulting in a lower Ct value. Those with lower copy number have a higher Ct number.
Quantitated transcript levels of the hypoxanthine phosphoribosyltransferase 1 (HPRT1)
gene are used as the endogenous control and unknown samples are normalised to the

HPRT1 content.

2.3.1.1 Molecular biology reagents

All RNA work was performed under RNase-free conditions using RNase-free reagents
and materials. UltraPure™ DNase/RNase-Free Distilled Water (Thermo Fisher Scientific)

was used for all work involving use of nucleic acids.

2.3.1.2 RNA extraction and cDNA synthesis

RNA was extracted from cell lines grown in T75 flasks using the Qiagen RNeasy

extraction kit as per manufacturers’ instructions [170].

Samples were first lysed and then homogenised. The lysate was then loaded into a spin

column. Pure, concentrated RNA was eluted in 30-100 ul water.

2.3.1.3 RNA sample quality and concentration

Principle: Nucleic acid quality and quantification can be assessed by a number of
methods, namely, UV spectrophotometry (Nanodrop), spectrophotofluorimetry
(Qubit® Fluorometer), and microfluidic capillary electrophoresis (Bioanalyser). The use
of each method has to be correlated with the downstream application. RNA quality
and concentration in my samples was quantified using the NanoDrop® ND-1000 UV-Vis
Spectrophotometer (Labtech, East Sussex, UK). Analysis time can be less than 30
seconds and there is no need for additional reagents or accessories. However, for low
level nucleic acid samples it has poor sensitivity and specificity [171]. It should be used
for quantities between 2 ng/ul — 3000 ng/ul. The ratio of the sample absorbance was
measured at 260 nm and 280 nm. This is used to assess the purity of DNA and RNA. A
ratio of about 1.8 is generally accepted as pure for DNA. A ratio of about 2 is generally
accepted as pure for RNA. Absorbance measurement at 260 and 230 nm is a secondary

measure for nucleic acid purity. They are normally higher than the 260/280 values and
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are in the range of 1.8 - 2.2. An example of the concentrations and quality of RNA

obtained from a range of cell lines is given below (Figure 6 and Figure 7).

Measurement complete 081272016 15:37
Bt ‘
User Default ase
Overlay control|  Clear graph each Sample Sample Type RNA-40 f’
2530
2200~
20.00~- Sample ID MFDRS Fas
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216400-
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QIOAUOT A sinm  Abs 15295
E 800- A-26010 mm poth 22 832
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'2-53:c i ' ' 1 ' | | | | ' ' ' '
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Wavelength nm ngluL  915.7
381 BASSS 0. 29128724

Figure 6 — Nanodrop readout for RNA extracted from a murine fibroblast cell line

demonstrating acceptable quality 260/280 = 2.1, 260/230 = 1.5.

Sample User Date Time ngful AZB0 Az280 2607280 260/230 Constant | Cursor | Cursor
1D D Pos. | ahbs.
NHDF RNA B/3 ZG Default 06/03/2017 11:35 | 43335 | 10834 | 5437 1.99 2.27 40.00 230 4763
HT1080 RNA 6/3 ZG Default 06/03/2017 11:36 | 460.06 | 11501 | 5.880 1.96 2.24 40.00 230 5.126
SJSA-1 RNAB/3 ZG Default 06/03/2017 11:38 | 31262 7.815 3.830 2.04 2.10 40.00 230 3718
SAOS-2 RNAB/3 ZG Default 06/03/2017 11:39 | 25552 6.388 3123 2.05 2.32 40.00 230 2.758
U20S RNA 6/3 ZG Default 06/03/2017 11:43 | 362.79 9.070 4.450 2.04 1.21 40.00 230 7519

Figure 7 - Nanodrop report providing information about quality and concentration of

the RNA obtained from bone sarcoma cell lines and the NHDF cell line.

2.3.1.4 cDNA conversion

The RNA harvested from the cell lines was converted to cDNA using an established

laboratory protocol using the following components in the ratios below (Master Mix)

(Table 7) added to the RNA harvested from the cell lines. Sterile tubes, pipette tips,

gloves and nuclease-free reagents were used in all steps.
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Table 7 - Mastermix components for cDNA synthesis.

Component

Volume (pl) in 7.3 pl

5x Reaction Buffer

4 pl (number of samples + 0.5 pl)

(Promega GoScript™ Reverse
Transcription System)

dNTP Mix (100 mM) (4 mM 1:25) 2ul
Oligo d(T)16 1l
1:5 dilution in RNase free water (DEPC)

M-MLV Reverse Transcriptase 0.3 ul

1. Quality and concentration of RNA was measured using the nanodrop

2. 1000 ng/ul of RNA was taken from the sample and diethylpyrocarbonate

(DEPC) water added to make up to a final volume of 12.7 pul

3. Sample was mixed gently and put in a heat block set at 65 °C for 5 minutes

4. 7.3 pl of the mastermix described above was added to the sample to make a

final volume of 20 ul

5. Placed in heater at 37 °C for 1 hour

6. Then into heat block set at 100 °C for 10 minutes (to thermally inactivate the

enzyme)

7. Sample diluted 1:3 by adding DEPC to final cDNA

8. cDNA sample quality and concentration was assessed using the nanodrop

(Figure 8)
9. Stored at -20 °C
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Figure 8 — Nanodrop readout for SJISA-1 cells demonstrating acceptable cDNA quality

and concentration following conversion from RNA.

The mastermix consisted of forward and reverse primers, Platinum® SYBR® Green
gPCR SuperMix-UDG with ROX (invitrogen™ by life technologies™) and sterile distilled
water in a ratio of 0.4:0.4:5:2.2. Primer binding sites were checked using the
SpliceCenter Website [172]. 2 pl of cDNA was mixed with 8 pl of the Mastermix in the
wells of the PCR plate. Samples were in triplicates and experiments repeated up to 3
times. RT-PCR was performed using The Applied Biosystems™ QuantStudio™ 7 Flex
Real-Time PCR System. All data was analysed using the QuantStudio™ Real-Time PCR

Software version 1.2 (Applied Biosystems by Thermo Fisher Scientific).

2.3.1.5 Oligonucleotide primers

Primer check was used to display the splice variants and target location of PCR primer
for my genes of interest were checked
[(http://projects.insilico.us/SpliceCenter/PrimerCheck website (DR5 presented as an

example in Figure 9)]
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AFD16268
AF016849
AF1S3687
AK296128
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Probes

Figure 9 - DR5 primer binding site check. DR5 primers were selected to detect all DR5

splice variants. DR5 is also known as ‘TNFRSF10B, CD262, DR5, KILLER, KILLER/DRS5,

TRAIL-R2, TRAILR2, TRICK2, TRICK2A, TRICK2B, TRICKB and ZTNFRY’, gene located on

chromosome 8, total exons = 9. http://projects.insilico.us/SpliceCenter/PrimerCheck

Primers were obtained from Sigma-Aldrich, as presented in Table 8.

Table 8 - Primers used to assess degree of transcript level expression for genes of

interest.
Gene of Sense Antisense
interest
DR4 5'-GCAGCTGGACCTCACGAAAA-3’ 5'-CCTGGGCCTGCTGTACCA-3’
DR5 5'-GGCCACAGGGACACCTTGTA-3' 5'-TCGCCCGGTTTTGTTGA-3’
HPRT1 5 -TTGCTTTCCTTGGTCAGGCA-3’ 5’-AGCTTGCGACCTTGACCATCT-3’
DcR1 5’-TCCCCAAGACCCTAAAGTTCG-3’ 5’-CAGTGGTGGCAGAGTAAGC-3’
DcR2 5’-CTCCTACAAAGGGAAGCAGCC-3’ 5’-CTAGGACCATTGGTAAGCTGCC-3’
TRAIL 5'-CAACTCCGTCAGCTCGTTAGAAAG- | 5'-AGGAATGAATGCCCACTCCTT-3'

3

OPG 5-TGCTGTTCCTACAAAGTTTAC-3’ 5-CTTTGAGTGCTTTAGTGCGTG-3’
XIAP 5’- 5’-GTTAGCCCTCCTCCACAGTGAA-3’

TGGGACATGGATATACTCAGTTAACAA
-3’
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http://projects.insilico.us/SpliceCenter/PrimerCheck

Akt

5-CTTGCTTTCAGGGCTGCTCA-3’

5’-TACACGTGCTGCCACACGATAC-3’

PTEN 5-AGTTCCCTCAGCCGTTACCT-3’ 5’ATTTGACGGCTCCTCTACTG-3’

H-Ras 5-CAGGAGACCCTGTAGGAGGA-3’ 5-TTTACTGTGATCCCATCTGTGC-3’
NG2 5-CTGCAGGTCAGACTTGTTCTGG-3’ 5’-CGACTGACAACGTGGCCC-3’

Cbfal 5-ATGTGTGTTTGTTTCAGCAGCA-3’ 5’-TCCCTAAAGTCACTCGGTATGTGTA-

3[

Osteopontin

5’-TTGCAGCCTTCTCAGCCAA-3’

5-GGAGGCAAAAGCAAATCACTG-3’

Osteocalcin | 5'-CGCCTGGGTCTCTTCACTAC-3’ 5’-CTCACACTCCTCGCCCTATT-3’
cFLIPL 5’-CCTAGGAATCTGCCTGATAATCGA- | 5'-
3 TGGGATATACCATGCATACTGAGATG-
3'
cFLIPs 5’-GCAGCAATCCAAAAGAGTCTCA-3’ 5-ATTTCCAAGAATTTTCAGATCAGGA-

3'

2.3.1.6 Run method

The run method set-up on The Applied Biosystems™ QuantStudio™ 7 Flex Real-Time

PCR System is presented in Figure 10. Melt curve plots and standard curves are

presented in Appendix Section 11.7.
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Figure 10 - Run method set-up on The Applied Biosystems™ QuantStudio™ 7 Flex Real-Time PCR System for the amplification of the target DNA

sequence.
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2.3.1.7 Quality assessment and quantitation of RNA transcript levels

To quantify cDNA levels, the relative standard curve and comparative Ct methods were
used. The melt curve was used to assess efficiency of primer binding (Section 3.2). The
Ct value from a serial dilution of a positive control was used to formulate the standard
curve as a means to assess the efficiency of the PCR reaction. The standard curve for
the housekeeping gene (HPRT1) was also produced and should be of similar quality. |
have presented figures of the melt curves of the standard and unknown samples
(showing only one peak at equivalent temperature for all samples), amplification plots
and standard curves in the Appendix (Chapter 11). This is demonstrated for all the
genes investigated in all the bone sarcoma cell lines. Ct values were calculated using
the equation below (Equation 1). Data was normalised to the housekeeping gene

(HPRT1).

ACT = Ct(reference gene HPRT1) - Ct(gene of interest)

Fold change = 2A¢T

Equation 1 — Calculation of ACT. Each experiment had 3 technical repeats and

experiments were repeated up to 3 times. Results are presented as Mean +/- SEM.
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2.4 Flow cytometry

Principle: Flow cytometry measures single cells passing in a stream through a detector
system. It is able to distinguish differences in cell size (forward scatter — FSC) and
internal complexity (side scatter — SSC) based on angle of light emitted from the
analysed cell. Furthermore, cells can be stained with fluorescently labelled antibodies,
which can be used to identify cell surface and cytoplasmic antigens. The fluorescent
chemical bound to the antibody is known as a fluorophore and it absorbs the laser
energy of specific wavelength produced in the flow cytometer and subsequently

releases it at a specified wavelength, which is detected by a bandpass filter [173,174].

2.4.1 Cell preparation and staining for flow cytometry

Flow buffer:

500 ml phosphate buffered saline (PBS)
BSA - 0.025 %

EDTA-2.5mlof 0.2 mM

Na-Azide - 0.05 %

Cells were harvested using flow buffer, pelleted at 400 g for 7 minutes and
resuspended in 50 pl/ [1x1076 cells in total] in polystyrene round-bottom flow
cytometry tubes (5 ml, BD Falcon™). Samples were incubated with 10 pg/ml of human
IgG (HulgG, Native Human IgG, BIO-RAD, 5 mg/ml) for 15-20 minutes for blocking to
reduce the degree of non-specific binding. This was followed by staining with a
fluorochrome-conjugated primary antibody (Table 9) and incubation for 1 hour in the
dark. Cells were then washed, centrifuged and made up in 500 pul of flow buffer for
analysis using the BD FACSCanto™ flow cytometry system. A titration was undertaken
for each antibody to determine the optimal concentration for staining the desired
surface protein. A comparison was carried out between using fixed then stained,
stained then fixed or unfixed cells kept on ice. In all conditions tested very similar DR5
surface expressions were obtained for both the TC71 and HT1080 cell line (Section
2.4.1.1). A decision was made to use unfixed cells kept for all following experiments.
Isotype controls were used to assess the degree of non-specific binding and to
optimise the concentration of human IgG to be used for blocking [175,176]. Using 10

ug/ml of human IgG was found to sufficiently block unspecific antibody binding (Figure
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13). Whole blood was taken from healthy volunteers and red cell lysis buffer (BD

Pharm Lyse™, Lysing Buffer) was used to lyse red blood cells before staining cells for

decoy receptor 2 (DcR2) and also gating on granulocytes, which are DcR2 positive

control cells. The LIVE/DEAD™ Fixable Aqua Dead Cell Stain (405 nm excitation)

(Thermo Fisher Scientific) was used to help identify dead cells and select the live cells

for analysis.

Table 9 — Fluorochrome-conjugated antibodies used in flow cytometry analysis. PE =

Phycoerythrin. APC = Allophycocyanin.

Antibody | Clone Stock Final Fluorochrome | Source
concentration | concentration

Anti-DR5 | DJR2- 200 pg/ml 12 pg/ml PE BioLegend

(CD262) | 4(7-8)

Anti-DR5 | DJR2- 200 pg/ml 12 pg/ml APC BioLegend

(CD262) | 4(7-8)

Anti-DR5 | MOPC- | 200 pg/ml 12 pg/ml PE BioLegend

isotype 21

control

lgG1k

Anti-DR4 DJR3 200 pg/ml 12 pg/ml PE BioLegend

(CD261)

Anti-DR4 DJR3 200 pg/ml 12 pg/ml APC BioLegend

(CD261)

Anti-DR4 | MOPC- | 200 pg/ml 12 pg/ml PE BioLegend

isotype 21

control

lgG1k

Anti-DcR1 | DJR3 200 pg/ml 12 pg/ml PE BioLegend

Anti-DcR1 | MOPC- | 200 pg/ml 12 pg/ml PE BioLegend

isotype 21

control

Anti-DcR2 | 104918 | 25 pg/ml 1.5 pg/ml PE R&D

systems
Anti-DcR2 | 11711 | 25 pg/ml 1.5 pg/ml PE R&D
isotype systems
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control

IgGk1

Anti-NG2 | LHM-2 | 10 pg/ml 0.6 pg/ml APC R&D
systems

Anti-NG2 | 11711 | 10 pg/ml 0.6 pg/ml APC R&D

isotype systems

control

Anti-CD3 | UCHT1 | 50 pg/ml 3 pg/ml APC BD
Bioscience
/Pharming
en

Anti-CD73 | AD2 100 ug/ml 6 pg/ml APC BioLegend

Anti-CD90 | 5E10 25 ug/ml 1.5 pg/ml APC BioLegend

2.4.1.1 Gating strategy

A gating strategy was employed to select for single cells (i.e., excluding doublets) in the

stained bone sarcoma cell population and used consistently throughout the project

(Figure 11 and Appendix Section 11.1).
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Figure 11- Example of the gating strategy used to select for single cells and exclude the

doublets in the HT1080 dedifferentiated chondrosarcoma cells stained for DR5. The

following axes were used FSC-A vs SSC-A, FSC-W vs FSC-A (AvH) and FSC-H vs FSC-A

(AVW).
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2.4.1.2 Use of live cells

An assessment was made using flow cytometry if using live cells or stained then fixed
cells produced a different result. Both strategies demonstrated a similar degree of
median fluorescence intensity (MFI) histogram shift when gating on the live cells
(Figure 12). A decision was made to use unfixed live cells kept on ice and analyse on
the same day, or stain then fix the cells if the analysis was going to be delayed

(Appendix Section 11.1).

Dedifferentiated chondrosarcoma (HT1080) cells

Unfixed
TS A Stained then
cells |

f\ = fixed cells

1

Count
Count

A
R T it Bamanit ot SERSM UM S
=3 e ot o

488 S85_42-A . PE CD262 (DRS) 488 585_42-A - PE CD262 (DRS)

Figure 12 — Flow cytometry assessment of unfixed stained live HT1080 cells vs stained
then fixed HT1080 cells. In the presence of 10 ug/ml hulgG. Both methods
demonstrate a similar degree of MFI histogram shift in DR5 expression compared to

the isotype control. HT1080 = dedifferentiated chondrosarcoma cell line.

2.4.2 Reducing non-specific binding
Use of human IgG blocking agent

An assessment was made using flow cytometry to determine if 10 pg/ml of hulgG
would be optimal to reduced non-specific bonding of the primary antibody. The non-
specific binding was reduced (and isotype control histogram was found to superimpose
the unstained histogram) when a concentration of 10 pg/ml of hulgG blocking agent
was used (duration about 15 minutes before staining with primary antibody) and was
used for any subsequent experiments (Figure 13). The findings supported the use of
isotype control antibody to assess the degree of non-specific binding and the quality of
blocking [175,176].
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Figure 13 - Flow cytometry assessment of the use of human IgG blocking agent. Non-
specific binding was reduced (isotype control histogram BLUE superimposed the
unstained histogram RED) when using the concentration of 10 pg/ml of human IgG
blocking agent (applied for 15 minutes before staining with the primary antibody)

reduced the non-specific binding.

FcR blocking

Non-specific binding to any Fc receptors present can cause erroneous results [175]. An
experiment was carried out to compare the degree of flow cytometry histogram shift

with or without using an FcR blocking agent (not in the presence of 10 pg/ml hulgG).

Inclusion of FcR blocking (human FcR blocking reagent, Miltenyi Biotec, 20 ul per 107
cells) did not influence the degree of non-specific binding when comparing the degree
of MFI histogram shift of the isotype control with or without the presence of the FcR
blocking agent (Figure 14) indicating that the use of the FcR blocking agent is not

necessary and use of hulgG is sufficient.
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488 585_42-A - PE CD262 (DRS)

Sample Name Subset Name Count
[[]| 284603 fes HT 1080 cells unblocked and unstained AVWY | 3540
|| 284808 fcs Stained HT1080 cells(1) AvW 8053
|| 2846802 fcs Stained HT1020 cells(2) AVW T5e0
[ | 284810 fes Stained HT 1020 cells(3) AVW 7451
|1 264820 fcs Stained HT1020 cells + FcRb AVW 8002
]| 264805 fcs ITC DR5 HT1080 cells AV 771
[ | 284807 fes ITC + FcRb DRS HT1080 cells AvW 2141

Figure 14 — Flow cytometry assessment of the use of FcR blocking. Inclusion of FcR
blocking (human FcR blocking reagent, Miltenyi Biotec, 20 pl per 1077 cells) did not
decrease the degree of non-specific binding. The isotype control (ITC) histograms in
the presence of FcR blocking agent (purple histogram) superimposes the histogram of

the isotype control without the presence of the FcR blocking agent (light blue

histogram).
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Antibody fluorochrome non-specific binding

There may be a preference for the binding of particular fluorochromes (conjugated to
an antibody) to antigen receptors or other receptors or interaction partners [177].
Both PE and APC produced similar results and reduced my suspicion that there may be

a preferential affinity of the APC or PE fluorochrome with DR5 in the bone sarcoma cell

lines (Figure 15).
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Figure 15 — Flow cytometry assessment of the use of different fluorochromes. A similar
degree of shift relative to the isotype control in DR5 surface expression in the U20S
osteosarcoma cell line was demonstrated when using an anti-DR5 antibody either

conjugated to the PE or APC fluorophore.

2.4.3 Antibody concentration optimisation for DR4 and DRS5 specific antibodies

An assessment was made using flow cytometry of the optimal antibody concentration
to use. The degree of shift was similar when using the highest (20 pg/ml) or lowest (4
ug/ml) anti-DR5 primary antibody concentration on the positive control mouse MF
DR5-Fas cell line, which expresses human DR5. The antibody used is specific for human

DR5 (Figure 16) and does not bind to DR4 (Figure 17).

This was repeated for other positive control cell lines (see below, MF DR4-Fas for DR4,
HUVECS for DcR1 and granulocytes for DcR2). For example, 12 pg/ml of anti-DR5
antibody and 10 pg/ml of hulgG for blocking in 50 ul flow buffer was consistently used

in experiments.
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Subset Name

W[ 257067 fes | ITC Blocked HeM(®) stained

(] | HeM blocked(3) staines(5) MF DRS Fas cells aive
| HeM blocked(S) staned(3) MF DRS Fas cels aive
| HeM blockedi%) staned(1) MF DR Fas cells aive
t Unstained and unblocked AviV

488 585_42-A - PE (DRS)

Figure 16 — Flow cytometry assessment of DR5 positive control cell line and the

Count |

124

[ 5e41 |

optimal antibody concentration to use. Titration of the anti-DR5 primary antibody [20

pug/ml (5 =5 plin 50 pl flow buffer) vs 12 pg/ml (3 = 3 pl in 50 ul flow buffer) vs 4 pg/ml

(1 =1 plin 50 pl flow buffer)] used to stain for DR5 in the positive control MF DR5-Fas

cell line resulted in similar degrees of histogram shift in the flow cytometry plot. Non-

specific binding was reduced when IgG blocking agent [both Human, H and Mouse, M

used at 10 pg/ml (5 =5 pl in 50 pl flow buffer)] as no shift in the Isotype Control (ITC)

was observed relative to the unstained control.

Sample Name Subset Marme Court | Median : 438 585_42-4

] 20467 fos DR4 stained MF DRS Fas cellz A 8077 518

250 = 20460 fos ITC IgG1k MF ORS Fas cells A | 2018 424
T 1| 294166 fos hiF DRSS Faz cellz unstained & TEI0 432

200 —

] Y
q |
150 = |
4 |

BN
A

Court

485 583 42-A : PE CD261 (DR4

Figure 17 - Flow cytometry assessment of DR5 positive control cell line. The mouse MF

DR5-Fas cell line is negative for human DR4 [using anti-DR4 (12 pg/ml)].
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The MF DR4-Fas cell line was used as the positive control cell line for DR4 using the

same staining protocol described above and that the antibody used is specific for DR4
(Figure 18) and does not bind to DR5 (Figure 19).

i Sarple Marne Subset Narne Count | Median : 488 585_42-4
200 = 24710 fos DR4 stained bF DR4 Fas cells At GE97 36
1 294712 fos IgG1k stained MFOR4 Fas cells A 7024 348
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|
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1’ 10! 10" w? 1ot 10f

485 535 42-4 1 PECD2E1 (DR

Figure 18 — Flow cytometry assessment of DR4 positive control cell line. The mouse MF

DR4-Fas cell line, which expresses human DR4 is positive for DR4 [using anti-DR4 (12
ug/mi)].

485 585 42-A  PE CD262 rDRSY

Figure 19 - Flow cytometry assessment of DR4 positive control cell line. The mouse MF

DR4-Fas cell line negative for human DR5 [using anti-DR5 (12 pg/ml)].
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Decoy receptor 1 (DcR1)

Human umbilical vein endothelial cells (HUVECs) were utilised as the positive control

cell line for DcR1 detection [162] and was confirmed that the antibody was specific for

DcR1 (Figure 20).

Sample Mame Subszet WNamne Court [ Median : 488 585 _42-0
] ] 311925 fos Unstained HUWECS A T3 316
260 = 311927 fos ITC DeR1 HUNECS A 3430 40.4

311923 fos Zul DeR1 HUWECS Al

4346

T3

1314 fos ful DzR1 HUWECS Al

GEAG

111

O x11915.fes 10ul DeR1 HUWECs S

T

172

Court

455 985 42-A 0 PE

Figure 20 — Flow cytometry assessment of DcR1 positive control cell line. Human

umbilical vein endothelial cells (HUVECs) were utilised for this purpose. An increased

shift to the right was found with increasing concentration of the anti-DcR1 antibody (3

pl, 5 uland 10 pl). 3 pl refers to a concentration of 12 pg/ml of anti-DcR1 antibody.
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Decoy receptor 2 (DcR2)

The granulocyte fraction of whole blood was utilised as positive control cells for decoy
receptor 2 (DcR2) detection (Figure 21). The lymphocyte fraction was utilised as the
negative control. The two populations were separated based on the expression of CD3
(Figure 22). The MCF-7 cell breast cancer cell line was a cell line used also as negative

control for both DcR1 and DcR2 (Figure 23).
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Figure 21- Flow cytometry assessment of DcR2 positive control cell line. Granulocytes staining positive for DcR2 (at three different concentrations of

DcR2 antibody 0.5 pg/ml, 1.5 pg/ml and 2.5 pg/ml) and lymphocytes staining negative (at the highest concentration of 5 pg/ml).
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Figure 22 — Flow cytometry gating strategy to separate lymphocyte fraction and
granulocyte fraction based on the expression of CD3: (A) The lymphocyte population
(green in histogram) was identified by using anti-CD3 Ab. Granulocytes stained
negative for CD3 (red and orange in histogram) [Anti-CD3 used at 3 pug/ml]. Unstained
granulocytes (blue in histogram). (B) Example of gating strategy for granulocytes in the

blood samples analysed.
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Figure 23 — Flow cytometry assessment of DcR1 and DcR2 negative control MCF-7 cell

line. Flow cytometry demonstrated no significant surface expression of DcR1 or DcR2

in the breast adenocarcinoma MCF-7 cell line. Anti-DcR2 antibody used at 1.5 pg/ml.

Anti-DcR1 antibody used at 12 pg/ml.
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2.5 ImageStream® analysis

The ImageStream® multispectral imaging flow cytometer was used as a method to
visualise the surface protein expression in selected sarcoma cell lines to help support
findings from flow cytometry. Samples were prepared as described in Section 2.4.1.
Data was analysed using the IDEAS® analysis software package. Image Display Mapping
was consistent for all cell lines and set at the following: (X Range Min = 70, Max = 382;

Midpoint x = 220, y = 127) and x-axis scale was set at (Min = 65, Max = 387).

2.6 Immunohistochemistry

Cell line blocks were created courtesy of HistoCyte Laboratories Ltd (Neon Building,
Quorum Park, Newcastle upon Tyne, NE12 8BU provided contract services to process
cells in accordance with their proprietary methods), which contained a number of
sarcoma cell lines (Table 10). The cell numbers were processed to make 1 block of 15
multicores. The position of each cell line core within the block is demonstrated below
(Figure 24). Slides were prepared from this block and they were stained for DR5
(Monoclonal rabbit anti-DR5, D4E9, Cell Signaling Technology, Cat# 8074, 1:100) using
established protocols with aid of Ventana system. Cells were fixed for 2 hours in 10 %
neutral buffered formalin and ultimately processed into wax by standard tissue
processing protocol. Processing was carried out by cellular pathology at the Royal

Victoria Infirmary, Newcastle Hospitals.

Table 10 - Cell lines and numbers for immunohistochemistry. The cell numbers were

processed to make 1 block of 15 cores.

Cell Line Cell Number
FADU ~1.5x1078
MCF7 ~1.2x1078
U20s ~3.75x10"8
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TC71 ~1.2x10"8

SW1353 ~1.5x10"8
BJAB Lex R ~4.6x1077
HEP G2 ~1.2x10"8
SJSA ~1.35x1078

DR4/DR5 block

Cell line Batch
. FaDu FA-0001A
. MCF-7 MCF-0011B

1

2

3.U20S U20-0020A
4.7C71 TC7-0002A
5.SW1353 SW1-0002A
6. BJAB Lex R BJAB-0001B
7.Hep G2 HEP-0001A
8. SJSA 150514/SJS/A

Figure 24 — Example of cell line block created embedded with bone sarcoma cell lines
for Immunohistochemistry (IHC) analysis. All cell lines were stained at the same time.
Batch numbers are an internal coding method to be able to trace the work that has

been performed.

76



2.7 Western blotting

Principle: This is an important technique in molecular biology which distinguishes a
specific protein from a mixture of proteins extracted from cells. Essentially it involves:
(1) separation of the proteins by size, (2) transfer to solid membrane, (3) marking the
protein of interest using primary and secondary antibodies to visualise the size, degree

of expression and number of isoforms on the membrane [178].

2.7.1 Sample preparation

Cell lines grown in 125 mm”2 dishes were harvested by removing media and washing
with PBS and then adding 1 ml radioimmunoprecipitation assay (RIPA) buffer (Thermo
Fisher Scientific) containing 10 ul Halt™ Protease Inhibitor Cocktail (100X) (Thermo
Fisher Scientific). Cells were scraped off and cell lysate collected in an Eppendorf tube
on ice. Samples were sonicated using the MSE Soniprep 150 benchtop ultrasonic
disintegrator (amplitude 10.0, once for 10 seconds). The samples were then
centrifuged (10 minutes at 14000 rpm at 4 °C), the supernatant transferred into a fresh

sample tube and used for western blot analysis or stored at -80 °C until analysis.

2.7.2 Subcellular fractionation

This was performed using the Subcellular Protein Fractionation Kit for Cultured Cells
from Thermo Fisher Scientific as per protocol (Subcellular Protein Fractionation Kit for
Cultured Cells, Cat number:78840). Regent volumes were used according to cell pellet
volume. Cytoplasmic (CEB), membrane (MEB) and nuclear (NEB) extraction buffers
were used maintaining the volume ratio of CEB:MEB:NEB reagents at 200:200:100 pl,
respectively for 20 ul pellet. Briefly, after adding CEB to the cell pellet, samples were
incubated at 4 °C for 10 minutes with gentle mixing using a rotator disk. Samples were
centrifuged at 500 x g for 5 minutes and supernatant transferred to a tube that was

pre-chilled on ice according to the manufacturer’s instructions.

To obtain the membrane protein fraction ice-cold MEB containing protease inhibitors
were added to the pellets. The tube was then vortexed for 5 seconds on the highest

setting and then incubated at 4 °C for 10 minutes with gentle mixing using a rotator

77



disk. The sample was then centrifuged at 3000 x g for 5 minutes. The supernatant was

transferred (membrane extract) to a clean pre-chilled tube on ice.

Finally, to enrich for nuclear proteins, upon addition of protease inhibitors (that
contained NEB and were ice-cold) to the pellet, this was then vortexed for 15 seconds
at the highest setting according to the manufacturer’s instructions. The tube was then
incubated at 4 °C for 30 minutes with gentle mixing using a rotator disk. Then
centrifuged at 5000 x g for 5 minutes. The supernatant (soluble nuclear extract)

fraction was transferred to a clean pre-chilled tube on ice.

2.7.3 BCA protein assay

Principle: Protein concentrations can be evaluated based upon the formation of a

colorimetric complex.

Methods: The Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) was used to
help quantify the concentration of protein in cell lysates. Bovine serum albumin (BSA)
standard vial supplied with the kit was used to produce standard curves (20-2000
ug/ml. The BCA working reagent (WR) was prepared as per protocol. 10 pl each of the
BSA protein standard dilutions and 10 pl each of RIPA containing samples of unknown
concentration (generated as described in 2.7.1 and diluted 1:10 in PBS) were used. The
samples were applied in duplicates to a 96-well plate. 200 ul of the WR was added to
each well (sample to WR ratio = 1:20), the plate was mixed thoroughly, then covered
and incubated at 37 °C for 30 minutes. With the spectrophotometer set to 562 nm, |
subsequently measured the absorbance of all the samples within 10 minutes. A
standard curve was generated and used to quantify the concentration of the unknown

samples (example shown in the Appendix- Chapter 11, Figure 194).

2.7.4 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
Principle: SDS-PAGE is an electrophoresis method in which SDS binds to the proteins
and makes them all uniformly negatively charged and allows protein separation by

mass when they migrate towards the gel towards the positively charged electrode.

Method: Approximately 40 pg of protein was mixed with a tracking dye (Bolt™ LDS

Sample Buffer (4X), Life technologies) and a reducing agent (Bolt™ Sample Reducing
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Agent (10X) 500 mM dithiothreitol (DTT), Life technologies) according to the
manufacturer’s instructions. The samples were heated at 100 °C for 10 minutes.
Denatured protein samples were separated by electrophoresis. Up to 40 ug of total cell
lysate proteins were run on a SDS-PAGE using precast Criterion™ XT Precast
Gels/Extended Shelf Life, 4-12 % Bis-Tris or 4—20 % Criterion™ TGX™ Precast Midi
Protein Gel, 18 well (BIO-RAD) at 100V (BIO-RAD PowerPac™ Basic Power Supply) with
either Bolt™ MES SDS Running Buffer or Tris-Glycine SDS Running buffer respectively
(Novex® by life technologies) until they reached the bottom and then
electrophoretically transferred to a nitrocellulose membrane 0.45 um (BIO-RAD).

Prestained protein marker was utilised (BIO-RAD Precision plus™ Kaeidoscope™).

2.7.5 Protein transfer and antibody incubations

Proteins were transferred onto a nitrocellulose membrane using the BIO-RAD Blot
module with aid of Criterion™ blotter filter paper (BIO-RAD) and Tris-Glycine buffer
(BIO-RAD).

Membranes were then blocked for 1 hour at room temperature using 5 % dry milk
(Marvel Dried Milk) in Tris-buffered saline (TBS). After the blocking step, the
membranes were incubated overnight at 4 °C with primary antibodies diluted in TBS,
0.1 % tween (TWEEN®20, Sigma Aldrich) and 5 % BSA (or according to specific

manufacturer’s instructions).

The membranes were washed with TBS with 0.1 % tween (TBST) three times for 5
minutes each at room temperature and incubated with secondary antibodies, which
were diluted in 5 % milk blocking buffer (1 in 1000) for 1 hour at room temperature.
After secondary antibody incubation, the membranes were washed with TBST three
times and developed using the Clarity™ Western ECL Substrate (BIO-RAD). Membranes

were analysed using the BIO-RAD ChemiDoc™ MP Imaging System.

2.7.6 Antibodies

The antibodies utilised are presented (Table 11). Further details on the antibodies used

and rationale is given in Appendix Section 11.2.
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Table 11 - Primary and secondary antibodies used for western blotting. Abbreviations,

aa = amino acid.

Anti-Rabbit
Immunoglobulins/
HRP

Antibodies Clone Source Dilution | Identifier Immunogen

Primary

Monoclonal rabbit | EPR1659(2) Abcam 1:10000 | Cat# aa 426 to 440

anti-DR5 Recombinant to ab181846

Antibodies 1:50000

Monoclonal rabbit | D4E9 Cell Signaling 1:1000 Cat# 8074 residues

anti-DR5 Technology surrounding
Arg260

Monoclonal mouse | 32A242 Abcam 1:500 Cat# ab13890 | aa 1-20

anti-DR4

Monoclonal rabbit | D9S1R Cell Signaling 1:1000 Cat# 42533 carboxy terminal,

anti-DR4 Technology cytoplasmic
domain of human
DR4

Polyclonal rabbit N/A Abcam 1:500 Cat#t ab8416 aa 388-407

anti-DR5

Polyclonal rabbit N/A Abcam 1:500 to | Cat# ab8414 aa 450-468

anti-DR4 1:1000

Monoclonal rabbit | C92B9 Cell Signaling 1:1000 Cat# 3219 residues

anti- human TRAIL Technology surrounding Lys60

Monoclonal rabbit | D16H11 Cell Signaling 1:1000 Cat# 5174 residues near the

anti-GAPDH Technology carboxy terminus
of human GAPDH

Monoclonal mouse | D4C6R Cell Signaling 1:1000 Cat# 97166 residues near the

anti-GAPDH Technology amino terminus of
human GAPDH

Monoclonal mouse | 4C11 Cell Signaling 1:2000 Cat# 4777 Immunisation of a

anti-lamin A/C Technology recombinant
fragment of human
lamin A protein

Secondary

Polyclonal Goat N/A Agilent Dako 1:1000 Ref: P0447 -

Anti-Mouse

Immunoglobulins/

HRP

Polyclonal Goat N/A Agilent Dako 1:1000 Ref: P0448 -
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2.7.7 Stripping of membranes

Stripping buffer was used (Restore™ PLUS Western Blot Stripping Buffer, Thermo
Fisher Scientific) to strip most high-affinity antigen-antibody interactions and enable
reuse of the membranes to stain for other proteins of interest. Membranes were
incubated in the stripping buffer for 15 minutes at room temperature, thoroughly
washed with TBS with 0.1 % tween (TBST) and then blocked for 1 hour using 5 % dry
milk (Marvel Dried Milk) in Tris-buffered saline (TBS) and incubation with another

primary antibody of interest.
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2.8 Cell proliferation assays

2.8.1 CKK-8 cell proliferation assay

Principle: Resazurin-based and tetrazolium-based assays use the reducing power of
living cells to measure the cell proliferation. However, proliferation assay sensitivities
can differ with regards to the cell numbers present and this is evaluated further (see

Appendix 11.3).

Method: The Wst-8 tetrazolium-based assay, Cell Counting Kit-8 (CCK-8) (Dojindo EU
GmbH), was used to assess the cytotoxic effects of TRAIL ligands on bone sarcoma cell
lines. It is reduced by dehydrogenase activity in cells to give a yellow coloured
formazan appearance, which can be measured using a spectrophotometer. The
benefits of Wst-8 include less toxicity, efficiently reduced by dehydrogenases, highly
sensitive and that it shows faster colour development compared to comparable salts

[179].

The BMG Labtech FLUOstar® Omega plate reader was used to measure absorbance at
488 nm and the survival rate (%) was calculated using the values as per manufacturer’s
instructions [180] according to Equation 2:

. Asamp\e = Ab
Survivalrate (%)= _______ x 100

Ac'Ab

Equation 2 - A sample = absorbance sample A , = absorbance blank, A .= absorbance

negative control.

2.8.2 Analysis of assay efficiency

A Z'-factor score [(1 — AVR (assay variability ratio)] can be calculated to determine the
efficiency of an assay [181] [182]. Also described here:
https://www.graphpad.com/support/faq/calculating-a-z-factor-to-assess-the-quality-

of-a-screening-assay/[183].

Z’'-factor is calculated as follows:
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Z'factor =1 —
f iy — Unl

Equation 3 — Z’ factor equation

Where:

op is the standard deviation of the positive control (staurosporine treated cells)

on is the standard deviation of the negative controls (untreated cells or vehicle only)
Wp is the mean of the positive control (staurosporine treated cells)

Un is the mean of the negative control (untreated cells or vehicle only)

The value should be above 0.5

Table 12 from Iverson et al., 2006 [181] provides further details about the

interpretation of the value:

Table 12 — Z’-factor interpretation

| Z-factor || Interpretation

ll.l’.‘l "Ideal. Z-factors can never exceed 1.

[between 0.5 and 1.0 Hﬁ.n excellent assay.

Ibetween 0 and 0.5 HA marginal assay.

There is too much overlap between the positive and negative

less than O
controls for the assay to be useful.

Assays were undertaken in a 96-well plate. All wells on the periphery were filled with
PBS. The position of the plate in the incubator can also influence the results obtained
due to differing effects on samples that are placed in the periphery. As a test, 6 wells
with staurosporine treated cells and 6 with untreated cells at contralateral sides was
used to examine for this. A graph was plotted to assess for differences in results

between the positive and negative controls in the peripheral wells for the position in

the incubator chosen and no significant differences were observed (Figure 25).
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Plate periphery and proliferation assay outcome in untreated and
staurosporine treated HT1080 pSLIEW cells.

120

Upper left untreated

100 Lower left untreated

Cytotoxicity

20
Lower right staurosporine

Upper left staurosporine

Well number

Figure 25 — Proliferation assay outcome [cytotoxicity (%)] for untreated and
staurosporine treated HT1080 cells in the periphery of the 96-well plate at location of

plate chosen within the incubator.
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2.8.3 Assessment of the quality and performance of screening of cytotoxicity assays
for crosslinked vs non-crosslinked forms of TRAIL and other agents

Throughout the PhD project, cells were seeded into 96-well plates and treated with
different forms of TRAIL and other chemotherapeutic or sensitising agents. An example
96-well plate setup and example absorbance values for HT1080 cell line is

demonstrated (Figure 26) followed by a Z’ factor calculation (Equation 4):

0.04 | 0.06 | 0.07 | 0.06 | 0.06 | 0.06 |0.05 [0.05 |0.18 |0.18 [0.18 | 0.09
0.09 '8 |85 |80 |1.79 |1.77 [1.71 |154 | 152 [1.21 |0.05
0.08 I HN N nNnnmeE
0.06 546 (153 551 (N B B BN B R oos
0.10 042 (049 |Ta0 (N N BN R B BN oo4
0.08 156 | 1'S6 | 158 | 1’53 | 160 | 167 | 158 | 128 | D84 | 0.04
0.14 055 |61 |B63 |60 | T47 |[IS4 | BS2 |86 | D87 | 0.0
0.10 | 0.09 |0.08 | 0.07 | 0.07 | 0.06 |0.06 | 0.05 | 0.05 | 0.05 |0.05 | 0.04

Background - No cells

Yellow — PBS filled wells

Light blue — Untreated samples
- — Staurosporine treated (1 uM)

- — FLAG TRAIL with M2 antibody (0.5 pg/ml) (x 2 technical repeats - highest
concentration on the right)

- — SuperKillerTRAIL (x 2 technical repeats - highest concentration on the right)
- — His TRAIL (x 2 technical repeats - highest concentration at the top)

- — FLAG TRAIL without M2 antibody (x 2 technical repeats - highest
concentration at the top)

Figure 26 — Example 96-well plate setup with TRAIL treated, staurosporine treated and

untreated columns. The numbers indicate absorbance values.
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Z’ factor calculation using the values from Figure 26

Mean Untreated (negative control) = 1.6 Standard deviation Untreated = 0.22

Mean Staurosporine (positive control) = 0.26 Standard deviation Staurosporine = 0.03
3 X (o, + 0,)
|Ir*"-’|:' = Uy |

Z'factor =1-—

Equation 4 — Z’ factor calculation: AVR (Assay Variance Ratio) = 0.6 therefore 1-AVR (Z-

factor) = 0.4 using the absorbance values in Figure 26.

Calculation of survival rate from absorbance values

Survival rate was calculated by using Equation 5 as per cck-8 proliferation protocol -

values in percentage %) (Figure 27) [180]:

. A sample = A b
Survival rate (%) = x 100

Ac'ﬁth

Equation 5 — Calculation of survival rate using absorbance values

A p = absorbance background

A . = absorbance control

=g

I |9 | o8
B4 |pa |Ba
91 |96 |83
B8 b3 (76

B
i —
S
2 8 .
2 3 -
B

Figure 27 — Example of survival rate (%) in each well calculated using the values from

Figure 74.
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2.8.4 Analysis of the mechanism of cell death

Caspase-3 activity was assessed using the NucView 488 Caspase-3 Assay Kit for Live

Cells (Biotium).

Principle: NucView® 488 Caspase-3 substrate enters the cell and is cleaved by caspase-

3 to from a dye that binds DNA and stains the nucleus bright green.

Nucview: NucView® 488 Caspase-3 substrate, 0.2 mM in DMSO (125 pl) was diluted in
5 ml media and 50 pl was added to each well of 96-well plate containing bone sarcoma

TRAIL treated cells.

Effects of caspase inhibition were studied using the cell permeable and irreversible pan
caspase inhibitor z-Val-Ala-Asp-fluoromethylketone (Z-VAD-FMK) (BioVision) and the
reversible caspase-3 inhibitor Ac-DEVD-CHO contained within the NucView® 488
Caspase-3 Assay Kit (Biotium). Necrostatin (RIP1 Inhibitor II, NecS1, Calbiochem) was

used to study the effects of inhibiting necroptosis.

2.8.5 IncuCyte® live-cell imaging

Principle: This system allows real-time assessment of confluency and performance of
cytotoxicity assays within an incubator. This was used to assess cell proliferation over a
time course and the cytotoxic effects of different forms of TRAIL with or without other
agents on the cell lines. IncuCyte images and measurements can be performed several
times as specified in a 24-hour period and data extracted and analysed using the

IncuCyte® Zoom software (Essen BioScience®).

The cell number allowing optimal cell growth over at least 4 days was evaluated and
revealed that cell numbers less than 2000 cells per well in each well of a 96-well to be
sufficient to be able to evaluate the effects of therapy on the exponential phase of cell
growth for an osteosarcoma cell line (U20S), Ewing’s sarcoma cell line (TC71),
chondrosarcoma cell line (SW1353) and a dedifferentiated chondrosarcoma cell line
(HT1080). It also appeared that the rate of growth of the TC71 cells was the greatest,
with about 20 % increase in confluence by 80 hours compared to 10 % for the U20S
and SW1353 cell lines. The well confluency percentage was normalised to the
confluency at time point zero when assessing data obtained (please see Appendix

Section 11.4).
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2.8.6 Graph production and statistics
Graphs were produced with the aid of Microsoft® Excel® 2016 and GraphPad Prism 7 -
for Windows. Statistics and calculation of IC50 values were carried out using GraphPad

Prism 7 - for Windows and IBM SPSS Statistics®.

2.8.7 siRNA knockdown of DR4, DR5, DcR2 and NG2

Principle: Double stranded siRNAs are unwounded into single strands when introduced
(the leading and the lagging strands) the lagging strand is degraded; however, the
leading strand binds to a protein complex known as the RNA-induced silencing
complex (RISC). When the RNA loaded RISC comes into contact with its complementary
strand (target gene mRNA transcript), base pairing occurs which activates a cleavage
mechanism catalysed by a member of the Argonaute protein family. The cleavage of
the target mRNA transcript renders it untranslatable and the particular protein

synthesis is downregulated [184,185].

Methods: The siRNA sequences (sense and antisense) (Sigma Aldrich) used to
knockdown the transcripts of my gene of interest are presented (Table 13). They have
been used and validated before and the target location and the siRNA-targeted

isoforms were all checked using http://projects.insilico.us/SpliceCenter/PrimerCheck

to check that the isoforms of interest were targeted. Bone sarcoma cells were cultured
in a 6-well plate to approximately 60-70 % confluency in 1750 ul of cell culture
medium. 250 pl of cell culture medium with no FBS (basal medium) was used with 2 ul
of Lipofectamine® RNAIMAX Transfection Reagent (Thermo Fisher Scientific) and siRNA
to achieve a final concentration of 100 nM of siRNA. Time course experiments revealed
that 72 hours is an optimal time period to achieve knockdown in the cell lines
investigated. The degree of surface protein knockdown was evaluated using flow
cytometry, as used in previous studies for the assessment of the efficacy of siRNA

[186].

Table 13 -siRNA sequences to achieve knockdown of selected targets.

Gene of Sense/complimentary Antisense/reverse complimentary
interest
DR4 5’-CAGGAACUUUCCGGAAUGACA-3’ 5’-UGUCAUUCCGGAAAGUUCCUG-3’
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DR5 5-GCAAGUCUUUACUGUGGAA-3' 5’- UUCCACAGUAAAGACUUGC -3’

DcR2 5’-GGAUGGUCAAGGUCAGUAA-3’ 5’"UUACUGACCUUGACCAUCC-3’
NG2 5’-GUGGACCAGUACCCUACGG-3’ 5’- CCGUAGGGUACUGGUCCAC-3’
Scrambled/n | 5'-CCTACCAGGGAATTTAAGAGTGTAT-3’ 5’- AUACACUCUUAAAUUCCCUGGUAGG-3’

on-targeting

Greater than 70 % DR5 knockdown (KD) could be successfully achieved in the SJISA-1

and U20S osteosarcoma cell lines. Greater than 70 % DR4 KD could be achieved in the
TC71 Ewing’s sarcoma cell line. Greater than 70 % DcR2 KD in the SISA-1 osteosarcoma
cell line. Greater than 70 % NG2 KD was achieved in both the U20S osteosarcoma and

SW1353 chondrosarcoma cell lines (Sections 5.2 and 7.7).

2.8.8 Clustered regularly interspaced short palindromic repeats (CRISPR) knockout of
DR5 in HT1080 dedifferentiated chondrosarcoma and SW1353
chondrosarcoma cell lines

Principle: As stated by Ran et al. (2013) genome engineering technologies ‘include zinc-
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and
the RNA-guided CRISPR-Cas nuclease system’. CRIPSR-Cas is utilised by bacteria to
cleave foreign genetic elements. Cas9 is a nuclease guided by small RNAs via base
pairing with the target DNA. Cas9 stimulates a double strand break (DSB) at the target
locus and the repair process can either be ‘through non-homologous end joining
(NHEJ), or homologous directed repair (HDR)’ as stated in a protocol by Ran et al.
(2013). NHEJ can mediate gene knockouts via indels that occur within the coding exon
resulting in frameshift mutations and premature stop codons. HDR occurs at lower
frequency and can be used to generate a defined modification in the presence of a

repair template [187].

The Cas9 can either be delivered as gRNA or protein. The guide RNA (gRNA) directs the
Cas9 to the desired site in the genome for editing. | selected gRNAs to enable knockout

of the DR5 gene. Selection of gRNA was carried out using the Thermo Fisher GeneArt
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CRISPR Search and Design Tool (https://www.thermofisher.com/uk/en/home/life-
science/genome-editing/geneart-crispr/geneart-crispr-search-and-design-tool.html)

(Figure 28).

ThermoFisher ign In i
SCIENTITIC [Eiuns |v| search Q ContactUs ~ Signin~ Quick Order 7

GeneArt CRISPR Search and Design Tool

CRISPR Products and Services
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Products and Services
CRISPR-Cas9 101
CRISPR Protein

CRISPR gRNA
CRISPR Transfection SEARCH ano DES|GJ

CRISPR Libraries & Reagents

Cas9 Lentivirus Instant access to over 600,000 pre-design CRISPR gRNAs

CRISPR Controls Search our database of 600,000 predesigned CRISPR guide RNAs (gRNAs) targeting human and mouse genes or
CRISPR Design Tool analyze your sequence of interest for de novo gRNA designs using our proprietary algorithms. We provide up to 25 gRNA
CRISPR mRNA sequences per gene with recommendations based on potential off-target effects for each CRISPR sequence. Once you've

selected the optimal gRNA designs, purchase your gRNAs and other recommended products for genome editing directly

CRISPR Plasmids from the Web tool.

CRISPR Workshop

Request more information Get started now Download Quick Reference Guide

Related Products - =
Before getting started, ensure the following:
TAL Effector Technology

1). Is your browser supported? Thermo Fisher Cloud includes the latest data security and display features that require
RNAI Technology

the use of one of the following browsers/versions:
Detection & Analysis Tools

« Internet Explorer 10 and newer
= Google Chrome 23 and newer

Figure 28 — Thermo Fisher GeneArt CRISPR Search and Design Tool
(https://www.thermofisher.com/uk/en/home/life-science/genome-editing/geneart-

crispr/geneart-crispr-search-and-design-tool.html).

The following reagents, primers and equipment were utilised as part of the CRISPR

workflow to knockout human DR5. Human HPRT1 was used as a control:

In vitro transcription (IVT) primers:

IVT-TNFRSF10B-gRNA-T1-fwd
TAATACGACTCACTATAGGACAACGAGCACAAGG
IVT-TNFRSF10B-gRNA-T1-rev
TTCTAGCTCTAAAACAGACCCTTGTGCTCGTTGT

Genome cleavage detection (GCD) kit primers:

GCD-Set1-TNFRSF10B-gRNA-T1-fwd
AAGGAAGGGAGGGAAAGAAAGG
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GCD-Set1-TNFRSF10B-gRNA-T1-rev
TACACCGACGATGCCCGAT

GeneArt™ Platinum™ Cas9 Nuclease (1 pg/ul); GeneArt™ CRISPR Nuclease mRNA (15
ug). Lipofectamine™ CRISPRMAX™ Cas9 Transfection Reagent; GeneArt™ Precision
gRNA Synthesis Kit; Lipofectamine™ MessengerMAX™; Opti-MEM™, Reduced Serum
Medium; E-Gel™ iBase™ and E-Gel™ Safe Imager™ Combo Kit (UK only) to be used with
E-GEL EX GELS; 2 %. Qubit™ RNA BR Assay Kit; RNA Century(TM)-Plus Markers; RNA
Loading Dye; E-GEL 1 KB Plus DNA Ladder.

The GeneArt™ Genome Cleavage Detection (GCD) kit (Thermo Fisher Scientific) is a
semi-quantitative DNA mismatch detection assay. The kit is used to detect
heterozygous mutations and determine the efficiency of the editing process and works

on the following principles:

1. gDNA extraction (depends on product used) and PCR-amplification of the target
region

2. Denature dsDNA amplicons

3. Re-annealing, with mutant and wild-type duplex formation

4, Enzymatic cleavage of heteroduplex dsDNA

5. DNA electrophoresis

6. Band densitometry to measure efficiency

gRNA synthesis

Procedure:

Part 1 — PCR Assembly of In vitro Transcription Template (1 hour)
Prepare a 0.3 uM solution of PCR primers for each gene target and the positive control

as listed below (Table 14).
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Table 14 — Primers used to produce gRNA to target desired gene.

Component Kit Positive Target 1
Control TNFRSF10B
(HPRT1) (DR5)

10 pM 3.3ul 3.3ul

Target-

specific Oligo

mix, Fwd +

Rev Primers

Nuclease- 96.7 ul 96.7 ul

free water

Total 100 pl 100 pl

Transfection procedure

The following protocol presented gives information on transfection procedure and

plate setup with use of appropriate controls.

1. Remove old media & add 0.5 ml fresh media from the individual wells in a 24-well
plate. Cells were seeded at 1x10/5. Cell confluency was 60-70 % at time of
transfection.

2. Obtain 7 sterile Eppendorf tubes, the specific gRNA, Opti-MEM | Medium, Cas9
mMRNA, and Lipofectamine MessengerMAX reagent.

3. To the first tube, add Opti MEM | medium and Lipofectamine MessengerMAX

Reagent as indicated in the table below (Table 15).
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Table 15 - Lipofectamine and basal media quantity for transfection of Cas9 mRNA-

gRNA complex or Cas9 protein—gRNA complex. Cas9 mRNA was used for KO of DR5.

Tube 1 Tube 2
Lipid Dilution Lipid Dilution
Lipofectamine
MessengerMAX 13.2 pl 0
reagent (for
mRNA)
Lipofectamine
CRISPRMAX (for 0 6.6 ul
protein)
Or:: d';:'jan 220 ul 110

4. After adding both components, mix well by vortexing and incubate at room
temperature for at least 5 minutes.
5. Inthe other 5 sterile tubes, prepare the dilutions of each reagent in Opti-MEM |

medium as listed in the table below (Table 16).

Table 16 - Constituents of tubes for Cas9 mRNA or Cas9 protein with gRNA to form the
Cas9 mRNA-gRNA complex or Cas9 protein—gRNA complex respectively for individual

wells including use of appropriate control samples.

Volumesare | rpeq | Twbe2 [ g
a/2/272/2 | €39 (MRNA) gom Cas9 mRNA
. + gRNA1 Y Only Ctrl
reactions Control
Opti-MEM | 100 pl 50 pl 50 pl
Cas9 Nuclease 2 ul 0 1ul
mRNA (1 pg) (1 pg)
Cas9 Nuc.Iease 0 0 0
protein
2.5 ul 1.25 ul (250
RNA 0
& (250 ng) ng)
Plus reage_nt 0 0 0
(for protein)

6. After mixing together the above components, vortex each tube briefly to mix.
7. Add diluted MessengerMAX Reagent from Tube 1 to each of the other vials as
listed below (Table 17).
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Table 17 - Combination of Cas9 mRNA—gRNA complex or Cas9 protein—gRNA complex

with transfection reagent.

* Volumes are Tube 1 Tube 2
Tube 3
for Cas9 gRNA1 Cas9 mRNA
4/4/2/2 (mRNA) + Only Only Ctrl
reactions gRNA1 Control
Tube 1, Diluted
Lipofectamine
MepssengerMAX 100l 0wl 0wl
reagent
Tube 2, Diluted
Lipofectamine
CRISPRMAX 0 0 0
reagent

8. Mix gently by pipetting up and down or tapping the tube with your finger.
Vortexing not recommended here.

9. Incubate all tubes at room temperature for 10—15 minutes. The CRISPR/lipid
complexes form in this step.

10. Add 50 pl from the appropriate tube to each well of the 24-well plate already
containing 0.5 ml media. After each addition, swirl the media very gently over the
cells to mix.

11. Incubate the cells in a humidified 37 °C, 5 % CO2 incubator for 40-48 hours.
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Genome cleavage detection assay

Genome cleavage detection (GCD) assay assessment of DR5 gRNA editing efficiency

HT1080 SW1353

DNA Ladder -gRNA +gRNA  -gRNA  +gRNA

-

-

Figure 29 — GCD assay and DNA electrophoresis (using E-Gel® EX Invitrogen system, 2
% agarose) to confirm presence of cleaved DNA products and degree of efficiency of
editing in cell lines with an indel created by CRISPR Cas9. (a) DNA ladder, (b) HT1080
no gRNA (-gRNA), (b) HT1080 plus gRNA (+gRNA), (c) SW1353 no gRNA (-gRNA), (d)
SW1353 plus gRNA (+gRNA). On inspection, there is about 50 % efficiency indicated by

the top band in lanes (c) and (e) in relation to the bands in (b) and (d) respectively.
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SW1353 DR5 CRISPR KO negative population selection using FACS

The DR5-ve SW1353 population of interest was defined and sorted using fluorescence-
activated cell sorting (FACS) (Figure 30). The cells were seeded into a 6-well plate and

cultured further.

Sample Mame Subset Mame | Count

1 CRISPR edited cellz_5W1353 CRISPR mRNA DRS_D0G.fes | Ay 305

250 — CRISPR edited cellz_5W1353 CRISPR mRNA ITC_D0S fos | Ay a7
i 1| CRISPR edited cells_SW1353 CRISPR mRNA US_004.fes | Aty 2311

200 = |

150
1 250K

100 =

50 -_‘ N-//
U . J\I L L T T T [In

Count

PE DRS, FSC-A subset CRISFR KO
415

200K =

’JI: 150!(-_
Ty T |ﬂ LLLL Ty Ty a
1UD 10l 10" 103 104 105 L ]
100k =
438 585_42-A 1 PEDRS 1
SUK- :

455 555_42-4 : PEDRS

CRISPR edited cells_SW1353 CRISPR mRMA DRS_D06 fes
AW
8303

Figure 30 - Two populations (SW1353 DR5 positive and negative subsets) could be
observed using FACS and the negative cells (approx. 42 %) were sorted into a 6-well

plate.
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After cell sorting, SW1353 cells were again stained with anti-DR5 and the negative

population confirmed using flow cytometry (Figure 31).
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Figure 31 — DR5 negative SW1353 population (orange), isotype control (blue),
unstained (red).

Cells were then sorted into single cell clones in a 96-well plate, with few clones

selected and then grown in culture and frozen to be used when required.
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HT1080 DR5 CRISPR KO negative population selection using FACS

The DR5-ve HT1080 population of interest was defined and sorted using FACS (Figure

32). The cells were seeded into a 6-well plate and cultured further.

4 Sarnple Marme Subset Mame Cournt
i 33557 fos ORS CRISPR treated HT10G0 celly 2107
i 3B5TT fos ITC HT1020 cells T
300 = 0| 326476 foz Unstained HT10E0 cells 4192
E | |
=4 200 = |
=1
o g | .
p | 250K =
100 - ] DR3 negative, FSC-4A subset
i 200K = 617
Nl L — PR
10? 10! 10° 1’ i’ 10? 7 ]
1
433 585_42-A  PECRS 100K =

LI 10 B R L1 N NREY BN DLl BN R
-

1’ 10! i 1w 1t 10°

455 585_42-4  PEDRS

3335578 fes
DRS CRISPR treated HT1080 cells
8107

Figure 32 — Two populations (HT1080 DR5 positive and negative subsets) could be
observed using FACS and the negative cells (approx. 62 %) were sorted into a 6-well

plate.
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After cell sorting, HT1080 cells were again stained with anti-DR5 and the negative

population confirmed using flow cytometry (Figure 33). Cells were then sorted into
single cell clones in a 96-well plate.
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Figure 33 — DR5 negative HT1080 population (orange), isotype control (blue),
unstained (red).
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2.9 Harvesting of human bone marrow-derived mesenchymal stem cells (BMMSCs)

Human bone marrow-derived mesenchymal stem cells (BMMSCs) were derived from
patients undergoing total hip arthroplasty (THA) using the protocol below. Ethical

approval was obtained for this process.

Reagents

DMEM (1000 mg/ml glucose) — Sigma D5546

bFGF — Millipore GFO03 10 pg/ml — used at 8 ng/ml

Batch tested FBS — Sigma (Birch -20 °C)

Ficoll-Paque (1.077 g/ml; GE Healthcare 17-5442-02)

Dulbecco’s PBS containing Pen/Strep (100 U/ml and 100 pg/ml respectively)

MSC Wash Buffer —5 mM EDTA /0.2 % BSA/Pen/Strep/D-PBS

MSC Culture medium — DMEM (1000 mg/ml glucose)/ 20 % FCS/Pen/Strep/Glutamine

Method - Isolating MSCs from femoral heads

1. Working in a Class Il tissue culture hood, thoroughly clean bone pliers with 70

% ethanol, or sterilise by baking.

2. Place the femoral head on a large sterile petri dish.

3. Wearing protective steel mesh gloves (blue glove/steel glove/blue glove), use
the bone pliers to dissect out the trabecular bone fragments from the

medullary cavity.

4. Mince the fragments thoroughly, and place in a 25 ml universal tube containing

10 ml of D-PBS/Pen/Strep.

5. Pass this mixture through a 100 um cell strainer into a 50 ml Falcon tube.

Discard the solid material left in the strainer.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Add 10 ml of Ficoll to a 50 ml Falcon tube.

By ‘kissing’ the tubes, carefully layer the cell mixture over the Ficoll.

Centrifuge at 800 x g, 40 minutes, room temp (or 895 x g, 30 minutes).

Mononuclear cells are isolated at the gradient interface as a buffy coat.

Fat may collect on top of the gradient — carefully remove this with a 1 ml

Gilson.

Carefully remove the buffy coat (with a 1 ml Gilson) into 10 ml MSC wash
buffer.

Collect cells by centrifugation (200 x g, 10 minutes, room temp).

Resuspend the cell pellet in MSC wash buffer and collect cells as before.

Resuspend the cell pellet in 4-5 ml of MSC medium, and culture in a T25 flask as
normal. Since this suspension contains a heterogeneous mix of cells, we do not
routinely perform a cell count. Published densities are in the range of 0.5 - 2 x

1075/cmA2.

MSCs will adhere within 24 hours. Macrophages and HSCs should remain in

suspension.

After 24-36 hours, remove and discard the suspended cells. Since the MSCs
attach to the flask very firmly, you can wash the flask to remove any loosely

attached macrophages by blasting the flask surface with MSC medium.

Add fresh medium to the flask, with 8 ng/ml bFGF. Replace the medium every
72 hours, adding bFGF each time.

Although the flask may initially look completely empty, a T25 flask should be 70
% confluent within 10-14 days. The cells can then be passaged with trypsin-

EDTA and expanded/frozen as normal.

MSCs will remain multipotent until approximately passage 8-10.
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2.10 In vivo studies

2.10.1 Introduction and justification of use

The complex microenvironment and vasculature found in mammalian species can have
a profound effect on the activity of tumour cells and interacting compounds
(therapeutics) and cannot be extensively modelled in laboratory cell culture. Therefore
prior to translating a therapeutic into phase one trials in humans, in vivo evidence of
efficacy is required. We have precedent in the published data from our German
collaborators showing the therapeutic potential of targeted TRAIL therapeutics in other
colorectal models [188,189] and therefore, the utilisation of the orthotopic mouse
model of bone sarcoma at our institution, which has been validated using bone sarcoma
cell lines [190] is an obvious step forward. A key feature of our model is the use of bone
sarcoma cells transduced to express luciferase. This allows us to monitor tumour growth
using the in vivo imaging system (IVIS) in order to obtain real time information on
response to therapy and to avoid tumours reaching an excessive size. The mouse strain
used is the immunodeficient NSG (Jax® mice strain name: NOD.Cg-Prkdcscd
112rgtm1vi'/Sz)) and mean age of implantation into the distal femur was 12 weeks. In
summary, the mouse model was necessary to help validate the use of targeted TRAIL

therapeutics as a treatment modality for bone sarcoma.

2.10.2 Ethics for animal experiments

All animal studies were carried out in accordance with the UK Home Office Animals
(Scientific Procedures) Act (ASPA) 1986 for the use of animals in scientific procedures
and will be performed by personnel who have completed approved Home Office training
and hold current personal licences under the Animals (Scientific Procedures) Act 1986.
Our laboratory has a current Home Office project licence (P74687DB5), which expires in
November 2023 and incorporates a harm-benefit analysis. Our laboratory implemented
the 3Rs principles and best practice in our in vivo procedures. Studies are continually

reviewed by the Newcastle University animal welfare and ethical review body (AWERB).

Animals were kept under specific pathogen free conditions, and all experimental
manipulations with mice were performed under sterile conditions in a laminar flow hood
except imaging. Intrafemoral injections and all imaging procedures were performed on

anaesthetised mice and all efforts made to minimise suffering. All of my work
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incorporates the principles of Animals in Research: Reporting In Vivo Experiments

(ARRIVE) guidelines [191].

2.10.3 Methodology and pilot data

2.10.3.1 Establishment of xenografts using the DR5 and NG2 positive HT1080
dedifferentiated chondrosarcoma cell line

| carried out an engraftment study to assess if the HT1080 cell line would engraft into
bone and successfully achieved 100 % engraftment of the HT1080 cell line into the
femora of 6 NSG mice, following intrafemoral injection. CT imaging of the mice

demonstrated destruction of the femur consistent with engraftment (Figure 34).

Figure 34 - Micro CT demonstrating bony destruction and thinning of the

right femur 6 weeks following intrafemoral injection of HT1080 cell line
(red arrows) compared to the normal/noninjected bone of the left femur

(white arrow).

The in vivo imaging system (IVIS) was used to monitor tumour growth in the engrafted
HT1080 cells transduced to express luciferase (HT1080 pSLIEW) using the same method

described to transduce leukaemic cells with pSLIEW [192]. Flow cytometry analysis
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demonstrated satisfactory levels of expression prior to engraftment (Figure 35).
Alongside traditional tumour size measurements using calipers, the IVIS indicates the
tumour volume doubling time and, therefore, the optimal time for administration of
therapeutics followed by precise monitoring of the response. | found reliable
engraftment and a quantifiable signal from 2 weeks onwards (Figure 36). The degree of
signal was quantified as total flux in photons per second (p/s) using the Living Image®

3.2 software.
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Figure 35 — Flow cytometry analysis cells of HT1080 bone sarcoma cells transduced to

express luciferase (HT1080 pSLIEW) demonstrating majority of cell population contains
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pPSLIEW vector, which carries the luciferase and GFP gene allowing the cells to express

GFP (detected by 488 530 _30-A bandpass filter).

Week 1 —> Week 4
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Color Bar
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Max = 2,008

Figure 36 - Mouse with HT1080 pSLIEW cells engrafted into the femur demonstrating a
stable, quantifiable IVIS signal in the region of engraftment from week 2 post

implantation.

This will allow me to administer and monitor the effectiveness of the NG2 targeted TRAIL
versus controls, which will include non-targeted TRAIL and vehicle only (phosphate
buffered saline). Six to eight mice were used in each study arm and randomisation was
performed as per ARRIVE guidelines. Maximum tumour size allowed was 1 cm at the
primary site before administration of the therapeutics. Optimal timing of administration
was at 2 weeks from implantation according to my pilot study. Tumour size could be
monitored by caliper measurements, IVIS and CT imaging (1-2 weekly) for up to 30 days.

Mice were euthanised by the schedule 1 method.
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Chapter 3. Characterisation of bone sarcoma cell lines for death receptor
(DR) and decoy receptor (DcR) expression
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3.1 Introduction

Bone sarcoma cells have been found to express death receptors (DRs) and
recombinant human TRAIL (rhTRAIL) and DR4/DR5 agonists have been used in clinical
studies for sarcoma to induce cell death; however, promising in vitro and in vivo
findings have not translated clinically, and clinical trials have not progressed beyond
phase 2. In addition to DR expression, other factors that can confer resistance to TRAIL
therapy include decoy receptor (DcR) expression and upregulation of the inhibitor of
apoptosis proteins (IAPs). More recent studies have described resistance mechanisms
to TRAIL in bone sarcoma and other malignancies through upregulation of c-myc, NF-

kB, H-Ras and Akt as discussed in the introductory chapter.

Furthermore, correlation of the expression status of DRs with clinical parameters
revealed predominantly DR5 and occasionally also DR4 are negative prognostic
markers [156]. This has been described more recently in non-small cell lung cancer
(NSCLC) [193]. Nuclear localisation of DR5 has also been observed in TRAIL-resistant
tumour cells such as the human hepatocellular carcinoma cell line HepG2 [156,194].
Stimulation of DR5 is generally thought to induce apoptosis; however, the exact role of
DR5 at the tumour site is unclear. Furthermore, the function of decoy receptors (DcRs)
has been debated in the literature; however, they are generally thought to reduce the

efficacy of TRAIL binding to the DRs.

The aims of this chapter are to:

1. Examine death receptor (DR) and decoy receptor (DcR) transcriptomic differences in

bone sarcoma and non-malignant cell lines.

2. Investigate the death receptor 4 and 5 (DR4 and DR5) total protein and surface

expression levels in bone sarcoma and non-malignant cell lines.

3. Examine decoy receptor (DcR) surface expression.
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3.2 Quantification of TRAIL receptors DR4 and DR5 on mRNA level using quantitative
Real-Time Polymerase Chain Reaction (qRT-PCR)

3.2.1 mRNA expression levels of DR4 and DR5 level in various bone sarcoma cell lines
Various bone sarcoma cell lines were analysed for their mRNA expression by RT-qPCR.
Osteosarcoma (U20S, SISA-1 SAOS-2, MG63), Ewing’s sarcoma (TC71),
chondrosarcoma (SW1353) and dedifferentiated chondrosarcoma (HT10180). Primer
selection and quantitative real-time polymerase chain reaction (qRT-PCR) settings are
detailed in the methods (Section 2.3). Positive and negative control cell lines used are
detailed in Section 2.1.2. High DR4 transcript levels were found in osteosarcoma
(MG63 and SAO0S-2) cell lines and Ewing’s sarcoma (TC71) cell line. High DR5 mRNA
transcript levels were found in the osteosarcoma (MG63 and SJSA-1) cell lines and
dedifferentiated chondrosarcoma (HT1080) cell line. Overall DR4 is expressed less than

DR5 levels (Figure 37).
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Figure 37 — qRT-PCR used to determine DR4 and DR5 mRNA transcript levels in bone sarcoma cell lines and normal human dermal fibroblast (NHDF)
cell line. (A) For DR4 mRNA transcript levels, the MCF-7 breast carcinoma cell line was used as a positive control. The FaDu pharyngeal carcinoma cell
line was used as a negative control. (N = 3). (B) For DR5 mRNA transcript levels, the human hepatocellular carcinoma HepG2 cell line was used as a
positive control. The Burkitt’s lymphoma BJABLexR cell line was used as a negative control. (N = 3).
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3.2.2 Decoy receptor (DcR) 1 and 2 mRNA levels in various bone sarcoma cell lines

The RT-gPCR data in this study revealed the DcR1 levels to be highest in the U20S cell
line. The SISA-1 osteosarcoma cell line expressed the greatest DcR2 mRNA levels
(Figure 38). This correlated to the elevated surface levels found using flow cytometry
(see Section 3.3.3.3). The SISA-1 cell line has also been quite TRAIL resistant and
increased DcR2 could be a potential mechanism for resistance. The cell line, however,
is also known to have elevated MDM2 — an inhibitor of p53. There was less of a
correlation between DcR1 transcript levels and surface protein levels. Further

investigation of protein expression levels would include performing western blotting.
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Figure 38 — qRT-PCR used to determine decoy receptor 1 (DcR1) and decoy receptor 2 (DcR2) mRNA transcript levels in bone sarcoma cell lines and
normal human dermal fibroblast (NHDF) cell line. (A) Decoy receptor 1 (DcR1) mRNA transcript levels were elevated in the U20S osteosarcoma cell

line and the normal human dermal fibroblast (NHDF) cell line. (B) Decoy receptor 2 (DcR2) mRNA transcript levels were most elevated in the SISA-1

osteosarcoma cell line.
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3.2.2.1 Osteoprotegerin (OPG)

OPG levels have been investigated as a resistance mechanism to TRAIL therapy [195].
However, the levels of OPG required to stop signalling is unclear. Cell lines more
resistant to TRAIL therapy have included the NHDF cell line and the SW1353
chondrosarcoma, SJSA-1 osteosarcoma and SAOS-2 osteosarcoma cell lines (Chapter
4). High OPG transcript levels were found in a non-malignant cell line of mesenchymal
origin (NHDF) (Figure 39) and supports a previous study reporting high levels in other
non-malignant cells such as BMMSCs [195] and a potential role in conferring
resistance; however, further studies would be required to assess cell surface and

shedded OPG protein levels.

OPG RNA expression (n=3)

Fold change (ZDE"TA CT) compared to HPRT1

Figure 39 — qRT-PCR used to determine OPG mRNA transcript levels. Elevated levels
were found in the normal human dermal fibroblast (NHDF) cell line in comparison to

bone sarcoma cell lines.
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3.3 Quantification at the protein level using western blotting and flow cytometry

3.3.1 Western blotting

3.3.1.1 Death receptor 4 (DR4) is present in bone sarcoma and non-malignant cell
lines

DR4 total protein levels were assessed by western blotting. Death receptor 4 (DR4)
expression was strongly expressed in the TC71 Ewing’s sarcoma cell line followed by

the MG63 and SAOS-2 osteosarcoma cell lines cell lines (Figure 40 and Figure 41).

50kD3 w— - ’ ]_ DR4

37K03 m—

S S S S S S S GAPDH

Figure 40 - Western blot analysis of DR4 receptor expression in bone sarcoma cell lines
(DR4 predicted size: between 50-60 kDa). 40 ug of total cell lysate loaded. Mouse anti-
human DR4 primary antibody, Abcam [32A242] (ab13890). High expression is found in
the TC71 Ewing’s sarcoma cell line followed by the SAOS-2 osteosarcoma cell line. CS =

chondrosarcoma, ES = Ewing’s sarcoma, OS = osteosarcoma.
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Figure 41 - Western blot analysis of DR4 receptor expression in bone sarcoma cell
lines. High DR4 receptor expression found in the MG63 and SAOS-2 osteosarcoma cell
lines compared to the SISA-1 osteosarcoma cell line. 40 pg of total cell lysate loaded.

Mouse anti-human DR4 primary antibody, Abcam [32A242] (ab13890).
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Figure 42 - Western blot analysis of DR4 receptor expression in bone sarcoma cell
lines. High DR4 receptor expression in the Ewing’s sarcoma TC71 cell line compared to
the U20S osteosarcoma cell line, SW1353 chondrosarcoma cell line and Jurkat cells
[167,168] (an immortalised human T lymphocyte cell line reported to be negative for
DR4) [196,197]. 40 pg of total cell lysate loaded. Mouse anti-human DR4 primary
antibody, Abcam [32A242] (ab13890).

3.3.1.2 Death receptor 5 (DR5) is present in bone sarcoma and non-malignant cell
lines

Death receptor 5 (DR5) is expressed as long and short isoforms in bone sarcoma and
non-malignant cell lines (potential function of the isoforms is further discussed in
Section 3.4). The MG63 osteosarcoma cell line and HT1080 dedifferentiated

chondrosarcoma cell line expressed the greatest levels of DR5 (Figure 43 to Figure 47).
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Figure 43 — Western blot analysis of DR5 receptor expression in bone sarcoma cell
lines. The HT1080 dedifferentiated chondrosarcoma cell line expresses the greatest
guantities of DR5, particularly the short isoform in comparison to the other bone
sarcoma cell lines. The TC71 Ewing’s sarcoma cell line also expresses DR4. 40 ug of
total cell lysate loaded. Rabbit anti-human DR5 monoclonal antibody, Cell Signaling

Technology (CST) (D4EP) XP® Rabbit mAb.
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Figure 44 - Western blot analysis of DR5 receptor expression in bone sarcoma cell

lines. Long and short isoforms of DR5. The MG63 osteosarcoma cell line and the
normal human dermal fibroblast (NHDF) cell line express a high level of DR5. The NHDF
cell line also expresses a high quantity of the short isoform compared to the long.
SW1353 = chondrosarcoma cell line; BMMSCs = bone marrow-derived stem cells;

Jurkat cells were used as a control for the short and long isoforms of DR5. 40 ug of
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total cell lysate loaded. Rabbit anti-human DR5 monoclonal antibody, Cell Signaling

Technology (CST) (D4EP) XP® Rabbit mAb.

MG63 SAOS-2 SJ5A-1
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Figure 45 - Western blot analysis of DR5 receptor expression in three osteosarcoma

DR5 long isoform

DRS short isoform

GAPDH

cell lines (MG63, SAOS-2 and SJSA-1). Two isoforms can be observed (long and short) in
all cell lines with strongest expression in the MG63 cell line. They can be pre-processed
or processed forms of DR5. 40 ug of total cell lysate loaded. Rabbit anti-human DR5

monoclonal antibody, Cell Signaling Technology (CST) (D4EP) XP® Rabbit mAb.
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Figure 46 - Western blot analysis of DR5 receptor expression in bone sarcoma cell
lines. Strong expression can be seen in the SW1353 chondrosarcoma and TC71 Ewing’s
sarcoma cell lines compared to the U20S osteosarcoma cell line. Both isoforms are
present; however, the shorter isoform appears to be more prominent. 40 ug of total
cell lysate loaded. Rabbit anti-human DR5 monoclonal antibody, Cell Signaling

Technology (CST) (D4EP) XP® Rabbit mAb.
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Figure 47 — Western blot analysis of DR5 receptor expression in the HT1080

dedifferentiated chondrosarcoma cell line. Very strong expression of DR5 in the
dedifferentiated chondrosarcoma HT1080 cell line. 40 ug of total cell lysate loaded.
Rabbit anti-human DR5 monoclonal antibody, Cell Signaling Technology (CST) (D4EP)
XP® Rabbit mAb.

3.3.2 High DRS5 expression in HT1080 dedifferentiated chondrosarcoma cell line in all
compartments

Protein expression was analysed using western blotting in the cell membrane,

cytoplasm and nuclear fractions.

3.3.2.1 Death receptor 5 (DR5) in membrane subfraction

Membrane DR5 receptor expression was strongest in the dedifferentiated
chondrosarcoma HT1080 cell line followed by the NHDF and SISA-1 cell lines (Figure
48).
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Figure 48 - Western blot analysis of DR5 receptor expression in bone sarcoma cell lines
Membrane portion of subfractionation demonstrated membrane DR5 receptor
expression is strongest in the dedifferentiated chondrosarcoma HT1080 cell line. Two
bands were visible and this is likely to represent the two isoforms (short and long) of
DR5 described, with greater expression of the short in the HT1080 cell line. Both are
slightly apparent for the NHDF and SJSA-1 cell lines. 20 pg of total cell lysate loaded
DR5 monoclonal antibody rabbit, anti-human, Abcam® Recombinant Antibodies,

[EPR1659(2)] (ab181846).

3.3.2.2 Death receptor 5 (DR5) in nuclear subfraction

In the nuclear subfraction, DR5 was mainly seen in the HT1080 cell line (Figure 49).
Lamin A/C was used as the housekeeping protein for this fraction. Increased levels of
nuclear DR5 has been related to increased aggressiveness via the inhibition of

microRNA maturation [194].
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Figure 49 - DR5 expression is elevated in the dedifferentiated chondrosarcoma HT1080

37kDa -

cell line compared to the other bone sarcoma cell lines in the nuclear subfraction. 20
ug of total cell lysate loaded DR5 monoclonal antibody rabbit, anti-human, Abcam®

Recombinant Antibodies, [EPR1659(2)] (ab181846).

3.3.2.3 Death receptor 5 (DR5) in cytoplasmic subfraction

In the cytoplasmic subfraction, elevation in the expression of DR5 could again be seen
in the HT1080 dedifferentiated chondrosarcoma cell line compared to the

osteosarcoma (U20S) cell line and Ewing’s sarcoma (TC71) cell lines (Figure 50).

HT1080 TC71 u20s
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Figure 50 - In the cytoplasmic subfraction elevation in the expression of DR5 could
again be seen in the HT1080 dedifferentiated chondrosarcoma cell line compared to
the osteosarcoma (U20S) cell line and Ewing’s sarcoma (TC71) cell lines. 20 g of total
cell lysate loaded DR5 monoclonal antibody rabbit, anti-human, Abcam® Recombinant

Antibodies, [EPR1659(2)] (ab181846).
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3.3.3 Surface expression of death receptor 4 and 5 (DR4 and DR5) and decoy
receptors 1 and 2 (DcR1 and DcR2)

Flow cytometry was used to detect surface levels of DR4, DR5, decoy receptor 1 (DcR1)
and decoy receptor 2 (DcR2) in sarcoma and non-malignant cell lines. Examples of the
gating strategies used to exclude the doublets and dead cells are described in Section
2.4. The degree of DR or DcR surface protein expression on bone sarcoma cell lines
was visualised and presented pictorially using histogram plots. The median
fluorescence intensity (MFI) for surface receptor expression was calculated using
FlowJo™ software (BD, Becton, Dickinson & Company), and the MFI for the isotype
control was subtracted from this as a measure of degree of expression [MFI(S)-
MFI(Isotype control)]. Examples of this are demonstrated in our DR4 and DR5 positive

control cell lines (Section 2.1.1) and the TC71 Ewing’s sarcoma cell line (Figure 51).

Bone sarcoma cell lines

Ewing’s sarcoma cell line (TC71)

] —
—
z [ [2] Anti-DRa £ A ANtl-DRS
8 [ || Control IgG1k o [ l\ |W] control 1g61k
r.: M| unstained /.\l \ [W] unstained
. / i ‘.‘ )
DR4 DR5
Median Fluorescence Intensity (MFI) stained = 133 Median Fluorescence Intensity stained (MFI) = 339
MFI (Unstained) = 28 MFI (Unstained) = 28
Stained — unstained = 105 Stained — unstained = 311

Figure 51 — Flow cytometry analysis for surface expression of DR4 and DR5 in the TC71
Ewing’s sarcoma cell line. Degree of expression presented as histogram plots and

guantified using MFI. After subtracting background fluorescence, DR5 is expressed to a

greater extent (311) than DR4 (105).
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3.3.3.1 Surface expression of DR4 and DR5

Surface DR4 is present in all bone sarcoma cell lines and was found to be the greatest
in the TC71 Ewing’s sarcoma cell line. Surface DR5 is greatest in the HT1080
dedifferentiated chondrosarcoma cell line, followed by the MG63 and SISA-1

osteosarcoma cell lines (Figure 52).
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Figure 52 — DR4 and DR5 surface expression levels determined using flow cytometry. (A) For DR4, FaDu = pharyngeal carcinoma cell line, which is the
negative control. Normal human dermal fibroblast (NHDF) is the non-malignant cell line (N = 3). (B) For DR5 surface expression levels (mean +/-SEM;

n = 4). Burkitt’s lymphoma cell line (BJAB LexR) was used as a negative control. Normal human dermal fibroblast (NHDF) is the non-malignant cell line
(N=4).
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3.3.3.2 Surface expression of DR4 and DR5 in non-malignant cell lines

Surface expression of DR4 and DR5 was evident in non-malignant cell lines. DR5

surface levels were expressed at a higher level than DR4 (Figure 53).
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Figure 53 - DR4 and DR5 surface expression levels in non-malignant cell lines determined using flow cytometry. OBs and HUVECs (n = 1). NHDF =
normal human dermal fibroblasts, BMMSCs = bone marrow-derived mesenchymal stem cells. HUVECs = human umbilical vein cells, HHL5 = human

hepatocytes, AC10 — ventricular cardiomyocytes, OBs = human osteoblasts.
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3.3.3.3 Decoy receptor (DcR) expression

In the following section, surface DcR expression levels were assessed using flow
cytometry. Positive control cell lines, HUVECs and peripheral blood granulocytes, were

used as positive controls for DcR1 and DcR2 respectively (Section 2.4).

Bone sarcoma cell lines

The SAOS-2 osteosarcoma cell line expressed the greatest level of DcR1. The SJSA-1
osteosarcoma and TC71 Ewing’s sarcoma cell lines were found to have increased levels
of surface DcR2 as shown by flow cytometry data when compared to the other bone

sarcoma cell lines (Figure 54).
Non-malignant cell lines

DcR1 and DcR2 expression was greatest in the human-derived osteoblasts (OBs)

(Figure 55).
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Figure 54 — DcR expression levels in bone sarcoma cell lines assessed using flow cytometry. (A) The SAQS-2 osteosarcoma cell line expressed the
greatest level of DcR1. Human umbilical vein cells (HUVECs) were used as a positive control (N = 3). (B) The SISA-1 osteosarcoma cell line and TC71
Ewing’s sarcoma cell line express high levels of decoy receptor 2 (DcR2) in comparison to the other cell lines. Granulocytes derived from human

blood were used as a positive control (N = 3).
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Non-malignant cell lines
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Figure 55 — DcR expression levels in non-malignant cell lines assessed using flow cytometry. (A) DcR1 expression was greatest in the human-derived
osteoblasts (OBs) (MFI = 613). OBs and HUVECS (n = 1). (B) DcR2 expression is elevated in granulocytes, HUVECs and human-derived osteoblasts
(OBs). OBs (n = 1) and HUVECS (n = 2).
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3.3.3.4 TNF-related apoptosis-inducing ligand (TRAIL)

TRAIL expression in the bone sarcoma cell lines was explored as part of the project as
its degree of expression maybe related to tumour aggressiveness (discussed further in
Section 3.4). TRAIL expression was not visible on western blotting compared to the
positive control 786-0 renal clear cell adenocarcinoma cell line (Figure 56) and no shift
was evident on the TC71 Ewing’s sarcoma cell line flow cytometry histogram (Figure

57).

Western blotting
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Figure 56 - TRAIL expression in bone sarcoma cell lines in comparison to the positive
control 786-0 human renal carcinoma cell line. TRAIL was not found to be significantly
expressed in any of our bone sarcoma cell lines. 40 pg of total cell lysate loaded. TRAIL

(C922B9) rabbit anti-human monoclonal antibody, Cell Signaling Technology (CST).
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Figure 57 - Flow cytometry data demonstrating no significant surface level expression of TRAIL in the (a) HT1080 dedifferentiated chondrosarcoma

cell line or the (b) TC71 Ewing’s sarcoma cell line.
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3.3.4 Immunohistochemistry (IHC)

A cell line block was created and used to prepare sections of slides for
Immunohistochemistry (IHC) staining (Figure 58). DR5 immunohistochemistry testing
was tested on a range of cell lines embedded in a paraffin block. Anti-DR5 monoclonal
antibody from Cell Signaling Technology (CST) (Section 2.6) was tested at twofold
dilutions at 1:50-1:200. The ideal concentration was found to be 1 in 100; less
background positivity could be observed in negative control cell lines. Examples of
staining of sections of the cell line blocks are demonstrated. There was strong staining
in dedifferentiated chondrosarcoma HT1080 cells (a). Moderate staining is
demonstrated in SISA-1 osteosarcoma cells (b). There is absent staining in MCF-7
breast carcinoma cells (c) and the negative control BJAB Burkitt’s lymphoma cells (d)

(Figure 59).
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Figure 58— Cell line block with a range of cell lines used for Immunohistochemistry
(IHC) staining. All cell lines were stained at the same time. Batch numbers are an

internal coding method to be able to trace the work that has been performed.
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Figure 59 - Selected cell lines from the cell line block at higher magnification. Antibody
used at a concentration of 1 in 100. Scale bars = 200 uM. There is strong staining in
dedifferentiated chondrosarcoma HT1080 cells (a). Moderate staining is demonstrated
in SISA-1 osteosarcoma cells (b). There is absent staining in MCF-7 breast carcinoma

cells (c) and the negative control BJAB Burkitt’s lymphoma cells (BJAB'*®) (d).
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3.4 Discussion and future direction

There are two classes of human TRAIL receptors: The full-length intracellular death
domain containing receptors, death receptor 4 (DR4) and death receptor 5 (DR5). They
can induce apoptosis and are most widely expressed. The non-death domain
containing receptors are decoy receptor 1 (DcR1), decoy receptor 2 (DcR2) and
osteoprotegerin (OPG), which also functions as soluble receptor activator of NF-kB
ligand (RANKL) also known as TNFRSF-11. At the plasma membrane, a GPI
(glycosylphosphatidylinositol) anchor attaches decoy receptor 1 which lacks an
intracellular domain. Decoy receptor 2 (DcR2) contains a cytoplasmic domain that is
reported to induce NF-kB activation but not apoptosis as it had caused only a

truncated death domain as discussed in the DcR section below.

Death receptor expression

In summary, all bone sarcoma cell lines were found to express death receptor 5 (DR5)
also known as TRAIL-R2, particularly the HT1080 dedifferentiated chondrosarcoma cell
line and the SISA-1 and MG63 osteosarcoma cell lines at both RNA and protein levels.
The Ewing’s sarcoma TC71 cell line also expresses DR4 (TRAIL-R1). The TC71 and SJSA-1

osteosarcoma cell line expressed decoy receptor 2 (DcR2).

DR expression can be in a mature processed form (signal peptide cleaved) or as a non-
processed form. Post-translational modification can occur and for example,
glycosylated and non-glycosylated forms usually exist. For DR4 as well as DR5, the
theoretical molecular weight for the processed, mature form is approximately 42 kDa.
So, for some samples at a certain differentiation stage or cancer grade, only the
precursor form may be present, the mature form or both forms together. Western
blotting data demonstrated DR4/DR5 receptor mature form expression in all the bone
sarcoma cell lines. Band intensity from western blotting did not always reflect,
however, the MFI in flow cytometry and transcript level abundance in the qRT-PCR

data obtained.

DR5 expression was visible on western blotting for most cell lines. The strongest
expression was in the HT1080 cell line. The weakest in the SAOS-2 cell line. The

findings correlated to cell surface expression flow cytometry. The membrane,
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cytoplasm and nuclear subfractionation portions also demonstrated the high level of
DRS5 surface expression in the HT1080 cell line. Interestingly the very high surface and
total protein expression of DR5 in the non-malignant NHDF cell line was not found at
the transcriptional level unlike for the sarcoma cell lines (HT1080, MG63 and SJSA-1)
and is probably due to a different post-transcriptional process in malignant and non-
malignant cells. For DR4 there was similarities between transcript levels and protein
levels but only the TC71 cell line had high surface levels contrary to other sarcoma cells
cell lines (MG63 and SAOS-2) having demonstrable levels on PCR and western blotting
but not at the surface. This could be due to different processes occurring at the

membrane level (discussed further in Chapter 4).

Death receptor isoforms

Evidence of more than one DR5 isoform could also be seen on western blotting in
U20S, TC71, SISA-1, MG63, SAOS-2, HT1080, BMMSC cell lines and the positive control
Jurkat cell line [167,168,198,199]. Isoform function requires further investigation;
however, the short isoform (DR5-S) has been postulated to have a greater role in the
activation of caspase 8 compared to the long isoform (DR5-L). The short isoform has a
predicted molecular mass of 40 kDa and the long isoform 43 kDa. They are generated
by alternative pre-mRNA splicing and differ by a 29 AA extension in the extracellular
domain [200,201]. Further recent investigations reveal that this soluble extracellular
domain in the long isoform of DR5 has a function in inhibiting the interactions between
DR5 to DR5 through disruption of receptor oligomerisation required for activation of
TRAIL-R. This has proven interest due to the fact that the short or long isoforms are
present which could be used as a viable predictive biomarker for TRAIL therapy. The
literature states that DR5 exists in monomeric (M), dimeric (D), trimeric (T), and
oligomeric (O) forms, which can be visualised when protein samples are run in non-

reduced form [167].

| have also found in my study that DR5 in bone sarcoma cell lines has a short and long
isoform (Figure 44). In terms of the function of these isoforms, it is unclear; however,
in the induction of apoptosis, the short isoform may have a more important role. In
order to investigate the isoform expression in bone sarcoma cell lines, | used the Jurkat

cell line as a control because the long isoform of DR5 is highly expressed in this cell line
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[167,168]. In my project the long isoform band appeared of similar intensity to the
short isoform in bone sarcoma cell lines on western blotting. BMMSCs contained both
isoforms; however, NHDF cells appeared to express greater quantities of the short
isoform. Recently, it is thought that because the long isoform is present, this could
confer resistance to apoptosis [167]. In the SISA-1 the larger long isoform appears

slightly stronger; however, this requires further investigation.

There are different isoforms for DR4 including the complete or short isoform (bDR4),
and their involvement in TRAIL sensitivity requires further investigation. The bDR4
isoform has been found in TC71 and the A673 Ewing’s sarcoma cell lines [202]. This is a
band found on western blots at lower molecular weight compared to the one DR4
band detected in my western blot. The bDR4 isoform requires a specific antibody for
detection [202]. Interestingly when DR4 has been knocked down using shRNA, the cells
were no longer sensitive to TRAIL despite the presence of DR5. The same study found
high relative gene expression of DR4 compared to DR5 (in the TC71 cell line) a trend
also found in my PCR results (Figure 37); however, they also found elevated levels of
DcR1 which was not observed in my study. There is a correlation between the level of
expression of DR4 and sensitivity of TRAIL in Ewing’s sarcoma cell lines [202]. This
particular study found a more pivotal role for DR4 in TRAIL sensitivity through DISC
formation, procaspase 8 and c-FLIP recruitment [202]. This is consistent with previous
reports that have investigated DR4 in the MCF-7 breast cancer cell line [203,204].
Reports also suggest that DR4 is the more important death receptor in pancreatic
cancer despite the presence of DR5 and targeting DR4 is more efficacious than the use
of ‘wild-type’ TRAIL, which can target both receptors if pre-oligomerised [205]. | have

investigated this in bone sarcoma cell lines in Chapter 5.

Function of the death receptors

At 37 °C TRAIL binds to DR5 with higher affinity than the other membrane expressed

TRAIL receptors. It is likely that under physiological conditions, binding to DR5 would

be favoured especially when endogenous TRAIL is limited. | have found in the current
investigation that the surface presence of DR5 reflects that found in cell lines derived
from pancreatic cancer, chronic lymphocytic leukaemia, or mantle cell ymphoma

described in the literature [206]; however, these cells have been found to use only DR4
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for apoptosis induction by TRAIL. In addition, apoptosis induction via DR5 requires
cross-linking of the untagged soluble TRAIL implying that the DR5 requires higher
apoptotic threshold than DR4 [206].

However, some leukaemia and lymphoma cell lines undergo antibody-mediated DR5
triggering, which is sufficient to produce apoptosis without additional crosslinking.
Data from a previous study has highlighted that DR4 and DRS5 fulfill partially
overlapping but distinct functions, many of which remain to be discerned [206]. In this
study, | have also found that DR5 in bone sarcoma cell lines has a short and long
isoform. The role of these isoforms is unclear; however, some reports suggest that the
short isoform may be more important for the induction of apoptosis. The Jurkat cell
line is known to express the long isoform of DR5 to a greater degree and was used as a
control cell line to investigate the isoform expression in bone sarcoma cell lines
[167,168]. In my project the long isoform band appeared of similar intensity to the
short isoform in bone sarcoma cell lines on western blotting. BMMSCs contained both
isoforms; however, NHDF cells appeared to express greater quantities of the short
isoform. It has been postulated recently that presence of the long isoform could confer
resistance to apoptosis [167]. In the SISA-1 the larger long isoform appears slightly

stronger; however, this requires further investigation.

There are reports of non-canonical effects when TRAIL binds to DRs, as reviewed by
Von Karstedt et al., (2017) [206]. Non-canonical signalling triggers the formation of a
secondary cytosolic complex retaining FADD, TRAF2 and NF-kB essential modifier
(NEMO). Both this complex and the DISC activates NF-kB, p38, JUN N-terminal kinase
(JNK) and ERK. RIPK1, is also associated with DRs when caspase-8 is inhibited and is
required for TRAIL-induced Src and STAT3 activation and promotion of migration.
LUBAC is present in both complex one and complex two and TRAIL signalling limiting
caspase-8 activation enabling recruitment of inhibitor of kB (1kB) kinase (IKK) complex

resulting in NF-kB activation [206].

Potential differing function based on cellular location

It has become evident that the subcellular localisation of TRAIL and the DRs could

regulate specific functions and therefore play a role in pro-apoptotic and pro-survival

137



signalling. The pattern of staining in primary tissue should be evaluated to analyse any

correlation with tumour growth and response to TRAIL based therapeutics.

Nuclear DR5 has been shown to inhibit microRNA maturation and thus enhances the
malignancy of tumours [194]. High cytoplasmic levels in bladder cancer patients have
been correlated with improved recurrence free rates [207]. The differential
distribution of DRs in the cellular compartments could be a reason for the discrepancy
between receptor expression and prognosis. It has also been postulated that the DcRs
can also occur in intracellular compartments, and however act in a largely undefined

manner [208,209].

DR5 which is normally expressed at the plasma membrane, has also been found in the
nucleus where it promotes proliferation by interacting with accessory proteins of the
microprocessor complex leading to impaired maturation of microRNA let-7 which is
known to be a negative regulator of KRAS mRNA [208]. It, therefore, appears that the

sub-cellular compartmentalisation of DR5 may determine distinct DR5 signalling.

| attempted sub-fractionation followed by western blotting of the fractions and found
that in the H1080 dedifferentiated chondrosarcoma cell line there appears to be

strong expression in all compartments: Nuclear, cytoplasm, and plasma membrane.

HUVECs cells express both DR4 and DR5 on the surface and are known to be capable of
inducing NF-kB activation upon ligation. HUVECs cells are known to express
DcR1/TRAIL-R3, a factor for resistance to TRAIL-induced apoptosis. As reported by
others, the removal of this receptor can result in sensitivity to TRAIL-induced apoptosis
[210]. Consistent with the theory that location may determine function, DcR1 could be
found in the cytoplasmic organelles in the HUVEC cell line. Whereas in a different cell
line (MRC-5 fibroblasts), DcR1 was predominantly localised in the nucleus, suggesting
that the post-translational mechanisms that direct newly synthesised protein to
different compartments may play a role in determining where the DcR is deployed on
the cell surface and have a protective role from TRAIL-induced apoptosis on the cell
surface. The significance for nuclear localisation of DcR1 is currently unknown but it
has been of interest that DcR1 has sequences compatible with those needed to bind to

the nuclear export factor exporting 1, as reviewed by Don Zhang et al., (2000)[162].
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Effect of death receptor expression in the tumour microenvironment

In addition to pro-apoptotic effects of TRAIL binding to DR4 and DR5 and non-
canonical effects, there are also potential tumour suppressive roles of TRAIL such as
binding to DRs on tumour supportive immune cells inducing apoptosis in those cells.
Also, TRAIL can kill immune cells that express PD-L1 or PD-L2. These immune cells can
inhibit the cytotoxic T-cell activity on the cancer cells through binding to PD-1 on T-
cells. T-cells are liberated and are able to perform their function when the PD-L1/ PD-
L2 and PD-1 interaction is disrupted. The pro-tumourigenic role is thought to arise as
TRAIL can bind to the DRs on the cancer cells, which thereby release cytokines and
stimulate tumour associated macrophages [206]. The actions of TRAIL in cancer have,

therefore, been described as a double-edged sword.

Significance of decoy receptor expression

Three decoy receptors (DcRs) are known to interfere with TRAIL signalling and have
been investigated in the literature: DcR1 (TRAIL-R3), DcR2 (TRAIL-R4) and OPG. The
main mechanism of interference with DR signalling is via the reduction of signalling-
competent receptor complexes. However, there is also data to suggest that the
expression of DcR2 (TRAIL-R4) is related to induction of survival pathways such as
induction of NF-kB and Akt as another mechanism that contributes to its inhibitory
effect [211,212]. Inhibitory effects have been found to be reversed on inhibition of Akt
[212]. Decoy receptor 1 (DcR1), TRAIL-R3, was not found to be expressed at significant

levels on all of the bone sarcoma cell lines.

DcR2 is considered to be a p53 target gene, which regulates its expression via an
intronic p53 binding site. DcR2 can be higher in malignant cells compared to non-
malignant cells and has been related to a decreased survival in patients with prostate
carcinoma. The combination of SiRNA targeting DcR2 and overexpressing full-length
TRAIL in the PC3 cells using an adenoviral vector (Ad5hTRAIL) decreased PC3 colony
number percentage [213]. It has also been postulated that the DcR may have shifting
functions depending on subcellular location and internalisation upon TRAIL ligand
stimulus but this requires further study [208,209,214]. There are situations whereby
the decoy mechanism may be expected to play an important role such as when there

are high levels of the DcRs or at very low ligand concentrations (Neumann et al., 2014).
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DcR1 and DcR2 have been postulated to function as oncogenes and they are also
reported to inhibit tumourigenesis. The reason that they may inhibit tumourigenesis is
that they can reduce NF-kB activity indirectly by reducing signalling through DR4 and
DR5. This is believed to play an anti-apoptotic role and is part of the pathogenesis of

several human cancers.

DcRs can also block the NF-kB activation via DR4 and DR5 in response to TRAIL [215].
More recently, it has been thought that the DcRs can interfere with DR signalling-
competent receptor complexes, as they are arranged in a heteromeric ligand receptor
cluster driven by PLAD (pre-ligand assembly domains) -mediated receptor and ligand
receptor interactions. However, it is thought that DcR2, can signal to activate NF-kB
and Akt, which is suggested as an additional mechanism contributing to the inhibitory
effect of this decoy receptor. The activation of NF-kB and Akt is mediated by its
truncated death domain, which is incapable of inducing apoptosis as it cannot form the

death-inducing signalling complex (DISC).

Interestingly, there is conflicting information about the function of the truncated death
domain, and it is thought that it does not play a role in the inhibitory function of the
receptor. However, data by Degli-Esposti et al., 1997 [216], suggested that the
activation of NF-kB via its cytoplasmic domain is through a unknown molecular
mechanism and it may well be that other anti-apoptotic proteins are also involved in

the DcR2-mediated resistance against TRAIL.

Interestingly, DR4 can mediate the phosphorylation of IkB-alpha, an inhibitor of p65
NF-kB, which is a central step in the activation of the classical NF-kB pathway. This was
inhibited by over-expression of functional and cytoplasmic DcR2. Interestingly, | have
found in TC71 cell Ewing's Sarcoma cell line, expression of both DR4 and DcR2 on the
cell surface, and this mechanism may have a role in this cell line. DcR1 and OPG levels,

however, were found to be low at RNA and surface protein levels.

Overall, however, TRAIL is not thought to be a potent inducer of NF-kB activation and
may be controlled in a cell-specific manner. Also, most investigations have studied
apoptotic and non-apoptotic TRAIL receptors and the interference between them at

the membrane level. However, it is clearer now that the DcRs, can also be carried by
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intracellular compartments and may act in an undefined manner thus far;

relocalisation may possibly shift their function.

Another DcR which has been of interest in the literature is osteoprotegerin (OPG). It is
thought that bone marrow-derived stem cells, and the MG63 osteosarcoma cell line
can produce a quantity of OPG that can inhibit apoptosis. This was reviewed by Picarda
et al, 2012 [217]. The biological importance of the interactions has been of interest
because of findings that at physiological conditions, OPG combined TRAIL with an
affinity similar to that of RANKL, and also breast and prostate cancer cell lines are
guoted to ‘produce sufficient OPG to protect them against TRAIL-induced apoptosis’.
OPG can also be produced by bone marrow-derived stem cells which have been
derived from breast or prostate cancer patients. They have been found to produce
sufficient levels of OPG to protect tumour cells from TRAIL-induced apoptosis. The
bone-derived OPG can promote the survival of the tumour cell types within the bone

microenvironment [217].

Investigators have also found that stem cells, fibroblasts and endothelial cells can
abundantly release OPG. When TRAIL is administered, they found that the
spontaneous release decreased upon recombinant TRAIL therapy through a decrease
of photophosphorylation levels of P38/MAPK, suggesting this is a pathway involved in
stabilisation of OPG mRNA [218]. | found elevated expression of OPG at the RNA level
in the normal human dermal fibroblast (NHDF) cell line in comparison to bone sarcoma

cell lines.

In summary, with regards to DcRs, there are three main possible mechanisms they are
thought to act by: (1) Classical decoy mechanism of binding TRAIL more than the
unbound TRAIL to the death receptors. This is known as classical decoy mechanism but
has not been shown to have a major role in experimental conditions. (2) Formation of
signalling-incompetent receptor complexes via PLAD interactions. (3) Activation of

DcR-mediated survival pathways in certain circumstances.

Death receptor gene methylation

The four DRs | have focussed on are located in tandem fashion at chromosome

location 8p21-22. Methylation is known to initiate at one or more chromosomal CPG
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sites in a promoter region and spread to adjacent sites along the DNA strand until it

meets a contracting force in the form of open and active chromatin.

Methylation and the resulting silencing have been thought to occur to silence
proapoptotic effects of DR4 and DR5 genes and may also result in silencing of the
adjacent DcR1 and DcR2 receptor genes. It has been postulated that this methylation
may not be of clinical importance of DcRs and that it may be just a secondary effect.
However, it has been found that the methylation of DcRs can occur independently of
each other and of DR4 and DR5. DcR1 and DcR2 are thought to function as oncogenes
because of postulated antiapoptotic effects. The silencing of DcRs could favour

tumourigenesis.

So, it is likely that that methylation of DcRs is not a secondary event and may play a
role in tumour pathogenesis. This is of interest as DRs can activate the NF-kB pathway
as initially described by Masters SA et al., (1997) and DcRs can lack ability to activate
the NF-kB pathway [219]. However, more recently, DcR2 has been related to
increasing NF-kB prosurvival signalling [158] and downregulation using siRNA has been
found to sensitise cancer cell lines including breast and colorectal to TRAIL and

chemotherapeutic agents [158,220].

So, in this regard, DcRs may block the NF-kB activation by DR4 and DR5. This is because
DRs can activate NF-kB and in turn activate proliferation and survival signals in cell
types and other circumstances which are under investigation. The DcRs may block this
and methylation and suppression of their transcription and translation may contribute

to reduced proapoptotic signalling via NF-kB.

If DcRs can block proliferative potential, then down regulating these receptors is a
hypothesis that is consistent with potential increased progression of the tumour and
low DcR expression. | have found that, on the surface level, the majority of sarcoma
cell lines do not express DcR1; however, there are two bone sarcoma cell lines, the
SISA1 osteosarcoma cell line and the TC71 Ewing’s sarcoma cell line that express DcR2
and would be of interest to study further to clarify the DcR mechanism (explored in

Chapter 5).
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TRAIL

It has been suggested that in some cell lines such as the prostate carcinoma cell line
(PC3), that expression of TRAIL can reduce tumourigenic potential [221]. However, it
has also been highlighted as a prognostic marker in patients newly diagnosed with
acute myeloid or acute lymphoblastic leukaemia as they express significantly lower
levels of TRAIL in the serum compared to the control [222,223]. After start of therapy,
increased TRAIL levels were found to be predictive of better patient survival [223].
Higher expression has been associated with low tumour grade and better progression
free survival in ovarian and renal cancer patients [224,225]. Loss of expression has

been correlated with malignant progression [226,227].

Cancerous cells may evade apoptosis upon downregulation of TRAIL. However, it has
also been associated with tumour progression and shorter survival in patients with
renal and colorectal cancers [228,229] by protecting tumour cells from the immune
system and promoting metastases. Other studies, however, have shown no correlation

or no prognostic value [230-232].

In vitro investigations were performed as part of this project to investigate the TRAIL
expression in cancer cells using western blotting and flow cytometry and found no
evidence of significant TRAIL expression at the protein level in bone sarcoma cells. My
conclusion here is that there is reduced TRAIL expression thereby less of a tumour
suppressive role in the tumour microenvironment, which highlights the aggressiveness
of bone sarcoma. Also, the lack of DcR expression may signify that TRAIL signalling,
when present, is less inhibited in these cell types thereby indicating more of a non-

canonical activity of the TRAIL binding to DRs and more stimulation of proliferation.
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Chapter 4. Exploration of factors that reduce the susceptibility to TRAIL
therapy using real-time polymerase chain reaction (RT-PCR)
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4.1 Introduction

The resistance of tumour cells to TRAIL has been postulated to rely on a single
mechanism. This is different to the mechanism of resistance in non-transformed cells,
which can be due to multiple pathways. Van Dijk et al., (2013) found that factors such
as cFLIP, also known as ‘cellular FLICE-like inhibitory protein, anti-apoptotic B cell
lymphoma two (Bcl-2) proteins, and X-linked inhibitor of apoptosis protein (XIAP)’,
were independently able to confer resistance to TRAIL [233]. Inhibition or removal of
the single anti-apoptotic ‘pivotal’ block could be sufficient to restore sensitivity. In
contrast however, the deficiency of only one of these proteins was not sufficient to

elicit TRAIL sensitivity in non-malignant cells.

Proliferation and survival involves signalling through Ras and Akt pathways, which are
interconnected [234]. Akt is normally activated by a growth factor binding to a
receptor tyrosine kinase (RTK) but can also be activated by mutations downstream
such as PIK3CA or loss of inhibitor PTEN reported in myxoid/round cell liposarcoma
and aggressive leiomyosarcoma respectively. The Ras pathway is involved in
differentiation, proliferation, survival and invasion and may cross-activate the Akt
pathway via PI3K [234]. The molecular pathways involved in sarcomagenesis and
potential targets have been summarised in a diagram by Demicco et al., (2012) (Figure

60).
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Figure 60 — Molecular pathways involved in sarcomagenesis. Green = Protumourigenic
factors activated or overexpressed in sarcoma. Red = Tumour suppressors that may be

inactivated in sarcoma. Adapted from [234].

The main aims of this chapter are to:

1. Examine transcriptomic differences in single factors that may confer TRAIL
resistance in bone sarcoma cell lines (and compare to non-malignant cells), which if

targeted may increase sensitivity to TRAIL.

2. Provide a foundation for further investigation at the protein level and use of specific

sensitising agents to be used alone or combined with TRAIL.
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4.2 Inhibitors of apoptosis

Cellular FLICE-inhibitory protein (c-FLIP)

cFLIP. transcript levels were found to be the greatest in the HT1080 dedifferentiated
chondrosarcoma, the U20S osteosarcoma and the TC71 Ewing’s sarcoma cell lines

(Figure 61).
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Figure 61 — qRT-PCR used to determine cFLIP. mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 2). cFLIP. was found to be elevated in the HT1080
dedifferentiated chondrosarcoma, the U20S osteosarcoma and the TC71 Ewing’s

sarcoma cell lines.
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X-linked inhibitor of apoptosis protein (XIAP)

The highest transcript levels of X-linked inhibitor of apoptosis protein (XIAP) were

found in the SAOS-2 osteosarcoma cell line (Figure 62).

XIAP RNA expression (n=3)
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Figure 62 — qRT-PCR used to determine XIAP mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 3). Highest levels were found in the SAOS-2 cell line.

Elevated XIAP levels is a factor thought to confer resistance to TRAIL.
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4.3 Proliferation and survival

Akt

In the SAOS-2 osteosarcoma cell line and HT1080 dedifferentiated chondrosarcoma
cell line, elevated Akt mRNA levels could be observed; however, elevated levels were

also present in normal human dermal fibroblast cell line (NHDF) and MSCs (Figure 63).
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Figure 63 — qRT-PCR used to determine Akt mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 3). Akt was expressed at the greatest level in the human

bone marrow-derived mesenchymal stem cells (MSCs).
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H-Ras

The SAOS-2 osteosarcoma cell line has also increased H-Ras transcript levels compared
to the other bone sarcoma cell lines. The MSCs also have significantly elevated levels

(Figure 64).

HRAS RNA expression (n=3)
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Figure 64 - gRT-PCR used to determine H-Ras mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 3). H-Ras expression in bone sarcoma cell lines (mean +/-
SEM, n = 3), normal human dermal fibroblast (NHDF) cell line, mesenchymal stem cells
(MSCs) and the 786-0 renal clear cell adenocarcinoma cell line. Elevated H-Ras levels

has been one of the factors thought to confer resistance to TRAIL.
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Phosphatase and tensin homolog (PTEN)

Phosphatase and tensin homolog (PTEN) expression was found to be elevated in U20S

osteosarcoma and SW1353 chondrosarcoma cell lines and also in MSCs (Figure 65).
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Figure 65 — qRT-PCR used to determine PTEN mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 2). PTEN mRNA transcript levels (mean +/-SEM, n = 2). The
MCEF-7 breast carcinoma cell line was used as the positive control as described
previously [159] (Fold change = 196). MSCs PTEN transcript levels were also elevated
(Fold change = 30). 786-0 renal adenocarcinoma cells were included as negative

control as recently described [235].
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4.4 TNF-related apoptosis-inducing ligand (TRAIL)

The SISA-1 and SAOS-2 osteosarcoma cell lines were found have elevated TRAIL
transcript levels compared to other cell lines; however, it was much lower than the

positive control 786-0 cell line (Figure 66).
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Figure 66 — gRT-PCR used to determine TRAIL mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 2). Low levels in bone sarcoma cell lines and the NHDF cell
line in comparison to the positive control cell line renal clear cell carcinoma (786-0) cell
line. The SISA-1 osteosarcoma cell line appears to express the highest TRAIL transcript

levels in comparison to other bone sarcoma cell lines.
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4.5 Chondroitin sulfate proteoglycan 4 (CSPG4), also known as melanoma-associated
chondroitin sulfate proteoglycan (MCSP) or neuron-glial antigen 2 (NG2)

RT-PCR data revealed high NG2 expression in MG63 osteosarcoma and SW1353

chondrosarcoma cell lines (Figure 67).
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Figure 67 — qRT-PCR used to determine NG2 mRNA expression levels in bone sarcoma
cell lines (mean +/-SEM, n = 3). NG2 expression in bone sarcoma cell lines (mean +/-
SEM, n = 3). NG2 levels were greatest in the MG63 osteosarcoma cell line. The A375M

melanoma cell line was included as the positive control.
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4.6 Discussion and future direction

c-FLIP

cFLIP has been thought to be a key regulator of receptor mediated apoptosis in cancer.
The three splice variance identified, cFLIP., cFLIPs and cFLIPg, all function as apoptosis
inhibitors involved in the modulation of caspase-8 and 10 activity, both in physiologic
and pathologic contexts [236,237]. A cell type specific pro-apoptotic role, depending
on caspase-8 to cFLIP ratio has also been described for the long isoform [237]. The long
isoform has been thought to be a ‘critical factor in determining the balance between
apoptotic and pro-survival signalling’, as stated by Bagnoli et al. (2010). Dysregulation
of the levels of cFLIP. is frequently found in tumours, where cFLIP,. behaves as a potent

inhibitor of DR dependent apoptosis [237].

Downregulation of cFLIP may represent an alternative novel therapeutic approach
whose efficacy remains cell and tissue type dependent. Intracellular expression of
cFLIP. and cFLIPs can be regulated at multiple levels and transcription of cFLIP has been
shown to be modulated by NF-kB, c-myc and more recently direct regulation of cFLIP
promoter by p63 in the epidermis [238]. cFLIP proteins have a short half-life in normal
cells and their expression and turnover is controlled by the ubiquitin protein system.
The proteasomal degradation is a critical point in determining the balance between

cell death and prosurvival signalling dependent upon DR triggering [237].

Suppression of both isoforms using siRNA can enhance the sensitivity of the U20S
osteosarcoma cell line to TRAIL [239]. Other investigations suggest the long isoform c-
FLIP_ is the more important isoform to target. | have found that the HT1080 cell line
expresses high levels of the cFLIP. transcript cFLIP inhibitory protein can be elevated in
a number of Ewing's sarcoma cell lines [240], and is abundantly expressed in 18 of 18
patients. Caspase-8 was also expressed, but there was more inter- and intratumoural
variation. In Burkitt's lymphoma, cFLIP expression correlates with chemoresistant
disease and the expression of cFLIP in solid tumour cell lines can protect against
chemotherapy induced apoptosis in vitro. De Hooge et al., 2007, demonstrated that
despite cFLIP expression in the Ewing's sarcoma cell lines, there was no relation

between cFLIP expression and resistance to DR pathway immediate apoptosis. There
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have been therapeutic strategies aimed at inhibiting cFLIP, by using siRNA, or small
molecule inhibitors. However, this small molecule inhibition of cFLIP recruitment to

the DISC is hampered by high homology among the DED-containing proteins [237].

Other strategies include combining TRAIL with chemotherapeutic agents that have
been found to downregulate cFLIP expression and synergise with TRAIL in inducing cell
death [237]. These include conventional drugs like doxorubicin, cisplatin, 5-
fluorouracil, irinotecan, and the taxanes. Other agents which may be effective in
regulating cFLIP expression include proteasome inhibitors and HDAC inhibitors.
However, the overall cFLIP expression level can be cell and tissue type dependent

[241].

Despite inconsistent results with regards to identifying cells that may be resistant,
there does appear to be a clinical correlation between cFLIP expression and adverse
prognosis in colon and endometrial cancer, Burkitt's lymphoma, and ovarian cancer.
This may be useful in identifying patients at higher risk of cancer related death and

who may benefit from alternate therapeutic modalities.

XIAP

There are many inhibitor of apoptosis proteins (IAPs) described in the literature. There

are eight members of the mammalian IAP family:

Neuronal IAP, cellular IAP one (clAP1), cellular IAP (clAP2) two, X-chromosome-linked
IAP (XIAP), survivin, ubiquitin-conjugating BIR domain enzyme Apollon, melanoma IAP
and IAP-like protein two. Playing a direct role in apoptosis regulation are the following

proteins, XIAP, clAP1, clAP2 and ML-IAP [242].

Targeting XIAP using siRNA has been found to suppress tumour growth in combination
with TRAIL in preclinical models of pancreatic cancer [243]. Small molecule inhibitors
of XIAP together with TRAIL have also been found to reduce leukaemic burden in a
mouse model of acute lymphoblastic leukaemia (ALL) [244]. Smac mimetics have also
been developed and act by blocking IAP proteins, as naturally occurs with the

endogenous antagonist Smac Diablo molecule. The proteins XIAP, clAP1 and clAP2 are
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antagonised by Smac which has been used clinically to induce or facilitate the

induction of apoptosis.

| have found elevated XIAP transcript levels in the SAOS-2 and SJSA-1 osteosarcoma
cell lines and further study should investigate expression at the protein level; however,
significant susceptibility to Smac mimetics was not found when coadministered with

SuperKillerTRAIL (SKT) (explored in Section 6.4).

H-Ras

H-Ras has been implicated in conferring resistance to TRAIL in cell lines such as A549,
HT29, and 786-0 and the inhibition of H-Ras can sensitise cells to TRAIL [164]. This is in
comparison to the more marginal effects observed when K-Ras is inhibited. It has been
shown that H-Ras is involved in the transport of DR4 and/or DR5 to the cell membrane
as inhibition of H-Ras in cell lines with low surface levels restored the surface
expression of DRs. Total protein was not altered, therefore it has been concluded that
the increase in cell surface expression is due to the redistribution of receptors from the
intracellular compartments to the cell membrane, through lipid-raft dependent events
occurring at the post-translational level [157]. Other events of importance occurring at
the cell membrane, which can confer resistance include constitutive endocytosis,
which has been reported in breast cancer cells such as the MCF-7 cell line [157]. | have
found that the surface expression of DR5 and DR4 in SAOS-2 is lower when compared
to other sarcoma cells lines (discussed under flow cytometry), which is in keeping with
this theory. However, the HT1080 and SJSA-1 cell lines have the highest levels of
surface DR5. The TC71 cell line expressed both surface DR4 and DR5. Further
investigation of this theory would include assessing the levels of H-Ras at the protein
level and the use of H-Ras inhibitors to assess whether there is an increase in surface

DR4 or DR5 in the SAOS-2 cell line.

Akt

Levels of Akt and DR5 at the mRNA level correlate with NSCLC (non-small cell lung
cancer) staging, differentiation and lymph node metastasis [193]. Levels of Akt were
much higher in NSCLC tissues of late stage, poorly differentiated and with lymph node

metastasis, suggesting exertion of its function through transcriptional regulation. This
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was also the case with DR5 expression levels. Akt phosphorylation has been related to
resistance to TRAIL in NSCLC [193]. | decided to investigate Akt mRNA levels in the
sarcoma cell lines. In the HT1080 cell line, elevated Akt mRNA levels could be seen in
the PCR data; however elevated levels are also present in normal fibroblast cell line, in
contrast to other studies [193] in which lower levels were found in normal tissues
adjacent to NSCLC tissues. However, Akt isoforms (my primers were designed to detect
all isoforms) can be similar in normal and malignant tissues [245]. Increased level of
DcR1 mRNA can be found in normal tissues, similar to our DcR1 findings in the NHDF
cell line in comparison to the bone sarcoma cell lines (except for the U20S cell line)
this was not reflected, however, in the surface DcR1 receptor data using flow

cytometry.

Inhibition of Akt can sensitise cells (human umbilical vein endothelial cells) to TRAIL
induced apoptosis. Agents that can inhibit Akt such as perifosine and triciribine
sensitise AML and prostate cancer cells to TRAIL induced apoptosis respectively.
Interestingly novel agents are being developed to enhance DR4 expression and

downregulate Akt via siRNA [246].

PTEN

Phosphatase and tensin homolog (PTEN) limits the proliferation of cells and has an
inhibitory effect on the PI3K/AKT pathway. Reduction in PTEN mRNA levels and lower
staining of PTEN on IHC has been observed in osteosarcoma tissues compared to
normal adjacent tissues. Similarly, this has been found for NF-kB and has been
correlated to poorer survival [247]. The influence of microRNAs on PTEN is thought to
promote anti-apoptotic effects, proliferation and invasion in Ewing’s sarcoma and

osteosarcoma [248,249].
TRAIL

More recently, it has been postulated that TNF-related apoptosis-inducing ligand

(TRAIL) may promote cancer through the stimulation of the secretion of factors from
tumour cells that induce immune cell death [206], which raises the question that this
could be a potential mechanism that promotes progression and/or resistance. There

are also recent reports to suggest that TRAIL can stimulate cytokine release and the
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attraction of certain immune cells that can help the tumour growth and also that
signalling through DR5 may promote cell proliferation [206]. It is known that TRAIL can
be expressed on immune cells such as activated NK cells and cytotoxic cells in response
to factors such as interferon secreted from virus infected cells as a mechanism to kill
those infected cells [250]. However, the degree of TRAIL expression in cancer and
sarcoma cells is unclear and if so, what the role is; however, this has been explored in a
recent review [206] and may be cancer suppressive through apoptosis of tumour
supportive immune cells or cancer promoting via the apoptosis of cytotoxic T-cells that
would kill cancer cells. Furthermore, the role of DR5 receptor expression in the tumour
cell is unclear and has been postulated to be due to an increase in apoptosis at the
tumour site or may promote the migration and invasion of cells either through the

receptor signalling on the surface [206] or via intra nuclear roles [194].

TRAIL signalling not only activates apoptotic signalling pathways but can also activate
non-apoptotic signalling pathways such as NF-kB and Akt [206]. DcR2 has also been
reported to activate NF-kB and confer resistance [158]. NF-kB inhibitors have been
found to sensitise pancreatic and myeloma cell TRAIL induced apoptosis [251,252].
However, NF-kB has also been reported to positively regulate DR5 expression involving
Histone Deacetylase 1 [253]. HDAC inhibition (explored in Chapter 6) can activate NF-kB
[253] and has been found to strongly enhance apoptosis activity in haematological and
solid tumours [254,255]. The SISA-1 has demonstrated high levels of DcR2 and TRAIL
transcript levels and it would be of interest to further investigate the levels of NF-kB in

the SJSA-1 cell line.

NG2/CSPG4/MCSP

Neuron glial antigen 2 (NG2), is also known as chondroitin sulphate proteoglycan 4,
(CSPG4) or melanoma-associated chondroitin sulfate proteoglycan (MCSP). This has
been of interest as it has been associated with the pathology of multiple types of
cancer such as melanoma, breast cancer, squamous cell carcinoma and adult and
paediatric sarcomas. NG2 has a role in growth and survival, as well as, spreading and
metastases of tumour cells and resistance to chemotherapeutic agents. High NG2
levels have been correlated to aggressive forms of soft tissue sarcoma such as

liposarcoma. Flow cytometry data revealed very high surface expression of NG2 in the
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MG63 osteosarcoma cell line (Chapter 7), also reflected in the PCR data (4.5). NG2 is
reported to promote chemoresistance by activation of integrin-dependent PI3K/Akt
signalling [256]. However, there was no obvious correlation between Akt and NG2 in

the bone sarcoma cell lines.
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Chapter 5. Investigating the cytotoxic effects of non-crosslinked and
crosslinked forms of TRAIL on bone sarcoma cell lines
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5.1 Introduction

Soluble recombinant human TRAIL has not yielded the clinical results expected from its
promising preclinical findings possibly due to factors such as its short half-life and
bivalent structure which does not mimic the trimeric true form of TRAIL. Phase 2
studies (which have included DR4 and DR5 agonists) have not supported progression
of clinical studies of TRAIL in sarcoma to phase 3 [257]. Studies have suggested that
soluble human recombinant TRAIL and DR agonists are not as effective as crosslinked
forms of TRAIL at inducing cell death particularly through DR5. For the osteosarcoma
U20S cell line a minimum of 1 pg/ml concentration of the recombinant soluble form of
TRAIL is required to induce cell death [258]. However, there has also been a concern

that crosslinked forms of TRAIL are more toxic to normal cells particularly hepatocytes.

The aims of this chapter are to:

1. Investigate the cytotoxic effects of crosslinked and non-crosslinked forms of TRAIL in

the bone sarcoma cell lines and determine IC50 values.

2. Investigate cytotoxic effects of crosslinked and non-crosslinked forms of TRAIL in

non-malignant cells.

3. The effect of death receptor (DR) and decoy receptor (DcR) knockdown and

response to TRAIL.

4. To explore CRISPR knockout of DR5 and response to TRAIL.
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5.1.1 Crosslinked forms of TRAIL versus non-crosslinked forms of TRAIL on MF DR4-
Fas, MF DR5-Fas and bone sarcoma cell lines

Non-crosslinked and crosslinked forms of TRAIL were initially tested on positive control
cell lines known to express DR4 and DR5, MF DR4-Fas and MF DR5-Fas, respectively. It
was found that the crosslinked SuperKillerTRAIL (SKT) was more effective than non-
crosslinked FLAG TRAIL in these control cell lines. The HT1080 dedifferentiated
chondrosarcoma cell line may be sensitive to crosslinked forms of TRAIL (KillerTRAIL)
[259], which was confirmed in this study (Figure 68). Crosslinked and non-crosslinked
forms were then tested on an osteosarcoma cell line (U20S), Ewing’s sarcoma cell line
(TC71) and chondrosarcoma cell line (SW1353). Assessments were made using Wst-8
(CCK-8) cytotoxicity assays and the IncuCyte® live-cell analysis system (Figure 69 to
Figure 78, Table 18). Generally, it was found that the crosslinked forms (SKT and FLAG
TRAIL with M2 antibody) were more effective than the non-crosslinked forms (FLAG
TRAIL alone or His TRAIL). Furthermore, the SW1353 chondrosarcoma cell line and the
NHDF cell line were resistant despite expressing DR5 (Chapter 3). There was also
evidence of stimulatory effects in the U20S and TC71 cell lines when FLAG TRAIL alone

was administered.
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Figure 68 — Wst-8 cytotoxicity assays on control cell lines (a) Crosslinked
SuperKillerTRAIL (SKT) has a greater effect on the positive control cell lines (MF DR4-
Fas and MF DR5-Fas) than non-crosslinked FLAG TRAIL. (b) SuperKillerTRAIL has a
greater effect compared to non-crosslinked FLAG TRAIL or His TRAIL on HT1080
dedifferentiated chondrosarcoma cell line cell line (n = 4; mean +/-SEM,* = p<0.05,

unpaired t-test).

5.1.2 IncuCyte and Wst-8 data (crosslinked vs non-crosslinked TRAIL)

U20S osteosarcoma cell line

Figure 69 — IncuCyte® live-cell analysis images for U20S cell line before and at 24 hours
after treatment with 100 ng/ml SuperKillerTRAIL. (a) Example of a view of the cells in a
well using the IncuCyte® live-cell imaging system. Before treatment with 100 ng/ml
SKT. (b) Example of the application of a confluency mask to assess percentage of

confluency in one well of 96-well plate. (c) After 24 hours of treatment with 100 ng/ml
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SKT rounded body apoptotic cells are visible along with intact cells. (d) After 24 hours

of treatment with staurosporine all the cells are dead.
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Figure 70 — U20S IncuCyte® live-cell analysis tracking confluency normalised to seeding confluency following exposure of U20S cells to non-
crosslinked and crosslinked forms of TRAIL (treatment during exponential growth phase at about 72 hours) (mean +/- SEM, n = 3). (a) There is an
initial decrease in confluency after SuperKillerTRAIL (SKT) (100 ng/ml) or FLAG TRAIL (100 ng/ml) with M2 antibody (0.5 pg/ml) treatment. FLAG
TRAIL alone (100 ng/ml) appears to have a stimulatory effect. (b) Wst-8 cytotoxic assay used to compare used to compare the cytotoxic effects of

crosslinked and non-crosslinked forms of TRAIL on U20S cells. SKT has a greater effect compared to tagged forms of TRAIL such as FLAG TRAIL or His

TRAIL (p<0.05, Student’s unpaired t-test).
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TC71 Ewing’s sarcoma cell line

Figure 71 — IncuCyte® live-cell analysis images for TC71 cell line before and at 24 hours
after treatment with 100 ng/ml SuperKillerTRAIL. (a) TC71 cells before treatment with
100 ng/ml SKT. (b) After 24 hours of treatment with 100 ng/ml SKT rounded body
apoptotic cells are visible along with intact cells. (c) After 24 hours of treatment with

staurosporine all the cells are dead.
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Figure 72 - TC71 IncuCyte® live-cell analysis tracking confluency normalised to seeding confluency following exposure of TC71 cells to non-crosslinked
and crosslinked forms of TRAIL (treatment during exponential growth phase at about 72 hours) (mean +/- SEM, n = 3). (a) There is an initial decrease
in confluency after SuperKillerTRAIL (100 ng/ml) treatment. FLAG TRAIL alone (100 ng/ml) appears to have a stimulatory effect. (b) Wst-8 cytotoxic
assay used to compare used to compare the cytotoxic effects of crosslinked and non-crosslinked forms of TRAIL on U20S cells. At the highest
concentration, the crosslinked forms (SuperKillerTRAIL and FLAG TRAIL with M2 antibody) have a greater effect compared to non-crosslinked tagged

forms of TRAIL such as FLAG TRAIL or His TRAIL (p<0.05, Student’s unpaired t-test).
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SW1353 chondrosarcoma cell line

Figure 73 — IncuCyte® live-cell analysis images for SW1353 cell line before and at 24
hours after treatment with 100 ng/ml SuperKillerTRAIL. (a) SW1353 cells before
treatment with 100 ng/ml SKT. (b) After 24 hours of treatment with 100 ng/ml SKT
appearance of cells is similar to untreated with limited rounded body apoptotic cells

visible. (c) After 24 hours of treatment with staurosporine all the cells are dead.
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Figure 74 — SW1353 IncuCyte® live-cell analysis tracking confluency normalised to seeding confluency following exposure of SW1353 cells to non-
crosslinked and crosslinked forms of TRAIL (treatment during exponential growth phase at about 72 hours) (mean +/- SEM, n = 3). (a) Evidence of
cytotoxic effect with SuperKillerTRAIL could be observed at 100 ng/ml after 100 hours. (b) Wst-8 cytotoxic assay (n = 3, mean +/-SEM) used to
compare used to compare the cytotoxic effects of crosslinked and non-crosslinked forms of TRAIL on SW1353 cells. At the highest concentration, the
crosslinked forms (SuperKillerTRAIL and FLAG TRAIL with M2 antibody) have a similar effect compared to non-crosslinked tagged forms of TRAIL such

as FLAG TRAIL. Nearly 100 % of the cells remain viable at the highest concentrations.
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HT1080 dedifferentiated chondrosarcoma cell line

Figure 75 — IncuCyte® live-cell analysis images for HT1080 cell line before and at 24
hours after treatment with 100 ng/ml SuperKillerTRAIL. (a) View of the cells in a well
using the IncuCyte® live-cell imaging system before treatment with 100 ng/ml SKT. (b)
After 24 hours of treatment with 100 ng/ml SKT rounded body apoptotic cells are
visible along with intact cells. (c) After 24 hours of treatment with staurosporine all the

cells are dead.
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Figure 76 - HT1080 IncuCyte® live-cell analysis tracking confluency normalised to seeding confluency following exposure of HT1080 cells to non-
crosslinked and crosslinked forms of TRAIL (treatment during exponential growth phase at about 24 hours) (mean +/- SEM, n = 3). (a)
SuperKillerTRAIL (SKT) reduces rate of proliferation temporarily greater than FLAG TRAIL with M2 antibody (mean +/-SEM, n = 3). (b) Wst-8 cytotoxic
assay (n = 4; mean +/-SEM) used to compare used the cytotoxic effects of crosslinked and non-crosslinked forms of TRAIL on HT1080 cells. SKT has a
greater effect compared to tagged forms of TRAIL such as FLAG TRAIL or His TRAIL (p<0.05, unpaired t-test). Crosslinked forms of TRAIL
(SuperKillerTRAIL) are more effective than non-crosslinked forms (His TRAIL and FLAG TRAIL) in the HT1080 dedifferentiated chondrosarcoma cell

line similar to findings of previous reports [251].
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Normal human dermal fibroblast (NHDF) cell line

Figure 77 — IncuCyte® live-cell analysis images for NHDF cell line before and at 24 hours
after treatment with 100 ng/ml SuperKillerTRAIL. (a) NHDF cells before treatment with
100 ng/ml SKT. (b) After 24 hours of treatment with 100 ng/ml SKT; appearance of cells
is similar to untreated with limited rounded body apoptotic cells visible. (c) After 24
hours of treatment with staurosporine, cells appear to be dying and detaching from

the surface.
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Normal Human Dermal Fibroblasts (NHDF) cells
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Figure 78 - IncuCyte® live-cell analysis images for NHDF cell line. The effects of
SuperKillerTRAIL (SKT) on NHDF cell proliferation (seeded at 1200 cells, treatment at
48 hours). SuperKillerTRAIL (SKT) has a greater effect at reducing cell proliferation at

100 ng/ml than 10 ng/ml.

178



Table 18 - Summary table for the % change in confluency over 24 hours using

IncuCyte® live-cell analysis system. R = no change/resistant. Reduction in confluence

compared to control was observed with crosslinked SuperKillerTRAIL (100 ng/ml = 4

nM) in the U20S, TC71 and HT1080 cell lines. There was a greater reduction compared

to the non-malignant normal human dermal fibroblast (NHDF) cell line. FLAG TRAIL

alone was observed to have stimulatory effects. No significant sensitivity was found in

the SW1353 chondrosarcoma cell line over the first 24 hours.

Sarcoma type

% change of confluency over 24 hours after treatment
normalised to untreated (mean +/- SEM, n = 3)

Osteosarcoma U20sS 3% (+/-15 %) -25 % (+/-4 %) -56 % (+/-4 %)

Ewing’s sarcoma | TC71 12 % (+/-8 %) -1% (+/-8 %) -23 % (+/-12 %)
HT1080 | 2 % (+/-2 %) 3% (+/-1 %) 31 % (+/-1.2 %)

Chondrosarcoma SW1353 | R R R

Normal human NHDF - - -10%

dermal
fibroblasts
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5.1.3 Crosslinked SuperKillerTRAIL has cytotoxic effects on bone sarcoma cell lines
and this can be correlated to the degree of DR5 expression

Wst-8 (cck-8) assays were performed to assess the degree of cytotoxicity of crosslinked

SuperKillerTRAIL on the available bone sarcoma cell lines and the majority were

sensitive. The most resistant were the SISA-1 osteosarcoma cell line and the SW1353

chondrosarcoma cell line (Figure 79 to Figure 81, Table 19). It was found that when

excluding the SJSA-1 and SW1353 cell lines, the degree of cytotoxicity was proportional

to the degree of expression of DR5 on the cell surface (R*2 = 0.94, p<0.05 at 10 ng/ml,

0.4 nM Pearson’s correlation coefficient) (Table 19, Figure 82).
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Figure 79 — SuperKillerTRAIL cytotoxicity assays in osteosarcoma cell lines: (a) MG63,

(b) U20S, (c) SAOS-2, (d) SJSA-1, from increasing to decreasing sensitivity (mean +/-

SEM, n = 3).
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Table 19 — DR5 median fluorescence intensity (MFI) (S, Stained — ITC, Isotype Control) and response to crosslinked SuperKillerTRAIL (SKT), FLAG TRAIL

+ M2 antibody and non-crosslinked FLAG TRAIL and His TRAIL. Summary with DR5 MFI and SuperKillerTRAIL IC50 values (mean +/- SEM, n =3). NC =

Not Converged with doses up to 100 ng/ml. NA = Not Available.

Sarcoma type

Osteosarcoma

Chondrosarcoma

Ewing’s sarcoma

DR5 Control

DR4 Control

Cell line

SAOS-2
U20S
SJSA-1

MG63
SW1353
HT1080
TC71

MF DR5-
Fas

MF DR4-
Fas

DR5 [MFI(S)-

MFI(ITC)] (mean

+/-SEM, n = 3)

156 (+/- 47)
289 (+/- 85)

592 (+/- 8)
(DcR2-87+/-6)

793 (+/- 111)
324 (+/- 47)
815 (+/-131)

285 (+/-20)
(DR4-138+/-22,
DcR2-91+/-6)

1140 (DR4 = 9)

10 (DR4 = 808)

SKT IC50 (nM), %
dead at highest dose
(100 ng/ml, 4 nM)

3.1,34%
09,47 %
NC, 1%

0.8,84 %
32,0%

1.0,62 %
1.0,64 %

0.002 nM, 40 %

0.01 nM, 63 %

FLAG TRAIL + M2
antibody (0.5 pg/ml)
IC50 (nM) % dead at

NC, 23 %
NA

NA

NC, 5%
NC, 19 %
NC, 15 %

NA

NA

FLAG TRAIL IC50
(nM) % dead at
highest dose (100

NA
NC, 17 %
NA

NA

NC, 3%
NC, 3%
NC, 0 %

0.03 nM, 45 %

0.2nM, 6%

His TRAIL IC50 (nM)
%dead at highest
dose (100 ng/ml, 4
nM)

NA
NC, 14 %
NA

NA

NC, 6 %
NC, 4 %
NC, 0 %

NA

NA
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5.1.4 Crosslinked SuperKillerTRAIL has limited cytotoxic effects on non-malignant
cells except for human hepatocyte cell line (HHL5)

The majority of the non-malignant cell lines available were resistant to the effects of
SuperKillerTRAIL. The most sensitive non-malignant cell line was the HHL5 hepatocyte

cell line (Figure 83 and Figure 84).
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Figure 83 — Effects of SuperKillerTRAIL on: (a) Stem cells (BMMSCs), (b) Fibroblasts
(NHDF), (c) Osteoblasts and (d) Endothelial cells (HUVECs).
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Figure 84 — Effect of SuperKillerTRAIL on: (a) Ventricular cardiomyocyte cell line (AC10)

and (b) hepatocyte cell line (HHL5) (IC50 = 0.2 nM).
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5.1.5 Anti-DR5 agonist monoclonal antibody (TRA-8) has limited cytotoxicity on bone
sarcoma cell lines compared to SuperKillerTRAIL

Background: DR5 agonists are currently used in clinical trials for advanced cancers such
as sarcoma, breast, colorectal and malignant melanoma [206]. Clinical trial
NCT01327612 results, which includes sarcoma are expected in November 2019 (Table
20). DS-8273a has been found to be well tolerated in the first in-human study of
patients with advanced solid tumours, including sarcoma at 24 mg/kg [260]. | have
tested a similar antibody, the humanised anti-DR5 agonist monoclonal antibody (TRA-
8, absolute antibody, UK) in the bone sarcoma cell lines and compared its effectiveness
to crosslinked SuperKillerTRAIL (SKT) and generally found it to be less potent (Figure 85
to Figure 87, Table 21).

Table 20 - Active TRAIL and TRAIL-R based therapies in clinical trials [adapted from

[206]].
TRAIL-R agonistic | In combination CaineaE Clinical trial Estimated
antibodies with identifier completion date
Mapatumumab Sorafenib Advanced
(HGS-ETR1) (multikinase hepatocellular NCT01258608 December2018
(DR4 agonist) inhibitor) carcinoma
FOLFOX8,
Conatumumab ganitumab (anti- | Advanced solid
(AMG-655) IGF1R)and/or tumours (includes | NCT01327612 November2019
(DR5 agonist) bevacizumab sarcoma)
(anti-VEGF)
Tigatuzumab (CS- Petiants ywth.
1008) Abraxane metas.tat';’ fiple- | NCT01307891 | September2017
(DR5 agonist) negative breast
cancer
Advaniced NCT02991196 | September2017
. . colorectal cancer
DS-8273a Nivolumab (anti-
(DR agonist) PD1) Unresectable
stage Il orstage | NCT02983006 December2019
IV melanoma

1.FOLFOX, oxaliplatin—leucovorin—fluorouracil chemotherapy; IGF1R, insulin-like growth factor 1 receptor; PD1, programmed cell death
protein 1;
2. TRAIL, tumour necrosis factor-related apoptosis-inducing ligand; TRAIL-R, TRAIL receptor; VEGF, vascular endothelial growth factor.
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Figure 85 - Anti-DR5 agonist monoclonal antibody (TRA-8) vs SuperKillerTRAIL

cytotoxicity assays in osteosarcoma cell lines (a) MG63, (b) U20S, (c) SAOS-2, (d) SISA-
1 (mean +/- SEM, n = 3).
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Figure 86 - Anti-DR5 agonist monoclonal antibody (TRA-8) vs SuperKillerTRAIL

cytotoxicity assays in chondrosarcoma cell lines (a) SW1353, (b) HT1080 (mean +/-
SEM, n = 3).
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Figure 87 - Anti-DR5 agonist monoclonal antibody (TRA-8) vs SuperKillerTRAIL

cytotoxicity assays in Ewing’s sarcoma cell line (a) TC71 (mean +/- SEM, n = 3).

Table 21 - SuperKillerTRAIL (SKT) was generally found to have a more cytotoxic effect

than TRA-8 on bone sarcoma cell lines (mean +/- SEM, n = 3). NC = Not Converged.

Sarcoma type Cell line DR5 [MFI(S)-MFI(US)] [TRA-8 IC50| SKT IC50 (nM),
Mean +/- SEM (n=3) [(nM), % % dead at

highest dose

Osteosarcoma SAQS-2 156 (+/- 47) 1.9,8% 3.1,34%
U20S 289 (+/- 85) NC 0.9, 47 %
SISA-1 592 (+/- 8) NC NC, 1%
(DcR2-94)
MG63 793 (+/- 111) 1.9 0.8, 84 %
Chondrosarcoma  SW1353 324 (+/- 47) NC 3.2,0%
HT1080 815 (+/-131) NC 1.0,62%
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Ewing’s sarcoma TC71 285 (+/-20) NC 1.0,64 %
(DR4-105, DcR2-86)

5.1.6 Mode of cell death by SuperKillerTRAIL is predominantly via apoptosis

In order to investigate the mode of cell death (apoptosis or necroptosis) in response to
SuperKillerTRAIL (SKT) treatment, agents were used to inhibit caspase activity
(reversible, Ac-DEVD-CHO or irreversible, Z-VAD-FMK; to investigate for apoptosis) or
inhibit receptor-interacting protein 1 (RIP1) kinase domain (necrostatin; to investigate
for necroptosis) in the HT1080 and U20S bone sarcoma cell lines. Cells were treated
with the agent for 30 minutes before the application of SuperKillerTRAIL for 24 hours.
It was found in the HT1080 and U20S cell line that the application of the caspase
inhibitors significantly reduced the effectiveness of SKT. Necrostatin did not have a

significant effect on these cell lines (Figure 88 to Figure 92).
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24hours of treatment with SKT)
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Figure 88 — Reversible caspase inhibition and response to SuperKillerTRAIL (SKT) in
HT1080 cell line. 20 % less cell death was observed when applying reversible caspase
inhibitor AC-DEVD-CHO (20 uM) compared to SuperKillerTRAIL (SKT) alone in the
HT1080 cell line (p = 0.005, Mann-Whitney U test).
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Figure 89 — Irreversible caspase inhibition and response to SuperKillerTRAIL (SKT) in
HT1080 cell line. 35 % less cell death was observed when applying irreversible caspase
inhibitor Z-VAD-FMK (20 uM) compared to SuperKillerTRAIL (SKT) alone in the HT1080
cell line (p < 0.05, Mann-Whitney U test).
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Figure 90 — Comparison of caspase inhibition (reversible, Ac-DEVD-CHO or irreversible,
Z-VAD-FMK) or inhibition of receptor-interacting protein 1 (RIP1) kinase domain
(necrostatin) and response to SuperKillerTRAIL (SKT) in the HT1080 cell line.
Significance was observed when applying zZVAD-FMK (20 uM), about 10 % less cell
death when compared to SuperKillerTRAIL (SKT) alone (p < 0.05, Mann-Whitney U
test). However, no significant difference was observed when applying the necrostatin

(20 uM).
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Figure 91 - Inhibition of receptor-interacting protein 1 (RIP1) kinase domain (using
necrostatin) and response to SuperKillerTRAIL (SKT) in the U20S cell line. No significant

difference was observed when applying the necrostatin (20 uM).

194
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then 24hours of treatment of SKT)
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Figure 92 - Comparison of caspase inhibition (reversible, Ac-DEVD-CHO or irreversible,
Z-VAD-FMK) or inhibition of receptor-interacting protein 1 (RIP1) kinase domain
(necrostatin) and response to SuperKillerTRAIL (SKT) in the U20S cell line. For the
U20S cell line, significance was observed when applying zZVAD-FMK (20 uM), about 65
% less cell death when compared to SuperKillerTRAIL (SKT) alone (p < 0.005, Mann-
Whitney U test). However, no significant difference was observed when applying the

necrostatin (20 uM).
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5.2 siRNA knockdown and response to TRAIL experiments

5.2.1 Overview

SiRNA knockdown of DR5 and DR4

siRNA was used to knockdown DR5 in the SISA-1 and U20S cell lines in order to assess
the requirement for DR5 to SKT to induce apoptosis in these cells and not from off
target effects. From the flow cytometry data obtained, | found high and moderate
levels of surface DR5 expression in the SISA-1 and U20S cell lines respectively. RT-PCR
confirmed knockdown with the sequences, concentrations and the 72-hour time point
chosen. A good degree of surface knockdown (>80 % in these cell lines) was also
confirmed using flow cytometry. The SISA-1 and U20S cell lines were then treated with
DR5 siRNA and monitored using the IncuCyte® live-cell analysis system for cell
proliferation and response to SuperKillerTRAIL (SKT). Generally, | found that
knockdown of DR5 conferred resistance to SKT in the U20S and SISA-1 cell lines
(Section 4.2.2). DR4 was also successfully knocked down in the TC71 cell line. The
application of SKT after a degree of knockdown did not appear to have a significant

effect compared to non-targeting/scrambled siRNA.
SiRNA knockdown of DcR2

From the flow cytometry data obtained | found high levels of surface DcR2 expression
in the SJSA-1 osteosarcoma cell line. DcR2 siRNA was used to knockdown DcR2 in the
SJSA-1 cell line (>80 % knockdown achieved). The SISA-1 cell line treated with siRNA
was monitored using the IncuCyte® live-cell analysis system for cell proliferation and
response to SuperKillerTRAIL (SKT). There was no significant evidence to suggest

increased sensitivity from the knockdown using 3.5 nM of SKT (Section 4.2.4).
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5.2.2 DR5 knockdown using siRNA reduces the response to SuperKillerTRAIL (SKT)
DR5 knockdown was achieved in the U20S and SJSA-1 cell lines using DR5 siRNA

(Figure 93) and responses to SuperKillerTRAIL (SKT) was monitored using the IncuCyte®

live-cell analysis system.

siRNA design and RT-PCR analysis

Exons

AF016268

AF016649
AF1S3667

AK296128

AK298602
BLO01261
BHES7617

NM_005842
NM_ 147187

Figure 93 - DR5-1 siRNA target sequence location. DR5 is also known as ‘TNFRSF10B
CD262, DR5, KILLER, KILLER/DRS5, TRAIL-R2, TRAILR2, TRICK2, TRICK2A, TRICK2B,
TRICKB, ZTNFR9’, chromosome 8, total exons =9, 9 splice variants [261].

http://projects.insilico.us/SpliceCenter/PrimerCheck
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5.2.2.1 DR5 siRNA knockdown in U20S osteosarcoma cell line and response to
SuperKillerTRAIL (SKT)

RT-PCR analysis of DR5 knockdown in U20S cell line

Adequate knockdown was observed in U20S cell line using RT-PCR (Figure 94).
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Figure 94 - U20S cells were transfected with DR5 siRNA from sequences obtained from
the following paper [258] and RNA was extracted at 72 hours. A reduction in DR5
transcript levels were found using RT-PCR compared to non-targeted/scrambled siRNA

(mean +/- SEM, n = 1).
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Flow cytometry analysis of DR5 surface level knockdown in U20S cell line
Flow cytometry analysis demonstrated adequate knockdown of DR5 at the surface

protein level in the U20S cell line (Figure 95).

(a)

250 = Sample Name Subset Name Count Median : 488 585_42-A
1 [[1| 345787 fos Unstained 5447 436
345700 fos U205 Scrambled T4 340
200 n 345788 fcs uzos ITC 6229 130
E 345791 fcs U205 DRA SIRNA G166 157
150 =
€ i
=
=]
L]
100 =
a0 =
1}
A | Ty
103 104 105
488 585_42-A 1 PE
250}(—_ o | Sample Mame | Subset Mame | Count | Median : 488 585 _42-A
1: F 345788 fos Ungated 10000 193
M | 345787 fcs Ungated 10000 0.6
200K - 345701 fos Ungated 10000 228
4 345790 fos Ungated 10000 434
150K . I
T ik
o .
o i
wl .
100K =
A0K =
]
AL | L | Lk i | Ty
10D 101 10 103 104 105

488 S85_42-A  PE

199



(b)
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Figure 95 — U20S cells were transfected with DR5 siRNA (50 nM) and surface level DR5

was analysed using flow cytometry at 72 hours. A reduction in DR5 surface expression

was found in DR5 siRNA treated cells compared to non-targeted/scrambled U20S

treated cells [(MFI scrambled - MFI DR5 siRNA)/MFI scrambled x100 = 54 % knockdown

could be achieved (a) and 61 % (b)].
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Response to SuperKillerTRAIL

DR5 siRNA and scrambled siRNA treated U20S cells were exposed to IC50 of
SuperKillerTRAIL (SKT) and 100 ng/ml (4 nM) (SKT) and the effect on proliferation was
measured using the IncuCyte® live-cell analysis system. DR5 siRNA was found to
reduce proliferation and increase resistance to SKT (Figure 96). More apoptotic cells

were observed in scrambled siRNA treated cells (Figure 97).
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Figure 96— (a) 61% DR5 Knockdown was achieved using DR5 siRNA. (b) Knockdown reduces U20S cell proliferation and confers resistance to
SuperKillerTRAIL (SKT). DR5 siRNA was applied at 24 hours and SKT was applied at 72 hours at the IC50 for the U20S osteosarcoma cell line or at 100
ng/ml (4 nM).
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(a) Controlscrambled siRNA treated U20S cells  (c) Control DR5 siRNA treated U20S cells

(b) Scrambled siRNA treated U20S cells (d) DR5 siRNA treated U20S cells
5 hours after SKT (IC50) applied 5 hours after SKT (IC50) applied
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Figure 97 - IncuCyte® live-cell analysis system image following SuperKillerTRAIL (100 ng/ml, 4 nM) treatment. (a) Before SuperKillerTRAIL (100 ng/ml)
treatment in scrambled siRNA treated U20S cells. (b) 24 hours after SuperKillerTRAIL (100 ng/ml) treatment in scrambled siRNA treated U20S cells.
(c) Before SuperKillerTRAIL (100 ng/ml) treatment in DR5 KD U20S cells. (d) After SuperKillerTRAIL (100 ng/ml) treatment in DR5 KD U20S cells.
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5.2.2.2 DR5 surface level knockdown in SISA-1 osteosarcoma cell line and response to
SuperKillerTRAIL

Flow cytometry analysis demonstrated adequate knockdown of DR5 at the surface

protein level in the SJISA-1 cell line (Figure 98). More apoptotic cells were observed in

scrambled siRNA treated cells (Figure 99).
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Count
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Figure 98 — SISA-1 cells were transfected with DR5 siRNA (50 nM) and surface level
DR5 was analysed using flow cytometry at 72 hours. A reduction in DR5 surface levels
were found in DR5 siRNA treated cells compared to non-targeted/scrambled SISA-1

treated cells. 95 % knockdown could be achieved using DR5 siRNA in the SISA-1 cell

line.
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Figure 99 — DR5 siRNA treated SJSA-1 cells were more resistant to 100 ng/ml, 4 nM SuperKillerTRAIL (SKT) (a and b) than scrambled treated SJSA-1

cells (a and c).
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5.2.3 DR4 knockdown using siRNA and response to SuperKillerTRAIL (SKT)

DR4 was knockdown was adequately achieved in the TC71 Ewing’s sarcoma cell line
using DR4 siRNA (Figure 100 and Figure 101) and response to SuperKillerTRAIL (SKT)
was monitored using the IncuCyte® live-cell analysis system. DR4 siRNA and scrambled
siRNA treated TC71 cells were exposed to IC50 of SuperKillerTRAIL (SKT) and IC50 +
1/3rd and the effect on proliferation was measured using the IncuCyte. Knockdown
achieved was only 39 % and no obvious differences between DR4 siRNA and scrambled

siRNA treated TC71 cells was observed (Figure 102 and Figure 103).
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Figure 100 - DR4-1 siRNA target sequence location. DR4 is also known as TNFRSF10A,
APO2, CD261, DR4, TRAILR-1, TRAILR1, chromosome 8, total exons = 10, 2 splice

variants (http://projects.insilico.us/SpliceCenter/PrimerCheck).

209


http://projects.insilico.us/SpliceCenter/PrimerCheck

Flow cytometry analysis of DR4 surface level knockdown in TC71 cell line
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(b)
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Figure 101 — TC71 cells were transfected with DR4 siRNA (50 nM) and surface level DR4
was analysed using flow cytometry at 24, 48 and 72 hours. A reduction in DR4 surface
levels were found in DR4 siRNA treated cells compared to non-targeted/scrambled

TC71 treated cells (67 % at 48 hours and 81 % knockdown at 72 hours) (a and b).
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Figure 102 — (a) 39 % DR4 knockdown was achieved using DR4 siRNA. (b) Knockdown at this level did not significantly affect proliferation or confer

resistance to SuperKillerTRAIL (SKT). DR4 siRNA was applied at 72 hours and SKT was applied at 144 hours.
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(a) Control scrambled siRNA treated TC71 cells (c) Control DR4 siRNA treated TC71 cells

b) Scrambled siNA treated T71 cells (d) DR4 siRNA treated TC71 cells
6 hours after SKT (IC50) applied 6 hours after SKT (IC50) applied
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Figure 103 - IncuCyte® live-cell analysis system images following SuperKillerTRAIL (SKT) (IC50 for TC71) treatment. (a) Before SKT treatment in
scrambled siRNA treated TC71 cells. (b) 24 hours after SKT treatment in scrambled siRNA treated TC71 cells. (c) Before SKT treatment in DR4 KD TC71
cells. (d) 24 hours after SKT treatment in DR4 KD TC71 cells.
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5.2.4 DcR2 knockdown and response to SuperKillerTRAIL (SKT)

Adequate level of DcR2 knockdown was achieved in the SJSA-1 cells line (Figure 104

and Figure 105).
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Figure 104 - DcR2 siRNA target sequence location. DcR2 also known as TNFRSF10D,
CD264, DCR2, TRAIL-R4, TRAILR4, TRUNDD, ENSG00000173530, chromosome 8, total

exons =9, 2 splice variants. http://projects.insilico.us/SpliceCenter/PrimerCheck.
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Figure 105 — Flow cytometry analysis for DcR2 expression after siRNA treatment. (a) SJSA-1 cells staining positive for DcR2, (b) same degree of shift

with scrambled siRNA, nearly complete knockdown with (c) sequence A, (d) sequence B, (e) sequence C and (f) pooled.
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5.2.4.1 IncuCyte monitoring of DcR2 KD and sensitivity to SuperKillerTRAIL

Following successful DcR2 KD in the SJISA-1 osteosarcoma cell line, response to SKT
treatment was observed using the IncuCyte® live-cell analysis system. Despite nearly
complete knockdown of DcR2, the rate of decline of confluency following treatment
with SuperKillerTRAIL (3.5 nM) is similar in DcR2 siRNA treated cells compared to SISA-
1 cells treated with scrambled siRNA (Figure 106).
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Figure 106 - Despite nearly complete knockdown of DcR2, the rate of decline of
confluency following treatment with SuperKillerTRAIL (3.5 nM) is similar in DcR2 siRNA

treated cells compared to SJSA-1 cells treated with scrambled siRNA.
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5.3 Clustered regularly interspaced short palindromic repeats (CRISPR) knockout of
DR5

CRISPR was used to knockout DR5 in the SW1353 and HT1080 cell lines. Flow
cytometry was used to select the cells negative for DR5. After confirmation of
knockout of DR5 on the cell surface, the cells were seeded into a 6-well plate and the
proliferation of those cells was monitored using the IncuCyte. This was of interest as
the receptor is thought to promote invasion and metastases [262]. Furthermore, |
assessed their response to crosslinked forms of TRAIL. Genome cleavage detection

(GCD) assay indicated adequate DR5 gRNA editing efficiency (Figure 107).

Genome cleavage detection (GCD) assay assessment of DR5 gRNA editing efficiency

HT1080 SW1353

DNA Ladder -gRNA +gRNA  -gRNA  +gRNA

8 .

Figure 107 — GCD assay and DNA electrophoresis to confirm presence of cleaved DNA
products and degree of efficiency of editing in cell lines with an indel created by
CRISPR Cas9. (a) DNA ladder, (b) HT1080 unedited (-gRNA), (b) HT1080 edited (+gRNA),
(c) SW1353 unedited (-gRNA), (d) SW1353 edited (+gRNA). There is about 50 %
efficiency indicated by the top band in lanes (c) and (e) in relation to the bands in (b)

and (d) respectively.
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Flow cytometry and FACS analysis to confirm DR5 knockout

SW1353 and HT1080 confirmation of DR5 knockout at protein level and surface
protein level was carried out using western blotting (Figure 108 and Figure 109) and
flow cytometry respectively. Two populations (one DR5 positive and the other DR5
negative) for the HT1080 and SW1353 cell lines were visible using flow cytometry. The
negative population was sorted into a 6-well plate for further expansion and later

single cell sorting (presented in general materials and methods).
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Figure 108 - DR5 isoforms in the SW1353 cell line, which are not as visible following
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DR5 CRISPR Knockout following treatment of the cells with CRISPR mRNA,
lipofectamine and DR5 gRNA.
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Figure 109 - Strong DR5 band in the HT1080 cell line, which is no longer strongly visible
following DR5 CRISPR Knockout following treatment of the cells with CRISPR mRNA,
lipofectamine and DR5 gRNA.

5.3.1 HT1080 DR5 CRISPR KO abolishes cytotoxic effect of crosslinked TRAIL

HT1080 DR5-ve CRISPR KO cell line proliferation and growth in culture was not
impaired on inspection and demonstrated significant resistance to SuperKillerTRAIL
(SKT), Fc containing crosslinked TRAIL (Fc-scTRAIL) and an NG2 targeted crosslinked

form of TRAIL (ScFv(MCSP)-Fc-scTRAIL) compared to the non CRISPR treated DR5+ve
HT1080 cells (Figure 110).
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Figure 110 — DR5 negative CRIPSR KO HT1080 cell response to crosslinked forms of
TRAIL and SuperKillerTRAIL (SKT) vs control DR5+ve HT1080 cells. The HT1080 DR5
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CRISPR KO cell line demonstrated significant resistance to a crosslinked form of TRAIL
(Fc-scTRAIL) and NG2/MCSP targeted crosslinked from of TRAIL scFv(MCSP)-Fc-scTRAIL
compared to the non CRISPR treated HT1080 cells (n = 3, mean+/-SEM).

5.4 Discussion and future direction

Death receptor/TRAIL-R agonists

The ability of TRAIL to induce apoptosis selectively in cancer cells has resulted in
clinical trials using rhTRAIL and several trail agonistic antibodies, which has included
mapatumumab (DR4 agonist), conatumumab (DR5 agonist), tigatuzumab [CS-1008]
and DS-8273A, which are DR5 agonists and humanised versions of murine TRA-8 (DR5
agonist). There are ongoing clinical trials using these DR5 agonists; however, to date
DR5 and DR4 agonists have not produced a clinical benefit in cancer patients. There
appears to be three main contributors to the failure of these clinical trials such as: (1)
insufficient agonistic activity of the drug candidate in question, (2) resistance of the
primary cells to the monotherapy with the DR agonists, and (3) lack of a suitable

biomarker to identify patients who are likely to respond to DR agonist therapy.

Recombinant human TRAIL (rhTRAIL)

There is a move towards using recombinant forms of TRAIL that mimics the natural
form of TRAIL, which has a trimeric structure and several recombinant TRAIL
formulations have been developed with the aim of increasing stability or tumour
specific delivery of the TRAIL. Stabilisation of the trimer has been attempted by
addition of FLAG epitope, LZ and isoleucine zipper motifs and polyhistidine as an end

terminal tag.

Further modifications have been fusion of the TRAIL to Fc portion of human
immunoglobulin 1gG and fusion of TRAIL to human serum albumin. Thus far for the
clinical application in bone sarcoma patients, the recombinant form of TRAIL
developed known as APO2L (dulanermin), which is dual apoptotic receptor DR4 and
DR5 agonist also known as AMG-951 has been used for chondrosarcoma. Subbiah et
al., in 2012 [263] found regression in lung metastases three years after APO2L/TRAIL

was administered. The patient achieved a sustained partial response and ultimately a
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complete response. Dulanermin treatment was given as 8 mg/kg IV on days 1-5in a 21-
day cycle with cycle one, day one commencing in August 2005. The patient achieved a
sustained partial response by response evaluation criteria in solid tumours (RECIST)
[264], with only residual sub-centimeter nodules remaining which were not positive on
positron emission tomography (PET) scan. RECIST is tumour response determination
using response evaluation criteria in solid tumours by repeated tomography CT scans
or PET [264]. The patient had tolerated the treatment without significant side effects
and maintained a performance status of 100 %. After five months of treatment,
however, the patient was noted to have progressive lung disease and underwent a
resection that confirmed chondrosarcoma. He continued therapy at the same dosage
for an additional 16 months. Eighteen months after starting the treatment and at
restaging in October 2011, 6 years after commencement of therapy, CT scans showed
no evidence of disease. The resistant tumour was analysed using
immunohistochemistry and morphoproteomic analysis to evaluate the mechanisms of

response and resistance.

The study found activation of pro-survival proteins such as pSTAT3, pERK1/2, NFkB-
p65, p-mTOR with nuclear translocation (mTORC2) and also antiapoptotic Bcl-2 was
present in resistant tumour tissue. Wider studies using these DR agonists in other solid
tumours, which have included bone and soft-tissue sarcoma have failed to show any
significant anti-cancer activity [257]. It is thought that the culprit for failure is short
half-life of approximately 30 minutes in vivo and its weak capacity to induce high order
clustering of TRAIL receptors. It is also thought to possibly engage the decoy receptors,
DcR1 also known as TRAIL-R3, and DcR2 (TRAIL-R4), and OPG as discussed before,
which reduces effectiveness. In a review, Von Karstedt et al., (2017) discussed ongoing
clinical trials and suggested that for enhanced apoptosis there should be optimised
multimeric variants of TRAIL or other DR4, DR5 agonists in combination with potent
sensitisers to overcome cancer cell resistance to current TRAIL-based therapeutics

[206].

In my investigations in vitro, | found evidence that multimeric structures of TRAIL, e.g.
Crosslinked SuperKillerTRAIL (SKT) were more potent than the tagged human
recombinant forms of TRAIL (His-TRAIL and FLAG-TRAIL). | also investigated TRA-8

(human IgG1 Fc Silent™) a humanised version of the standard TRA-8 murine DR5
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agonist and found that crosslinked SKT had the most potent effects on bone sarcoma
cell lines. The most sensitive non-malignant cell line was the HHL5 hepatocyte cell line.
Human osteoblasts (OBs), bone-marrow-derived mesenchymal stem cells (BMMSCs),
human umbilical vascular endothelial cells (HUVECs) and human neonatal dermal
fibroblasts (NHDFs) had reduced sensitivity to SKT and the AC10 cardiac ventricular
cardiomyocyte cell line demonstrated some sensitivity at the higher doses. Further
investigation should focus on other hepatocyte and cardiomyocyte cell lines or primary

cells.

| have also tested SKT with sensitisers, current chemotherapeutics such as doxorubicin
and etoposide (VP16), sensitisers such as Smac mimetic and ABT-737 which is a Bcl
antiapoptotic protein inhibitor and also | have tested proteasome inhibitors such as
bortezomib and HDAC inhibitors which is discussed in Chapter 6. This is of importance
as | have found some of the bone sarcoma cell lines to be less sensitive to the
crosslinked form of TRAIL. This is the chondrosarcoma SW1353 cell line, the SAOS-2
osteosarcoma cell line and the SISA-1 osteosarcoma cell line. The SISA-1 and the
SW1353 have proved to be the most resistant cell lines; however, they can be
sensitised using doxorubicin. The SW1353 cell line could also be sensitised using Smac

mimetic. This is discussed in Chapter 6.

Of note, when recombinant human TRAIL (dulanermin) was administered to
cynomolgous monkeys, this induced production of anti-drug antibodies (ADAs), which
is an anti-drug antibody response. This was directed against only four amino acids in
which humans and cynomolgous monkey TRAIL differ and was shown to be responsible
for observed liver toxicity [265]. There should be caution with regards to considering
the immunogenic potential of novel bio-therapeutic agents. However, administration
of these agents in humans has not been reported in the literature to cause significant

side effects to date.

Mode of cell death

There is a general understanding in the literature that TRAIL induces apoptosis through
caspase activation. There are two pathways involved, depending on whether the cell is
a type 1 cell or type 2 cell. In type 2 cells there is additional involvement of the intrinsic

pathway of apoptosis. Both pathways converge on the executioner caspase, known as
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caspase 3. TRAIL can also induce necroptosis via RIPK1 (receptor interacting protein
kinase 1) and RIPK3, which can be PARP-1 dependent [266] or independent [267]. The
mode of cell death can be dependent on extracellular pH conditions, with acidic pH
stimulating necroptosis [266]. More recently, TNF-dependent necroptosis can be
stimulated with agents that activate mitochondrial outer membrane permeabilisation
(MOMP) in caspase deficient conditions as a form of caspase independent cell death
[268]. There is an interest in the induction of necroptosis or caspase independent cell
death as a method of cell cancer killing as this may stimulate immune cells to the
malignant cell site and induce further cancer cell death. Recent reports by
Giampazolias et al., support that caspase independent cell death displays potent anti-
tumourigenic effects promoting complete tumour regression in a manner dependent

on intact immunity [268,269].

In my investigation, | found that using inhibitors of necroptosis did not significantly
affect degree of HT1080 and U20S bone sarcoma cell survival when exposed to
SuperKillerTRAIL (SKT). However, | did find that when exposing sarcoma cells to
caspase inhibitors that there was a significant reduction in cytotoxicity with SKT
treatment. My results suggest, that in these sarcoma cells lines the mode of cell death
when exposed to TRAIL is predominately apoptosis through the caspases. Further
investigation is required in sarcoma cells to deduce the degree of activation of
necroptosis upon TRAIL exposure with and without caspase inhibition as studies so far

have either investigated this in carcinoma or epithelial cells [266,268].

DR4 and DR5 perturbation studies

A study in 2019 by Staniek J et al., [270] further investigated the specific contribution
of each DR to apoptosis known to be dependent upon relative level of surface
expression in B cell lymphoma cells [271]. They used DR4 blocking antibody in a
primary human B cell line with DR5 present and absent in a CRISPR KO B cell
lymphoma line. Anti-DR4 completely inhibited apoptosis in the DR5 KO cell line (BJAB
TRAIL R2 KO). In primary human B cells there was an increase from 26% to 45% survival
in DR4 blocked cells by pre-incubating with DR4 blocking antibody then treating with
TRAIL. Blocked and TRAIL untreated cells had 57% survival; the authors attributed this
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to the contribution of DR5. They concluded overall that ligand crosslinking of both DR4

and DR5 contribute to apoptosis in primary human B cells [270].

In comparison to studies in Ewing’s sarcoma cell lines, which can express DR5 but
varying levels of DR4, the use of short hairpin RNA (shRNA) to reduce DR4 levels in the
TC71 cell line (shDR4TC-71 cells with 50% decrease in surface level) can reduce
sensitivity to TRAIL despite presence of DR5. Overexpression of DR4 in resistant cell
lines restored sensitivity [202]. It has also been claimed that more sensitive Ewing’s
sarcoma cell lines contain both DR4 and DR5 and those that are more resistant lack

DR5, which when reintroduced sensitises the cells to TRAIL [81].

Further study is required in a range of bone sarcoma cell lines, initially addressing
again the TC71 Ewing’s sarcoma cell line, knockdown of DR4 using siRNA and TRAIL
treatment of cells with greater levels of KD, and reduction in surface protein level.
Also, use of anti-DR4 antibody or CRIPSR knockout models would add further
information about roles of DR4 and DR5 in TRAIL induced apoptosis in this Ewing’s
sarcoma cell line and other bone sarcoma cell lines that express both DR4 and DR5 as
to the best of my knowledge there is no published data regarding this. This is clinically
important as targeting DR5 alone using Lexatumumab in Phase | study showed rare
objective response in an Ewing’s sarcoma population [272]. These DR KD/KO
investigations, therefore, would add further strength to the argument that
development of TRAIL to crosslink both DR4 and DR5 should be used in future clinical

studies and potentially introducing a receptor if it is lacking.

For the current PhD project, CRISPR was used to knockout the DR5 gene in the HT1080
dedifferentiated chondrosarcoma cell line and the pool of cells was used for
experiments. A clonal cell line could have provided cells sharing the same loss of
function mutation with more consistent and reproducible results, preferably with 2
clones to account for any variability during the single-cell clonal expansion. | attempted
single-cell isolation using Fluorescence-activated cell sorting (FACS); however, growth
of the cells was unsuccessful. | proceeded to work with the pool of cells, which may
have risked experimenting on cells with protein expression due to unedited or
heterozygous cells (limitation when using siRNA). Western blotting studies and flow

cytometry data in this project, however, demonstrated appearances consistent with
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full knockout and the desired phenotype when testing the pool of cells (all DR5
negative sorted using FACS) and | was able to progress the project. There is also the
potential for off-target effects from the gRNA in CRISPR treated cells [273]. Predicted
off-target effects using the company design tool demonstrates 2 off-target effects
from a gRNA sequence targeting TNFRSF10B/DR5 (GACAACGAGCACAAGGGTCT):
location chr12[46841983] affecting human gene SLC38A4 (Solute Carrier Family 38
Member 4) and location chr9[122002349] affecting human gene TTLL11 coding for
polyglutamase, with no obvious relation to apoptotic pathways. There have also been
tools developed that can be used such as the CRISPR/Cas9 target online predictor

(CCTop, http://crispr.cos.uni-heidelberg.de) [274]. This is achieved by aligning the

gRNA sequence with reference genome sequence on a homology basis. Further
validation would involve CRISPR gene editing confirmation of on-target and off-target

genes using Sanger sequencing.

Overall summary and future direction

In summary, activation of TRAIL receptors requires the corresponding TRAIL ligand as
agonist antibodies are unable to effectively activate signalling alone. Effective
activation requires a stable trimeric ligand with cross-linking antibodies. The
alternative is a ligand analogue, which mimics the membrane form of TRAIL. These
strategies take advantage of the described hexagonal model of activation [275]. A
better understanding of the arrangement of the receptors on the membrane and the
function of the membrane has increased the interest in the development of more
stable TRAIL ligand analogues, with improved half-life, increased activity and lower
immunogenicity. This should form the basis for future investigations and has been
studied in vitro and in vivo in Chapters 7 and 8, respectively as part of this thesis for

chondrosarcoma.

Other considerations are FDA approved drugs that can induce tumour cell death via
engagement of the endogenous TRAIL, TRAIL-R system and blocking of TRAIL and TRAIL
receptor to neutralise the autocrine and paracrine tumour supportive roles in KRAS
mutant cancers and the concept of combining with immune checkpoint blockade could
provide efficacious [206]. Determining which patients will benefit and deciphering

more the underlying biology will be important feats for the future.
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Chapter 6. Investigating the effect of TRAIL in combination with current
chemotherapeutic agents and other novel sensitisers on bone
sarcoma cell lines
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6.1 Introduction

Increased sensitivity to TRAIL has been found when used in combination with
chemotherapeutic agents [71,89,242,276]. This has been commonly associated with
increased caspase-8 expression but also upregulation of the death receptors (DRs) and
downregulation of c-FLIP and has been discussed extensively in the introduction

Chapter 1.

Doxorubicin is one of the main chemotherapeutic agents currently used in clinical
practice for bone sarcoma. More resistant bone sarcomas, such as chondrosarcoma
can show some sensitivity to doxorubicin, which is included in most regimens [277]
and the chondroid matrix does not significantly reduce doxorubicin entering the
nucleus [278]. Response rates can be poor, particularly for chondrosarcoma:
mesenchymal (31 % response), dedifferentiated chondrosarcoma (20.5 %),

conventional chondrosarcoma (11.5 %) and clear cell chondrosarcoma (0 %) [277].

The aims of this chapter are to:

1. Investigate the cytotoxic effects of crosslinked TRAIL in combination with
chemotherapeutic agents currently used for the treatment of bone sarcoma in the

bone sarcoma cell lines and determine IC50 values.

2. Investigate cytotoxic effects of crosslinked TRAIL with chemotherapeutics in non-

malignant cells.

3. Explore the efficacy of using novel sensitisers such as Smac mimetics, HDAC
inhibition, inhibitors of the Bcl-2 family (ABT-737) in combination with crosslinked

TRAIL on the bone sarcoma cell lines, with a focus on the more resistant lines.
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6.2 Combining doxorubicin with SuperKillerTRAIL on bone sarcoma cell lines

Doxorubicin

Doxorubicin produces a range of cytotoxic effects by binding to DNA associated
enzyme, intercalating with DNA base pairs. It activates AMPK (AMP-activated protein
kinase inducing apoptosis) and alters the Bcl-2/Bax ratio resulting in downstream
activation of different caspases [279]. In cancer cell lines such as PC3, doxorubicin has
been found to decrease c-FLIP levels. This decrease has been found to correlate with
caspase-8 activation and PARP cleavage [280,281]. In breast and renal cancer cell lines,

doxorubicin also enhances the effect of TRAIL [282,283].

The concentration of doxorubicin in circulation is 6.73 umol/l according to a recent

paper; 75 % is protein bound [284] (Equation 6).

Doxorubicin Cmax = 6.73umol/l - 75% protein bound

Equation 6 - Concentration of doxorubicin in circulation — 75 % is protein bound [284].

Therefore, approximately 1.7 uM is considered free depending on patient condition.

Materials and Methods

Doxorubicin was applied to the bone sarcoma cell lines in combination with
SuperKillerTRAIL (SKT) to assess for enhanced cytotoxic effects. Doxorubicin (10 mg,
Sigma Aldrich, UK) was dissolved in sterile distilled water to a concentration of 10 mM.
Serial dilutions by factors of 3 in a master plate was applied to the cells in a 96-well

plate (5000 cells per well).

The plate setup was such that there were three technical repeats for each doxorubicin
concentration (titrated) and fixed dose of (SKT). Three wells were treated with SKT
alone and three wells were left untreated. This was carried out in combination with 0.1
ng/ml SKT, 1 ng/ml SKT and 10 ng/ml SKT. The results are presented and summarised

below.
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IncuCyte® live-cell imaging analysis

Preliminary data using the IncuCyte® live-cell analysis revealed that combining
doxorubicin with SuperKillerTRAIL (SKT) is more effective at reducing confluency than

doxorubicin or SKT alone (Figure 111).

U20S cell treatment with Doxorubicin, SuperKillerTRAIL(SKT) or
combined

Confluence (%) normalised to Ohr time point

0 T T T 1
0 20 40 60 80

Time (hrs)

-®- Control (untreated)
=4 SuperKiller TRAIL (SKT) (100ng/ml)

-©- Doxorubicin (0.6uM)
-5 Doxorubicin (0.6uM) + SKT 50ng/m|

Figure 111 - U20S cells were treated at 16-hour timepoint at exponential growth
phase. Combination of SuperKillerTRAIL with doxorubicin can be seen to have
enhanced cytotoxic effects. There is regrowth after administration of SuperKillerTRAIL
alone (100 ng/ml; 4 nM) as demonstrated in previous IncuCyte® live-cell analysis data.
However, regrowth is not seen, when doxorubicin is combined with SuperKillerTRAIL

(50 ng/ml; 2 nM) and is more effective than administration of doxorubicin alone.
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Doxorubicin combined with SuperKillerTRAIL (SKT) on bone sarcoma cell lines

The combination of doxorubicin and SuperKillerTRAIL increased the cytotoxic effects
on osteosarcoma, Ewing’s sarcoma and chondrosarcoma cell lines (Figure 112 to Figure

114, summarised in Table 22).
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Figure 112 - Doxorubicin combined with SuperKillerTRAIL (SKT) on osteosarcoma cell
lines: (a) MG63, (b) U20S, (c) SAOS-2 and (d) SISA-1 (n = 3, mean +/- SEM * = p<0.05,

** = p<0.001, Student’s t-test Doxorubicin vs Doxorubicin with 0.4 nM SKT.

Ewing’s sarcoma

TC71 (n=3, mean +/- SEM)

150 -
*
* o
=
~ 100 -
2
©
—
®
2
50 -
(/]
0 A— i T T T T 1
0.001 0.01 0.1 1 10 100

Doxorubicin [uM]

-®- Doxorubicin
-+~ Doxorubicin with SuperKillerTRAIL(0.04nM)
-+~ Doxorubicin with SuperKillerTRAIL(0.4nM)

Figure 113 - Doxorubicin combined with SuperKillerTRAIL on TC71 Ewing’s sarcoma cell
line (n = 3, mean +/- SEM * = p<0.05, Student’s t-test, Doxorubicin vs Doxorubicin with

0.4 nM SKT).
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Chondrosarcoma

HT1080 (n=3, mean +-SEM) SW1353 (n=3, mean +/- SEM)
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-+ Doxorubicin with SuperKillerTRAIL(0.04nM)
-+~ Doxorubicin with SuperKillerTRAIL(0.4nM)

Figure 114 - Doxorubicin combined with SuperKillerTRAIL on chondrosarcoma cell
lines: (a) HT1080 dedifferentiated chondrosarcoma cell line. (b) SW1353
chondrosarcoma cell line (n = 3, mean +/- SEM * = p<0.05, Student’s t-test Doxorubicin

vs Doxorubicin with 0.4 nM SKT).
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Table 22 - Summary of the IC50 values and efficacy of combining doxorubicin (Dox)
with SuperKillerTRAIL (SKT) (n = 3). Enhanced toxicity was observed for all cell lines
except for the SW1353 chondrosarcoma cell line. Etoposide (VP16) values for TC71 are
included for comparison and the fold change was similar to doxorubicin (also see

Section 5.3).

Sarcoma type (1)Dox IC50 (3)Dox IC50
(kM), %dead (Th))

at highest , %
dose dead at
highest dose

Osteosarcoma SAOS- 1.4uM,50% 2.2 uM 13uM,63% 1

U20S  39puM,79% 2.1uM 1.0uM,96% 4
SISA-1 21uM,77% 05uM  0.4uM,84% 5
MG63 0.5uM,62% 05uM 0.4uM,85% 1

Chondrosarcoma SW13 0.8uM,63% 1.1 uM 1.0uM,72% 1
53

HT108 5.6 uM,75% 1.0 uM 0.4uM,98 % 14
Ewing’s sarcoma TC71 0.3uM,89% 0.3 uM 0.3uM,89% 1

VP16 =0.8 VP16 = VP16 =0.6
1M, 94 % 0.5 uMm uM, 95 %

6.3 Combining doxorubicin with SuperKillerTRAIL (0.04 nM vs 0.4 nM) on non-
malignant cell lines compared to HT1080 dedifferentiated chondrosarcoma cell
line

Combining doxorubicin with SuperKillerTRAIL (SKT) was more toxic to the HT1080

dedifferentiated chondrosarcoma and U20S osteosarcoma cell line compared to non-

234



malignant cells, except for the AC10 ventricular cardiomyocyte and HHL5 hepatocyte

cell line (Figure 115 to Figure 120). Data for the U20S osteosarcoma cell line is

included in the Appendix (11.6).
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Figure 115 — HT1080 vs bone marrow-derived mesenchymal stem cells (BMMSCs),

doxorubicin with (a) 0.04 nM SKT and (b) 0.4 nM SKT. * = p<0.05, ** = p<0.001,

Student’s t-test.
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Figure 116 — HT1080 vs normal human dermal fibroblast (NHDF), doxorubicin with (a)
0.04 nM SKT and (b) 0.4 nM SKT. * = p<0.05, ** = p<0.001, Student’s t-test.
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Figure 117 — HT1080 vs osteoblasts (OBs), doxorubicin with (a) 0.04 nM SKT and (b) 0.4
nM SKT.
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Figure 118 — HT1080 vs human umbilical vein endothelial cells (HUVECs), doxorubicin
with (a) 0.04 nM SKT and (b) 0.4 nM SKT. * = p<0.05, ** = p<0.001, Student’s t-test.
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Figure 119 — HT1080 vs AC10 ventricular cardiomyocyte cell line, doxorubicin with (a)
0.04 nM SKT and (b) 0.4 nM SKT. * = p<0.05, ** = p<0.001, Student’s t-test.
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Figure 120 — HT1080 vs HHL5 human hepatocyte cell line, doxorubicin with (a) 0.04 nM
SKT and (b) 0.4 nM SKT. * = p<0.05, ** = p<0.001, Student’s t-test.
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6.4 Doxorubicin and DRS5 levels

Surface HT1080 DR5 level was assessed using flow cytometry in response to 24 hours

of doxorubicin treatment. Increased expression levels were found when assessing at

0.5 pg/ml doxorubicin (Figure 121).
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Figure 121 — Flow cytometry analysis of HT1080 surface DR5 levels in response to 24
hours of treatment with 0.5 pug/ml of doxorubicin. Increased surface levels (orange)
was found in relation to basal expression level (dark green) taking into account the

background doxorubicin fluorescence (light green).

6.5 Combining etoposide (VP16) with SuperKillerTRAIL on TC71 Ewing’s sarcoma cell
line

Etoposide (VP16)

Etoposide acts by targeting DNA topoisomerase |l and results in a number of DNA
breaks and triggers apoptotic pathways [285]. It has been reported to increase DR4
and DR5 levels, thereby, enhancing the effect of TRAIL [286]. It is one of the
chemotherapeutic agents together with doxorubicin used currently in clinical practice
for Ewing’s sarcoma [287]. Etoposide (VP16) (Sigma Aldrich, UK) was made up as per
instructions to a concentration of 10 mM and its effects in combination with
SuperKillerTRAIL on the TC71 Ewing’s sarcoma cell line were assessed. DMSO was used
to dissolve the VP16 and this had no noticeable cytotoxic effect on the TC71 cell line or

NHDF cell line at increasing concentrations (data for effects of DMSO on cell lines is
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presented in the Appendix 11.5). VP16 in combination with SuperKillerTRAIL on TC71
cells does not significantly enhance the effects compared to VP16 alone (Figure 122).

VP16 with or without SKT is more toxic to TC71 Ewing’s sarcoma cells in comparison to

NHDF cells (Figure 123).
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Figure 122 — VP16 in combination with SuperKillerTRAIL on TC71 cells does not

significantly enhance the effects compared to VP16 alone.
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Figure 123 — VP16 with or without SKT is more toxic to TC71 Ewing’s sarcoma cells in

comparison to NHDF cells.
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6.5.1 VP16 has similar toxicity to Ewing’s sarcoma TC71 cell line as doxorubicin when
combined with SuperKillerTRAIL (SKT)

The TC71 Ewing’s sarcoma cell line was treated with VP16 in combination with

SuperKillerTRAIL (SKT). The combination was not significantly different to VP16 alone

or the combination with doxorubicin (Figure 124).
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Figure 124 - The TC71 Ewing’s sarcoma cell line was treated with VP16 in combination
with SuperKillerTRAIL (SKT). The combination was not significantly different to VP16

alone or the combination with doxorubicin.
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6.5.2 VP16 with SuperKillerTRAIL (SKT) is less toxic to NHDF cells than doxorubicin
with SKT

Combining VP16 with SuperKillerTRAIL (SKT) was less toxic to the NHDF cell line than
the doxorubicin/SKT combination (Figure 125).
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Figure 125 - Combining VP16 with SuperKillerTRAIL (SKT) was less toxic to the NHDF

cell line than the doxorubicin/SKT combination.

6.6 Combining TRAIL with novel sensitisers on bone sarcoma cell lines

The use of inhibitor of apoptosis protein (IAP) inhibitors or reducing IAP levels has
been considered an effective approach for the sensitisation of malignant cells to TRAIL.
Smac/Diablo is an endogenous antagonist of X-linked inhibitor of apoptosis (XIAP),
clAP1 and clAP2 [242]. The potency of the use of Smac mimetics together with TRAIL

has been documented in several preclinical studies [288,289]. Synergistic interaction
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has been reported for Smac mimetic AT-406 and the DR5 antibody TRA-8 [290]. For
pancreatic cancer silencing XIAP or use of KD using RNAi significantly increased

apoptosis when combined with stem cell delivery of solubleTRAIL (sTRAIL) [291].

Smac mimetics have been used in clinical studies of head and neck cancer and
metastatic colorectal cancer with promising findings. There is currently a phase 1
clinical trial combining the DR5 agonist conatumumab (AMG 655) and birinapant in
patients with relapsed ovarian cancer (clinicalTrials.gov Identifier: NCT01940172)
[292]. | used the Smac mimetic birinapant (CT-BIRI ChemieTek, Indianapolis, USA) in

combination with SuperKillerTRAIL in the bone sarcoma and non-malignant cell lines.

Through collaboration with Pieczykolan et al., | obtained a novel recombinant fusion
protein known as AD-053.2. The activities of TRAIL/Apo2L and Smac/Diablo are
combined in AD-053.2 (mode of action is presented in Figure 126) and | tested it on

the resistant SW1353 cell line [293].
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Figure 126 — Schematic representation of (a) AD-053.2 and (b) its mode of action.
Adapted from [293].

The combination of HDAC inhibition (HDACi) and TRAIL has also been shown to
enhance apoptosis in vitro and in vivo in haematological and solid tumours [254,255].
The HDAC inhibitor Trichostatin A (TSA), was obtained from Sigma-Aldrich® and

applied alone and with SuperKillerTRAIL on bone sarcoma cell lines.

ABT-737 was obtained from Adooq BioSciences LLC (ABT-737 5 mg A10255-5) and is an
inhibitor of the Bcl-2 family of proteins (known to inhibit TRAIL signalling) and can
induce expression of DR5 [294,295]. There are findings from clinical studies to suggest
the upregulation of the Bcl-2 proteins as a mechanism for resistance in TRAIL therapy
for chondrosarcoma [263]. Previous studies have suggested doses of 100 nM or higher

to see a synergistic effect with TRAIL [294,295].
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6.6.1 Smac mimetics

U20S osteosarcoma cell line

Increasing the concentrations of Smac mimetic was found to have a positive effect at
sensitising U20S cells to SuperKillerTRAIL (SKT) (Figure 127) and was also found to
have a sensitising effect on SW1353 cells (Figure 128).

U20S treated with SKT and Smac mimetic
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Figure 127 — For the U20S cell line, when titrating Smac mimetic combined with fixed
amount of SuperKillerTRAIL (SKT) (either 1 ng/ml, 0.04 nM or 10 ng/ml, 0.4 nM of SKT)
significance was found at 1 or above of Smac mimetic in combination with 1 ng/ml
(0.04 nM) SKT or 10 ng/ml (0.4 nM) SKT, when compared to Smac mimetic alone,

which did not appear to be toxic at those doses (Student’s t-test, p < 0.05).
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SW1353 chondrosarcoma cell line

SW1353
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Figure 128 — The SW1353 chondrosarcoma cell line was sensitised significantly to

effects of SKT when combined with 0.3 uM or 1 UM Smac mimetic.
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Effect of Smac mimetic on DR4 and DR5 levels in the SW1353 cell line

In order to gain an understanding of the potential mechanism of action for the
sensitisation of the SW1353 to TRAIL when cotreating with Smac mimetic, the degree
of surface expression of DR4 and DR5 after 24 hours of treatment with Smac mimetic

at two different doses (0.3 uM and 1 uM) was assessed. No obvious shift was evident

compared to the untreated control (Figure 129).
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Figure 129 — Assessment of DR4 and DR5 expression after 24 hours of Smac treatment.

No obvious change was observed with addition of Smac mimetic.
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Effect of Smac mimetic on SAOS-2 and SJSA-1 osteosarcoma cell lines

No significant sensitising effect was observed on the SAOS-2 or SISA-1 cell lines when

combining Smac mimetic with SuperKillerTRAIL (SKT) (Figure 130).
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Figure 130 — SAOS-2 and SJSA-1 treatment with Smac mimetic and SKT combination.
SAOS-2 (IC50 = 0.3 nM, 1.1 nM, 0.5 nM; SKT alone, with 0.3 uM Smac mimetic and with
1 UM Smac mimetic respectively). SISA-1 (IC50 = 0.5 nM, 1.0 nM, 0.7 nM; SKT alone,

with 0.3 uM Smac mimetic and with 1 UM Smac mimetic respectively).

Effect of Smac mimetic on HT1080 dedifferentiated chondrosarcoma cell line

A sensitising effect was observed on the HT1080 cell line when combining Smac

mimetic with SuperKillerTRAIL (SKT) (Figure 131).
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Figure 131 - HT1080 treatment with Smac mimetic and SKT combination. SKT IC50 =

0.5 nM, 0.06 nM (with 0.3 uM Smac mimetic), 0.02 nM (with 1 uM Smac mimetic).
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6.6.2 Antibody drug-like conjugates (SMACTRAIL fusion protein, AD-053.2) has
limited effect compared to crosslinked SuperKillerTRAIL and Smac mimetic
Birinapant administered in combination

AD-053.2 (SMACTRAIL) was found to have a greater cytotoxic effect on the U20S

osteosarcoma cell line compared to SuperKillerTRAIL at lower concentrations (Figure

132).
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Figure 132 — AD-053.2 (SMACTRAIL) was most cytotoxic to the U20S osteosarcoma cell
line at the lower dosages when compared to the SuperKillerTRAIL (SKT) treated U20S

cells, the SW1353 chondrosarcoma cell line and osteoblasts.
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6.6.3 Combining TRAIL with HDAC inhibition on bone sarcoma cell lines

HDAC inhibition alone was not significantly toxic to the HT1080 cell line (Figure 133).
Its combination with SuperKillerTRAIL (SKT) significantly enhanced cytotoxicity in the
HT1080, SW1353, SAOS-2, SISA-1 and U20S cell lines (Figure 134).
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Figure 133 - HDAC inhibition alone using TSA, was not significantly toxic to the HT1080

cell line.
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Figure 134 - SuperKillerTRAIL combined with pan-HDAC inhibitor (TSA) (1 uM) on (a) SAOS-2 and (b) SISA-1 osteosarcoma cell lines. (c) HT1080
dedifferentiated chondrosarcoma cell line. (d) SW1353 chondrosarcoma cell line. HDACi (TSA) alone was found to have a cytotoxic effect. Combining

(TSA) with SuperKillerTRAIL (SKT) increased the cytotoxic effects in all bone sarcoma cell lines.
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Effect of HDAC inhibition on osteosarcoma cell lines

HDAC inhibitor (HDACI) was found to have a cytotoxic effect on osteosarcoma cell lines
(U20S, SAQS-2). The effect was more pronounced when combined with

SuperKillerTRAIL (SKT) (Figure 135).

U20S SKT with and without HDACi SAO0S-2 SKT with and without HDACi

% cell viability
% cell viability

Figure 135 — Combining HDAC inhibitor (TSA) enhanced the effects of SuperKillerTRAIL
(SKT) on U20S and SAQS-2 osteosarcoma cell lines when compared to untreated cells.
HDACi alone was also found to have a cytotoxic effect. Significance was found between

SKT alone and SKT+HDACiI for all does of SKT tested (p < 0.05, Student’s unpaired t-
test).
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6.6.4 Combining TRAIL with ABT-737 on bone sarcoma cell lines

Doses of ABT-737 above 100 nM were found to be toxic to the more resistant SISA-1,
SAQS-2 and SW1353 bone sarcoma cell lines (Figure 136). The more resistant sarcoma
cells were treated with combination of SuperKillerTRAIL and ABT-737 to assess for any
enhanced cytotoxic effects. No significant effect was observed when using the 10 nM
dose (Figure 137). However, at 100 nM significant effects were visible for the SW1353

chondrosarcoma cell line (Figure 138).
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Figure 136 — Doses of Bcl-2 inhibitor (ABT-737) above 100 nM were found to be toxic
to the more resistant SJSA-1, SAOS-2 and SW1353 bone sarcoma cell lines
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Figure 137 — Combination of 10 nM of ABT-737 with SuperKillerTRAIL (SKT) was not

found to have significant additional effects compared to SKT alone.
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Figure 138 - Combination of 100 nM of ABT-737 with SuperKillerTRAIL (SKT) was found

to have significant additional effects compared to SKT alone on SW1353

chondrosarcoma cell line.

6.7 Discussion and future direction

Current chemotherapeutics doxorubicin and etoposide

Doxorubicin

In this study, | found that doxorubicin can sensitise the bone sarcoma cells to

SuperKillerTRAIL. This supports data from a previous publication by Van Valen et al,,

2003, which confirmed that the chemotherapeutic agents such as doxorubicin

sensitises a range of sarcoma cells lines such as U20S, SAOS-2, SISA-1, and other
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osteosarcoma cell lines [296]. They also found that doxorubicin when combined with
TRAIL is significantly toxic to human osteoblast cells obtained commercially. The
human osteoblasts, however, were insensitive to TRAIL alone. They used a
recombinant form of TRAIL/APO2L. When used alone in this study, they found that 300
ng/ml of the agent was significantly toxic to U20S cells when treated for 96 hours;
however, human osteosarcoma (HOS) cells, SAOS-2, SISA-1, and human osteoblasts
HOBs were not significantly different from controls. However, the 96-hour values for
U20S and OST were significantly different p<0.05. The 24-hour value for the VH64
Ewing’s sarcoma cell line was also significantly different from control. The findings in
my study was that crosslinked TRAIL did not have significant cytotoxic effect on SAOS-2
and SJSA-1 osteosarcoma cell lines. However, upon addition of doxorubicin there was a
sensitisation to SuperKillerTRAIL found in both these cell lines which reflects the
findings of Van Valen et al.,. Interestingly, there is some debate in the literature as to
the concentration of the recombinant human TRAIL that is as toxic to U20S cells. In the
Van Valen et al., 2003 study, they found that 300 ng/ml was toxic. However in a more
recent investigation, it is thought that up to 1 pg/ml is required to induce cell death in
the U20S cell line [258]. | have found that 100 ng/ml (0.1 pug/ml, 4 nM) of
SuperKillerTRAIL (26 kDa) can induce up to 50 % cell death in the U20S cell line. The
Van Valen study reports up to about 75 % of viable cells, i.e., 25 % cell death with the
300 ng/ml rhTRAIL (19.6 kDa) (0.3 pg/ml, 15 nM) and further confirms that the
crosslinked form of TRAIL is more toxic to this cell line. In combination with
doxorubicin, | found more significant toxicity to the bone sarcoma cell lines when
compared to normal non-malignant cells such as patient-derived human osteoblasts
(OBs), neonatal human dermal fibroblast cells (NHDFs), human vascular endothelial

cells (HUVECs) and human bone marrow-derived mesenchymal stem cells (BMMSCs).

Etoposide/ VP16

In my study, | found that the TC71 Ewing’s sarcoma cell line is sensitive to the
crosslinked form of TRAIL, SuperKillerTRAIL, and the effect is enhanced when
combined with VP16. This, again, supports the finding from Van Valen et al., 2003 who
investigated Ewing's sarcoma cell lines, which did not include TC71, but included a
range such as ES-3, ES-3, RD-ES, SK-ES-1, and STA-ET-2.1 and found significantly

enhanced toxicity when TRAIL was combined with VP16 when compared to VP16 alone
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[296]. However, there was a greater amount of cell death when TRAIL was combined
with doxorubicin when compared to doxorubicin alone. Interestingly, the study found
selective toxicity when VP16 was combined with TRAIL and was toxic to osteosarcoma
cells, U20S, SISA-1, SAOS-2, OST, HOS, however when the combination was tested in
the human osteoblasts it was not toxic. This is in contrast to the findings when
doxorubicin is combined with TRAIL. However, in my study | found that when
SuperKillerTRAIL was combined with VP16, the effect is similar to VP16 alone. When
comparing VP16 with TRAIL and doxorubicin with TRAIL, the combination with VP16

was less toxic to the NHDF cell line but had similar efficacy in the TC71 cell line.

The Van Valen et al., 2003 study [296] found increasing cytotoxicity with an increasing
concentration of TRAIL in a range of osteosarcoma cell lines. However there did appear
to be a slight plateau after 50 ng/ml. The more sensitive cell lines being the U20S and
the OST cell line. The less sensitive cell lines were SISA-1 and the HOS cells and the
human osteoblasts. The reduced sensitivity of the SJISA-1 to TRAIL also reflects the
findings of my study. The study by Van Valen et al., (2003) found that with an
increased incubation time, there was increased toxicity and reduced cell viability in the
SAOS-2 cell line. This was significant at 48 hours, 72 hours, and 96 hours; however, was
not significant at 24 hours. For the majority of my cytotoxicity assays, | investigated up
to 24 hours of exposure to the cytotoxic agent and was able to find significant toxicity
using this time point. It was noted, however, that in cell lines such as the more
resistant SISA-1 osteosarcoma cell line that beyond 24 hours of TRAIL exposure there
was evidence of decreased cell viability/confluence using the IncuCyte® live-cell

analysis system (Section 5.2.2.2).

A general finding by Van Valen et al., (2003) is that the chemotherapeutic agents down
regulated the c-FLIP protein in the bone sarcoma cell lines. c-FLIP confers resistance to
TRAIL. In Section 4.8, upregulated transcript levels have been found in the TC71
Ewing’s sarcoma, U20S osteosarcoma and HT1080 dedifferentiated chondrosarcoma
cell lines. However, interestingly, c-FLIP has been found to be upregulated in the
human osteoblast cell line by VP16. Furthermore, it appeared that P21 (a potent cyclin
dependent kinase inhibitor) was also upregulated in the human osteoblast cell line
when treated with VP16. The P21 protein has been demonstrated to be critical for the

resistance of osteoblastic cells to apoptosis triggered by FasL/CD95 activation. The
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findings suggest that normal human osteoblasts die through a mitochondrial
dependent pathway according to Van Valen et al., 2003. In contrast to the HOS cells,
which mainly undergo apoptosis through the mitochondrial independent pathway in
response to TRAIL. Furthermore, the selective effect of VP16 may be related to its

ability to reduce c-FLIP expression in bone tumour cells.

In terms of further study, it would appear that VP16 has a more selective effect. | have
found that VP16 was more toxic to the bone sarcoma cell lines compared to non-
malignant NHDF cell lines. This was similar to the effects of doxorubicin and not
significantly different. | have observed evidence of this selective effect as the NHDF cell
line was more sensitive to doxorubicin particularly when combined with
SuperKillerTRAIL compared to the VP16 and SuperKillerTRAIL combination. This is
maybe due to the induction of c-FLIP and P21 expression and requires confirmation.
Further study may include investigating the effects over time as it has been reported
that there is more pronounced cell death after the 24-hour time point. My IncuCyte
data demonstrates that cell death can reduce cell confluency over time when the
chemotherapeutic agent is combined with SuperKillerTRAIL when compared to each

agent alone.

Smac mimetics

The mammalian IAP family consists of eight members:

Neuronal IAP (NIAP), cellular IAP one (clAP1), cellular IAP two (clAP2), X-chromosome
IAP (XIAP), survivin, ubiquitin-conjugating BIR domain enzyme Apollon, melanoma IAP
and IAP-like protein two. Playing a direct role in apoptosis regulation are the following
proteins, XIAP, clAP1, clAP2 and ML-IAP. High levels of XIAP and clAP proteins have
been correlated to chemoresistance and poor prognosis [297]. Smac mimetics function
as effective cellular antagonists of XIAP, clAP1 and clAP2 proteins and have, therefore,
been used clinically to try and induce apoptosis or facilitate the induction of apoptosis

[242].

Smac mimetics have been investigated in clinical studies as a cancer therapeutic. The
bivalent Smac mimetic birinapant (TL-32711) has been studied as weekly intravenous

infusions on a three week on, one week off schedule in a study by Amaravadi et al.,
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(2015). Patients included those with advanced solid tumours for the evaluation of the
safety and the pharmacokinetics. The dose ranged from 0.18-26 mg/m”2 in 27 patients
and there was no reported toxicity; however, there was some adverse events such as
lymphopenia and rash. Prolonged stable disease was observed in three patients:
liposarcoma (9 months), small cell lung cancer and colorectal cancer (5 months). There
was evidence of tumour regression following administration of birinapant in two

patients with colorectal cancer [298].

There has been concerns raised, however, about Smac mimetics use in vivo in Smac
mimetic sensitive and resistant human and murine breast tumours. Smac mimetics can
cause a high bone turnover, osteoporosis, increase NK mediated osteoclastogenesis,

enhanced tumour associated osteolysis and metastases which is of concern [299].

There has been a number of Smac mimetics in development; however, the one | chose
for in vitro experiments as part of the PhD is birinapant, which has shown promise
clinically. | did not observe any significant toxicity to the sarcoma cell lines when
administered alone and when administered in combination with SuperKillerTRAIL
(SKT). Smac was found to enhance the cytotoxic effect of SKT on the resistant SW1353

chondrosarcoma cell line.

| utilised a dose of SKT ranging from 0.3 uM to 1 uM. The difference between 0.3 uM
and the 1 uM was not significant for the SW1353 chondrosarcoma cell line. | did test
the agent on other bone sarcoma cell lines but there did not appear to be a significant

effect.

Smac TRAIL fusion protein (AD-053.2)

Fusion proteins have been developed, which attempt to combine the activities of
TRAIL and Smac and try to overcome the resistance of human cancer cells. A study by
Pieczykolan et al., (2014) demonstrated that fusion protein AD-053.2 had more of an
enhanced effect compared to soluble TRAIL alone [293]. This was demonstrated in a
SCID mice engrafted with COLO205 and NCI-H460 cell lines to produce a xenograft
model. The agent was given at 30 mg/kg and compared to the control six times every
second day for a period of 10 days and they found a regression in the tumour size

which was maintained for about two weeks post-implantation. The molecule combines
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the intracellular activity of Smac derived elements and involves a membrane
penetrating domain. The inclusion of the cleavable link between Smac and TRAIL not
only enables a functional separation of these two effectors, but also increases the
specificity on cells with elevated expression of MMPs. It is well documented that
collagenases MMP2 and MMP9 secretion is up-regulated in several types of human
cancers and over-expression has been associated with a poor prognosis. AD-053.2
demonstrated efficacy against non-transformed normal human epithelial cells or
isolated normal rat or human hepatocytes [293]. | have found that this agent is more
effective at lower concentrations than SuperKillerTRAIL in the U20S osteosarcoma cell

line and not significantly more toxic to osteoblasts.

HDAC inhibitors

Histone deacetylase inhibitors (HDAC Inhibitors or HDACi), have been investigated for
sarcoma as a monotherapy reviewed recently by Tang et al., 2017 [300]. They
summarise that these epigenetic modifying agents can inhibit sarcoma cell growth in
vitro and in vivo through a variety of pathways including induction of apoptosis, cell
cycle arrest and prevention of invasion and metastasis. There are several phase 1 and
phase 2 clinical trials assessing HDACi in combination with chemotherapeutic agents or
alone and they have been shown to sensitise sarcomas to chemotherapy and

radiotherapy in pre-clinical studies [300].

To date, 18 distinct histone deacetylases have been identified and they are classified
into four groups based on the structural diversions, class 1, class 2, class 3 and class 4
HDACs. These HDACs are located within the nucleus and cytoplasm, some are
exclusively in the nucleus such as, HDAC 1, 2 and 8 and they function as histone

deacetylases.

In sarcoma cases, a high level of HDACs has been associated with an advanced disease
and poor clinical outcomes. For example, HDACs 1, 4, 6, 7 and 8 exhibit high frequency
and strong immunoreactivity with lower disease-free survival trend and has
represented a potential therapeutic target for endometrial stroma sarcoma. In
osteosarcoma, over expression of HDAC 5 could promote proliferation of cancer cells
and upregulating and expression of twist 1 which has been reported as an oncogene.

Beta-catenin is also an oncogene and subsidiary of HDAC 6. They have also been of
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interest for the treatment of chordomas as they express HDACs 2-6, with the strongest

expression of HDAC 6 [300].

HDACi enhance the susceptibility of the sarcoma cells to apoptosis as shown when
HDAC inhibitors vorinostat (also known as suberoylanilide hydroxamic acid, SAHA) and
sodium butyrate enhanced TRAIL apoptosis induced activity in SK-ES-1 and WE-68
Ewing’s sarcoma cell lines [301]. A variety of mechanisms have been proposed for the
induction of apoptosis in osteosarcoma cells or the enhancement of the induction of
apoptosis in osteosarcoma cells. Valproic acid is an HDAC inhibitor and in a study by
Yamanegi et al. was shown to ‘enhance the susceptibility of osteosarcoma cells to Fas-
induced cell death’. This is because the level of soluble Fas secretion decreased and
overall Fas-induced cell death is enhanced [302]. cFLIP is a master anti-apoptotic
regulator and sarcoma cells can exhibit resistance to DR mediated apoptosis with
increased cFLIP. However, HDAC inhibitors can sensitise the resistant sarcoma cells by
downregulating cFLIP mRNA expression [303]. Oral HDACi (MS-275, etinostat)
administered to nu/nu-mice with osteosarcoma and established lung metastases mice
can result in decreased cFLIP and decreased tumour nodules and tumour regression,

with no significant toxicity observed [304].

There is a variety of HDAC inhibitors that are available. These include vorinostat and
Tricostatin A (TSA), also known to be pan HDAC inhibitors. Vorinostat inhibits HDACs
class 1 and 2. TSA is also an inhibitor of class 1 and 2. Sodium butyrate is a pan-HDAC

inhibitor of class 1, 2A and also 4.

| have performed in vitro analysis of the HDACi Trichostatin A (TSA). It was found to
have toxic effects at a concentration of 1 uM on the bone sarcoma cell lines. In
combination with SuperKillerTRAIL (SKT), it did appear to sensitise the majority of the
cell lines compared to SuperKillerTRAIL alone. HDAC inhibitors are also known to
induce cell cycle arrest sarcomas and decrease invasion and metastases; however, for
the PhD, | focused on investigating the sensitisation of the cells to induction of
apoptosis through TRAIL and found a synergistic effect. The investigation of the other
enhancement of the modes of cell death, or induction of cell cycle arrest was beyond
the scope of the project. Future studies should also try to elucidate the effectiveness

of the different types of HDAC inhibitors for specific sarcomas.
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ABT-737

Other sensitisers that have been of interest are inhibitors of the anti-apoptotic Bcl
family of proteins. The Bcl-2 inhibitor ABT-737 is reported to induce expression of DR5
and sensitise human cancer cells to TRAIL induced apoptosis. This is of interest as one
common mechanism for the resistance of TRAIL induced apoptosis is the over
expression of Bcl-2 or its family members that block the mitochondrial intrinsic

pathway, which limit apoptosis following the binding of TRAIL to its DRs.

In a study by Song et al., (2008), the administration of ABT-737 induced conformational
changes in bax and bak proteins in the PV10 renal carcinoma cell line. They also
describe in detail the upregulation of TRAIL receptor DR5 by using ABT-737 in renal
and prostate cancer cell lines. ABT-737 can transcriptionally activate the DR5 promoter
and stimulate an increase in DR5 mRNA. It has also been suggested that the ability of
ABT-737 to induce apoptosis is dependent on the levels of Bcl-2 and the amount of

Bim bound to Bcl-2 [294].

| found that when the sarcoma cell lines were exposed to high levels of ABT-737 (1000
nM), it can be toxic and at lower levels does not appear to sensitise the cells
significantly to SuperKillerTRAIL (SKT) when the cells are treated in combination with

ABT-737 at either 10 nM or 100 nM of ABT-737.

With regards to sarcoma, it has been found that the inhibition of the Bcl-2 family
members sensitises soft tissue leiomyosarcoma to chemotherapy. In a report
published by Degraaff et al. (2016), leiomyosarcoma is an aggressive soft tissue
sarcoma with a five-year survival rate of 15 to 16 % and the treatment options are
limited. However, when combination treatment was given, doxorubicin with ABT-737
and leiomyosarcoma cells revealed a synergism in the cell lines. It was concluded that
the Bcl-2 family of proteins contribute to soft tissue leiomyosarcoma chemoresistance

[305].

Studies reviewed by de Graff et al., (2016) have demonstrated that when ABT-737 is
used as a monotherapy in chondrosarcoma and small cell lung cancer it has limited
activity. Interestingly, it has been discussed that cells can be resistant to apoptosis and

administration of doxorubicin can decrease cell viability but actually have no impact on
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apoptosis. They may stop proliferating and lose their viability, but they fail to activate
the apoptotic pathway at the doses tested, most probably due to expression of the Bcl-
2 family members. However, when the ABT-737 is given in combination with
doxorubicin in high grade sarcomas, there is a synergistic effect seen with decreased
cell viability and apoptosis demonstrated. The combination may not downregulate Bcl-

2 family members but block their inhibitory effect on pro-apoptotic bak/bax [305].

With regards to P53 status, it is found that ABT-737 renders sarcoma cell lines, such as
leiomyosarcoma cell, are more sensitive to doxorubicin especially in the presence of
wild type TP53 and is potentially a new therapeutic option for soft tissue sarcomas

with metastatic inoperable disease [305].

Further in vitro investigation is required for bone sarcoma, such as osteosarcoma and
Ewing’s sarcoma. However, there has been some studies in chondrosarcoma. Also,
future experiments would involve using ABT-737, with doxorubicin, for the bone

sarcoma cell lines with or without crosslinked forms of TRAIL.

MDM_2 inhibition

At our institute, a group has found evidence of upregulation of DR5 transcript levels
with administration of MDM2 inhibitor HDM201 in the SISA-1 osteosarcoma cell line
(Figure 139). Future investigation would involve investigation at the protein level and
coadminstration of these agents with TRAIL, particularly in the more resistant cell lines
such as the SAOS-2 and SJSA-1 osteosarcoma cell lines and the SW1353

chondrosarcoma cell lines.
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Figure 139 — Increase in DR5 transcript levels in SISA-1 osteosarcoma cell line with
exposure to MDM2 inhibitors. Greatest increases were seen with RG7388 and
HDM?201 (courtesy of Corey Tweedle of Professor John Lunec’s group, NICR, Newcastle

University).

Overall summary and future direction

TRAIL-induced bone sarcoma cell death can be enhanced when combined with agents
such as current chemotherapeutics (doxorubicin) and more novel agents such as Smac
mimetics, HDAC inhibitors and inhibition of Bcl-2 family members. This type of
combination therapy (particularly with the targeted forms of TRAIL) holds great
promise for the more resistant sarcomas and to help personalise therapy depending
on types of pro and anti-apoptotic factors that may be expressed in the malignant
tissue. There should be a focus on how the novel sensitisers compare with
conventional chemotherapeutics and the degree to which effective combinations also

affect non-malignant cells.
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Chapter 7. In vitro investigation of NG2 targeted TRAIL construct
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7.1 Targeted forms of TRAIL

Background and principle: A number of strategies have been devised to increase the
half-life of TRAIL. An approach is to use single-chain TRAIL (scTRAIL) expressed as a
single protein chain consisting of three TRAIL monomers joined by short peptide

linkers [189].

Although there is convincing data for the successful in vitro use of TRAIL, and
responses in patients with resistant bone sarcomas such as chondrosarcoma, results
from a few clinical trials show that the efficacy of TRAIL in bone sarcoma treatment is
only low or moderate [263]. This is most likely due to the use of agonistic DR4 or DR5-
specific antibodies that do not achieve the same effect as pre-oligomerised TRAIL and
the short half-life of TRAIL in the bloodstream. The latter is caused by (i) dissociation of
bioactive homotrimeric TRAIL into non-functional TRAIL monomers and (ii) quick
release from the bloodstream due to its low molecular weight. To overcome this
difficulty, single-chain derivatives of TNF-ligands have previously been designed,
including single-chain TRAIL (scTRAIL), resulting in a 10-fold increase of stability in vitro
and 2-fold in the bloodstream [306]. This design was also incorporated in the design of

scFVNG2(9.2.27)-1gG1Fc-scTRAIL, which will be assessed in this Chapter.

Soluble TRAIL can be genetically linked to a single-chain variable fragment of an
antibody (scFv) and this is known as a fusion protein. This could enhance the efficacy
of TRAIL and reduce potential toxic effects to normal cells by improving the selectivity
of TRAIL at the bone sarcoma site. Designing the scFv portion to recognise a pre-
selected tumour specific target antigen (such as EpCam, CD7 and CD19) has been
demonstrated to induce the accumulation of TRAIL at the tumour site [66-68,259]. This
not only kills the cell expressing the target antigen but neighbouring cells expressing
the antigen (a ‘bystander’ effect). In a bone fibrosarcoma cell line (HT1080), our
collaborator found that scFv:scTRAIL (engineered to recognise erb-b2) is more
effective in vitro than KillerTRAIL, a pre-dimerised derivative of TRAIL [259]. Moreover,
the larger molecular weight of scFv:scTRAIL reduced glomerulal excretion and
extended circulation time [307]. In a recent study by our collaborator, an 8-fold

increase in the half-life was found in vivo with scFv-lgG1Fc-scTRAIL compared to
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ScTRAIL (17.4 hours vs 2.2 hours) and a strong antitumour effect in a model of colon

carcinoma [308].
Fc-containing targeted forms of TRAIL

ScFv:scTRAIL has been further fused with a Fc portion of human IgG to form a
hexameric molecule with superior activity (Hutt et al., 2017). The Fc portion can
potentially activate antibody dependent cytotoxicity and complement dependent

cytotoxicity [309].
Targeting NG2

One protein of interest in bone sarcoma to target is NG2, or neural/glial antigen 2,
which is expressed highly at the RNA level in chondrosarcoma [147]. This cell surface
protein, which is found in a wide variety of tumours has been used for drug targeting
in melanoma [310]. Studies in melanoma have found enhanced activity with anti-
(9.2.27)MCSP/NG2-TRAIL in vitro and in vivo [311], or by using a bispecific antibody
directed to DR5 (anti-(9.2.27)MCSP/NG2-DR5) [310]. NG2 increases cancer cell
proliferation, invasion, angiogenesis and resistance and NG2-antagonistic scFv-fusion
proteins have been demonstrated to reduce tumour growth and improve the survival
in a melanoma cell derived lung metastases mouse model [147,312,313].
ScFvNG2(9.2.27)-1gG1Fc-scTRAIL combines all three strategies (stabilisation, pre-
oligomerisation and targeting) including targeting NG2-positive bone sarcoma (Figure

140).
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Figure 140 - Pictorial representation of the composition of (a) scFv-Fc-scTRAIL. | will
use this construct fused to a fully humanised scFv-fragment specific for NG2 (clone
9.2.27), which is named scFvNG2(9.2.27)-1gG1Fc-scTRAIL. (b) Schematic assembly of
scFv-Fc-scTRAIL [189].

The main aims of this chapter are to:

1. Investigate the levels of NG2 in the bone sarcoma cell lines.

1. Investigate the use of an NG2 targeted form of TRAIL and assess its efficacy in bone

sarcoma cells expressing NG2 and cytotoxic effects in non-malignant cells.

2. To assess the NG2 targeted form of TRAIL in combination with doxorubicin on bone

sarcoma cell lines and non-malignant cells.

7.1.1 NG2 expression in bone sarcoma cell lines

PCR

This is explored in Chapter 4.
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Flow cytometry

Surface expression of NG2 in the available bone sarcoma cell lines was analysed using
flow cytometry. The SW1353 chondrosarcoma cell line and the MG63 osteosarcoma

cell line expressed the greatest surface levels (Figure 141).

NG2 surface expression (n=3, mean +/- SEM)
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Figure 141 — Flow cytometry analysis of surface NG2 expression in bone sarcoma cell

lines and NHDF. A375M melanoma cell line is the positive control.
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Western blotting

High levels were demonstrated in the SW1353 chondrosarcoma cell line and MG63

osteosarcoma cell line (Figure 142).

>y VDo o L o
PSSO EIT S & a X
G Y & 0O N <
G FgLHP Y F S & & S
. ) NG2

37kDa = ---_—--—-.— GAPDH

Figure 142 — Western blot analysis of NG2 expression in bone sarcoma cell lines. High
NG2 expression levels in the SW1353 chondrosarcoma cell line and MG63
osteosarcoma cell line. A375M melanoma cell line was used as the positive control.
NHDF = normal human dermal fibroblasts, U87 = human glioma cell line, BMMSCs =

bone marrow-derived mesenchymal stem cells.
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Immunohistochemistry (IHC)

A specific cell line block was manufactured (courtesy of histoCyte laboratories Ltd) to
help optimise the antibody concentration for anti-NG2 (Abcam, ab139406 Anti-NG2
antibody [EPR9195] (also as described for DR5 in Section 2.6) (Figure 143). Antibody

staining demonstrated at 1 in 100 concentration, which was optimal (Figure 144).
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Figure 143 - Cell line block was manufactured (courtesy of histoCyte laboratories Ltd)

to help optimise the antibody concentration for anti-NG2.
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Figure 144 - Selected cell lines from a cell line block developed to optimise anti-NG2
antibody concentration for staining sarcoma cells at higher magnification. Antibody
staining demonstrated at 1 in 100 concentration. Scale bars = 200 uM. There is strong
staining in SW1353 chondrosarcoma (a) and MG63 osteosarcoma (b) cell lines.
Weak/moderate staining is demonstrated in HT1080 dedifferentiated chondrosarcoma

cell line (d). There is absent staining in TC71 Ewing’s sarcoma cell line (c).
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Bone sarcoma cell line death receptor 5 (DR5) and NG2 surface expression analysed using imagestream

Brightfield
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Figure 140 — NG2 is visible at the surface level in the U20S and MG63 osteosarcoma cell lines and the SW1353 and HT1080 chondrosarcoma cell
lines. It appears to be strongest in the SW1353 cell line. DR5 is visible in all of the bone sarcoma cell lines but strongest in the MG63 and HT1080 cell

lines.
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7.2 Cytotoxicity data using MCSP:DR5 bispecific antibody

Initial investigations involved collaborating with a team (Professor Wijanand Helfrich,
University of Groningen), who have also demonstrated previously the superiority of
targeted versions of TRAIL [66] and have developed an NG2/MCSP:DR5 bispecific
antibody successfully used in animal models of melanoma [310,314]. It has not yet
been used in human clinical trials. They kindly tested the bone sarcoma cells lines and
found enhanced activity in the HT1080 dedifferentiated chondrosarcoma cell line,
which they found to express high levels of surface NG2 and DR5 using flow cytometry

(Figure 145).
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Figure 145 — (a) High surface expression of NG2 was found in the HT1080
dedifferentiated chondrosarcoma cell line. A375M was used as the positive control for
NG2. (b) Bispecific antibody MCSP:TRAIL or MCSPxDRS5 induced greater degree of
apoptosis in cells expressing NG2 compared to control EpCAM:TRAIL and anti-MCSP

alone (courtesy of Professor Wijanand Helfrich, University of Groningen).
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7.3 NG2 targeted TRAIL (scFYNG2 (9.2.27)-IgG1Fc-scTRAIL) on bone sarcoma cell lines

ScFVNG2(9.2.27)-1gG1Fc-scTRAIL was more cytotoxic to bone sarcoma cell lines
expressing both DR5 and NG2 (Figure 146). However, the SISA-1 osteosarcoma cell line
and the DR5 and NG2 expressing SW1353 chondrosarcoma cell line remained resistant

(Figure 147). 1C50 values have been summarised (Table 23).
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Figure 146 - Bone sarcoma cell lines that express both NG2 and DRS5, (a) HT1080, (b)

MG63 and (c) U20S are sensitive to the NG2 targeted TRAIL (scFvNG2(9.2.27)-1gG1Fc-

scTRAIL). The TC71 Ewing’s sarcoma line (d) and SAOS-2 osteosarcoma cell line (e) are

negative for NG2 and therefore has the same response to the targeted TRAIL as the

non-targeted TRAIL (mean +/-SEM, n=3).
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Figure 147 — (a) SW1353 chondrosarcoma cell line is resistant to both NG2 targeted

TRAIL and non-targeted TRAIL; there still remains a large proportion of viable cells. (b)

NG2 targeted TRAIL does not have an enhanced effect compared with non-targeted

TRAIL on the SISA-1 osteosarcoma cell line.
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Incucyte® live-cell analysis

NG2 targeted TRAIL is more effective than non-targeted TRAIL at lower 0.01 nM dose at
reducing HT1080 rate of proliferation (Figure 148) and low doses of NG2 targeted TRAIL
are as effective as the higher doses at reducing the rate of HT1080 proliferation;

however, regrowth is evident following treatment (Figure 149).

HT1080 pSLIEW (treatment at 48hours)

Confluence (%) normalised to Ohr time point

0 T T T 1
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Time (hrs)

Control (untreated)
- Staurosporine (LuM)
== Non-targeted TRAIL (0.01nM)
-®- NG2 targeted TRAIL (0.01nM)

Figure 148 - NG2 targeted TRAIL is more effective than non-targeted TRAIL at low dose
(0.01 nM) at reducing HT1080 rate of proliferation. Staurosporine (1 uM) was included

as control for cell death and background signal.
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Figure 149 - Low dose of NG2 targeted TRAIL (0.01 nM) is as effective as the higher
dose (10 nM) at reducing the rate of HT1080 proliferation; however, regrowth is visible
following treatment. Staurosporine (1 uM) was included as control for cell death and

background signal.
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7.4 NG2 targeted TRAIL (scFYNG2 (9.2.27)-1gG1Fc-scTRAIL) on non-malignant cell
lines

The HHL5 human hepatocyte cell line was the most sensitive to the NG2 targeted and
non-targeted forms of TRAIL. Despite expressing both DR5 and NG2, all the other non-
malignant cells tested (BMMSCs, AC10 and NHDF) did not show significant sensitivity

to the NG2 targeted or non-targeted forms of TRAIL (Figure 150) (Table 23).
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Figure 150 — NG2 targeted and non-targeted TRAIL on non-malignant cell lines. The
HHLS5 cell line is the most sensitive; however, the targeted form does not have

significantly greater effect compared to non-targeted in this NG2 negative cell line

(mean +/- SEM, n=3).
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Table 23 - Summary table of IC50 values and fold change in all cell lines tested with

NG2 targeted and non-targeted TRAIL.

Sarcoma type Cell line Non-targeted | NG2 targeted
TRAIL
(1C50)(nMm)

Osteosarcoma SAOS-2 0.11 0.19 0.6
U20S 0.09 0.000005 18000
SISA-1 NC NC -
MG63 0.01 0.00008 125
Chondrosarcoma SW1353 NC NC -
HT1080 0.01 0.00004 250
Ewing’s sarcoma TC71 0.1 0.1 1
Non-malignant Cell line NG2 targeted Fold change
cell type TRAIL
(1C50)(nM)
Stem cells BMMSCs  0.009 2.04 0.004
Hepatocytes HHL5 0.08 0.06 1
Ventricular AC10 NC NC -
cardiomyocytes
Fibroblasts NHDF 4.97 NC -
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7.5 Combining doxorubicin with targeted forms of TRAIL on bone sarcoma cell lines

IncuCyte® live-cell analysis and cytotoxicity assays demonstrated that doxorubicin
sensitised bone sarcoma cells to SuperKillerTRAIL (SKT) (Section 5.1). This was also
observed when using NG2 targeted TRAIL, which had visible cytotoxic effects on the
HT1080 dedifferentiated chondrosarcoma cell line, and these effects further increased

when combined with doxorubicin (Figure 151).

NG2 expressing bone sarcoma cell lines were more susceptible than bone sarcoma cell
lines with lower NG2 expression, when NG2 targeted TRAIL was used in combination
with doxorubicin (Figure 152 to Figure 154). The resistant SW1353 cell line was
sensitised when NG2 targeted TRAIL was used in combination with doxorubicin and
this was to a greater extent than sensitive non-malignant cell lines (HHL5 hepatocyte

cell line and AC10 ventricular cardiomyocyte cell line) (Section 7.5.1).

286



Untreated HT1080 cells b 1.85uM Doxorubicin c 5.5uM Doxorubicin

d 0.01nM NG2 TRAIL e 0.01nM NG2 TRAIL + f 0.01nM NG2 TRAIL +
1.85uM Doxorubicin 5.5uM Doxorubicin

287



Figure 151 — IncuCyte® live-cell analysis at 24 hours following treatment of HT1080 dedifferentiated chondrosarcoma cell line. (a) Untreated HT1080
cells. Targeted NG2 TRAIL (0.01 nM) has visible cytotoxic effect on majority of HT1080 cells (d) compared to doxorubicin alone at 1.85 uM and 5.5
uM (b and c); however, some remaining intact cells are visible. The remaining intact cells appear to decrease in number when increasing the

concentration of the coadministered doxorubicin (e and f).
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Figure 152— Low NG2 cell lines and response to targeted and non-targeted TRAIL. The SJISA-1 and SAOS-2 osteosarcoma cell lines are slightly

sensitised to TRAIL with doxorubicin; however, NG2 targeted TRAIL has a similar effect to non-targeted TRAIL. This is also observed in the TC71

Ewing’s sarcoma cell line.
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Moderate NG2
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Figure 153 — Moderate NG2 cell lines and response to targeted and non-targeted TRAIL. The U20S osteosarcoma and HT1080 dedifferentiated
chondrosarcoma cell lines are sensitised to TRAIL with doxorubicin; and NG2 targeted TRAIL has greater effect compared to non-targeted TRAIL. A

greater response is observed in the HT1080 cell line due to higher DR5 surface expression levels.
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High NG2
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Figure 154 - Strong NG2 cell lines and response to targeted and non-targeted TRAIL The MG63 osteosarcoma and SW1353 chondrosarcoma cell lines
are sensitised to TRAIL with doxorubicin; and NG2 targeted TRAIL has greater effect compared to non-targeted TRAIL. A greater response is observed

in the HT1080 cell line due to higher DR5 surface expression levels.
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7.5.1 Comparison of non-malignant TRAIL sensitive cells with bone sarcoma cell lines

The non-malignant cell lines were sensitive to the TRAIL and doxorubicin combination
(greater when using NG2 targeted TRAIL) (Figure 155). However, the resistant SW1353
chondrosarcoma cell line, which was sensitised when NG2 targeted TRAIL was used in
combination with doxorubicin and was sensitised to a greater extent than the non-
malignant cell lines (HHL5 hepatocyte cell line and AC10 ventricular cardiomyocyte cell

line are presented) (Figure 156) (Table 24).
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Figure 155 — Non-malignant cells were sensitive to the TRAIL and doxorubicin

combination (greater when using NG2 targeted TRAIL).
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SW1353 chondrosarcomain comparison to HHL5 and AC10 (n=3)

120 o
100 +
S
~ 80 =
e
©
- 60 o
]
2z
>
_ 40 -
]
%
20 9
Q =} T T T T
0.001 0.01 0.1 1 10 100
Doxorubicin [uM]
=O= Doxorubicin
=&~ Doxorubicin with SuperKillerTRAIL(0.004nM)
=&~ Doxorubicin with Fc-scTRAIL 1551(0.004nM)
=8~ Doxorubicin with ScFY(MCSP)-Fc-scTRAIL 1834(0.004nM)
=¥= Doxorubicin with SCFVY(MCSP)-Fc-scTRAIL 1834(0.004nM) HHL5
-

Doxorubicin with ScFv(MCSP)-Fc-scTRAIL 1834(0.004nM) AC10

Figure 156 — The resistant SW1353 chondrosarcoma cell line (blue) was sensitised
when NG2 targeted TRAIL was used in combination with doxorubicin and this was to a
greater extent than sensitive non-malignant cell lines (HHL5 hepatocyte cell line (red)

and AC10 ventricular cardiomyocyte cell line (green).
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Table 24 - Summary table of IC50 values and fold change in all cell lines tested with
NG2 targeted and non-targeted TRAIL in combination with doxorubicin. NC = Not

Converged.

Sarcoma or type

(0.004 nM) +

Doxorubicin
(1€50)(um)
(3)

Osteosarcoma SAOS-2 1.03 0.62 1.17 0.5
U20Ss 2.40 0.79 0.19 4
SISA-1 NC NC NC -
MG63 NC 2.07 1.11 2

Chondrosarcoma SW1353 0.84 0.49 0.49 1
HT1080 52.85 0.32 0.15 2

Ewing’s sarcoma  TC71 1.13 0.96 0.82 1

Non-malignant

cell

Stem cells BMMSCs 2.75 1.07 0.71 1.5

Hepatocytes HHL5 1.64 1.01 1.23 0.8

Ventricular AC10 NC 1.26 0.8 1.6

cardiomyocytes

Fibroblasts NHDF 1.21 1.24 0.4 3.1
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Myxofibrosarcoma

Myxofibrosarcoma belongs to a group of malignant fibrous histiocytomas. It is an
aggressive soft tissue sarcoma that exhibits high local recurrence and metastatic rates
[315]. Our group obtained myxofibrosarcoma cell lines (MUG-Myx2a and MUG-Myx2b)
generated and donated by Lohberger et al., [316]. MUG-Myx2a is known to exhibit
greater proliferation, migration and tumourigenicity [316]. Both cell lines were grown

in DMEM supplemented with Gibco® Insulin-Transferrin-Selenium (ITS-G).

Flow cytometry revealed expression of surface DR5 in both cell lines (MUG-Myx2b >
MUG-Myx2a) and high levels of surface NG2 expression (MUG-Myx2a > MUG-Myx2b)
(Figure 157). Both cell lines showed limited response to NG2 targeted TRAIL alone
(Figure 158); however, there was obvious sensitisation and greater response to NG2
targeted TRAIL with the addition of doxorubicin. MUG-Myx2b demonstrated greater
doxorubicin sensitisation to targeted TRAIL to than MUG-Myx2a (Figure 159).
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MUG-Myx2a MUG-Myx2b

B —

Count
Count

DR4/DR5

Count

Figure 157 — DR5 and NG2 expression in myxofibrosarcoma cell lines (MUG-Myx2a and
MUG-Myx2b). Red = unstained, blue = isotype control, orange = DR4 (histograms top
row, NG2 (histograms bottom row, NG2 MFI = 7906 MUG-Myx2a vs 5221 MUG-
Myx2b), green = DR5 (MFI = 275 MUG-Myx2a vs 420 MUG-Myx2b).
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Figure 158 — Limited sensitivity of myxofibrosarcoma MUG-Myx2a (a) and MUG-Myx2b
(b) cell lines to NG2 targeted TRAIL or non-targeted TRAIL.
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Figure 159 — Addition of doxorubicin sensitised the myxofibrosarcoma cell lines to TRAIL. There was a greater response to NG2 targeted TRAIL with

the addition of doxorubicin. MUG-Myx2b demonstrated greater doxorubicin sensitisation to targeted TRAIL than MUG-Myx2a.
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7.6 Use of novel sensitisers in combination with NG2 targeted TRAIL

Our collaborators Hutt et al., tested novel sensitisers such as bortezomib (BZB), a
proteasome inhibitor known to sensitise cells to TRAIL through upregulation of DR5
[317], and Smac mimetic (SM83) in combination with NG2 targeted TRAIL and found
that the SW1353 chondrosarcoma cell line and U20S osteosarcoma cell line could be
sensitised with both agents. The SISA-1 osteosarcoma cell line, however, remained
resistant with SM83 in combination with TRAIL but could be sensitised with BZB; the
targeted form did not have an enhanced effect, expected due to lack of NG2
expression in this cell line. Cells were treated for 24 hours and stained with crystal

violet (Figure 160).

299



0w

.F *I “l
[Protein] inM)

L

r——re——————er—r—
o0+ W' Wl W' W

[Protein] (rM)

0 Fe-scTRAIL 1551

0w

* scFv(MCSP)-Fc-scTRAIL 1834

(c)

300

oW

we Wi et

[Proten) (nll)

we Wi

L

[Protein] inM)

L

aws Wt et wt

[Protein] inM)

0 Fe-scTRAIL 1551

uzos u20s
10 nM BZB 100 nM SM83

§ o — v— e — v Tr— T — by v v—y v vT— o w——
oW Wt Wt Wt W W oW et W 8 et W o W A Wt W0t W
[Proten] (nk) [Protein] inl) [Protein] (nk)

o Fec-scTRAIL 1551
® scFv(MCSP)-Fc-scTRAIL 1834

4w s e e
[T T o S

* scFW{MCSP)-Fc-scTRAIL 1834



Figure 160 — (a) SW1353 chondrosarcoma cell line is resistant to NG2 targeted scFv(MCSP)-Fc-scTRAIL 1834 and Fc-scTRAIL 1551; addition of 10 nM
bortezomib/BZB or 100 nM Smac mimetic/SM83 sensitised the cells to both forms of TRAIL and to a greater extent the NG2 targeted form. (b)
Sensitisation was also observed for the U20S osteosarcoma cell line. (c) The SISA-1 cell line was sensitised with the addition of BZB but no difference

was observed between the targeted and non-targeted forms due to lack of NG2 expression (mean +/- SD, n = 1). Data courtesy of Hutt et al.
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7.7 NG2 knockdown

Using siRNA, NG2 was knocked down in the SW1353 chondrosarcoma cell line (up to
72 %) and the U20S osteosarcoma cell line (up to 58 %) at 72 hours (Figure 161). The
proliferative rate was investigated in the U20S cell line and decreased after

knockdown when compared to scrambled treated cells (Figure 162a and b).

NG2 SiRNA (green)
Unstained (red) = /

and isotype . Scrambled (orange)
control (blue) =y >4

Count

Count
a

Figure 161 — NG2 knockdown (KD) using siRNA. 72 % NG2 KD achieved in SW1353 cell
line (a) and 58 % KD in U20S cell line (b).
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Figure 162 — (a) Up to 74 % NG2 knockdown could be achieved in U20S osteosarcoma
cell line at 72 hours. (b) IncuCyte® live-cell analysis monitoring revealed decreasing
proliferation and confluency compared to scramble siRNA treated U20S cells in time

period measured.
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7.8 Discussion and future direction

NG2/CSPG4/MCSP

Neuron glial antigen 2 (NG2), is also known as chondroitin sulphate proteoglycan 4,
(CSPG4) or melanoma-associated chondroitin sulfate proteoglycan (MCSP). This
protein is of interest because it is involved in pathological processes such as
angiogenesis in many cancer types. For example, breast cancer, melanoma, squamous
cell carcinoma and paediatric and adult sarcomas. NG2 has a role in the growth and
survival, as well as, spreading and metastases of tumour cells. It is also thought to be
restricted and have low expression in normal tissues. Immunohistochemistry has
demonstrated that in the human tissues, fetal and adults, the distribution of NG2 is in
the adrenal cortex, liver, small intestine, and also in the stem cell population. At the
RNA level, it has been reported to be present in skin, lung, heart, muscle, but more
importantly, it's at 6.6 times lower levels than found in tumours. This physiological
function is not completely understood, but reports suggest specific roles in different

tissues throughout development.

For my project, | was particularly interested in NG2 as it is expressed in soft tissue and
bone sarcomas. NG2 expression is known to be increased in soft tissue sarcoma such
as liposarcoma and synovial sarcoma and in chondrosarcoma [147,318] and is
associated with increased invasion and metastases [318]. It was also shown to be
expressed using immunohistochemistry in liposarcoma, leiomyosarcoma,
fibrosarcoma, and MFH-like pleomorphic sarcoma. In a study carried out by Benassi et
al., 2009, they correlated the survival and metastases of the patients that had tissues
stained for NG2, and they found that when enhanced NG2 expression in primary
lesions was compared in a multivariate analysis, it emerged that the upregulation was
independent prognostic parameter capable of defining an increased risk for a post-

surgical metastatic event by 55 % [318].

Previous studies investigating the functional role of NG2, or CSPG4, in
chondrosarcoma, and certain chondrosarcoma cell lines have been found to have high
NG2 expression, such as the chondrosarcoma cell line JJ012 cell line. | have also found
that the SW1353 cell line has high levels of NG2 expression. The SW1353
chondrosarcoma cell line has high levels of NG2 surface expression. In the study by
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Jamil et al., (2016) they performed a knockdown of NG2 and tried to gain more
information about cell adhesion spreading and migration. They demonstrated that
knockdown is associated with a decrease in sub-perforation and migration, while
spreading on extra-cellular matrices increased. The knockdown of NG2 is also
associated with change in expression of MMP3, MMP13 and ADAMT, ADAMTS4. They
also discussed that NG2 is expressed by chondrocytes during cartilaginous bond

formation in articular cartilage and by chondrosarcomas [147].

There has been interest in the expression of NG2 in soft tissue sarcomas. There was a
detailed study carried out by Cattaruzza et al., (2013), who investigated expression of
NG2 in a number of different sarcoma cell lines [319]. The high expression was found
in another SW872, which is a liposarcoma cell line, and also SKLMS1, which is a
leiomyosarcoma cell line. They also found that the MG63 had high surface NG2
expression levels with flow cytometry, which is consistent with the findings found in
this project. They also managed to engraft the MG63 and HT1080 cell lines in a mouse
model. They demonstrated that NG2 positive HT1080, NT-LMS-1 and NT1-LMS-1 cell
lines have greater engraftment levels and tumour volume compared to NG2 negative
counterparts. The authors were particularly interested in direct NG2-collagen VI
interaction because it was thought to have ‘an important role in primary and
secondary lesions local propagation, which is controlled by this interaction’. It was
indeed found that cell adhesion to collagen VI decreased when NG2 siRNA was used to
knockdown NG2 in the NG2 positive cell lines. This was significant for collagen VI
however for collagen |, there was no significance between knockdown cells and non-

knockdown cells [319].

NG2 may promote chemoresistance by activation of endocrine-dependent PI3K/AKT
signalling described by Chekenya et al.,(2008). Interestingly, comparison of tumours
revealed high levels of phospho-AKT in the NG2/MGP expressing tumours indicative of
increased PI3K/AKT signalling [256]. They looked at the effect of TNF-alpha on U87
human primary glioblastoma tumours transfected with control or NG2 shRNAs and
they demonstrate a protective effect on NG2 against TNF-alpha induced apoptosis.
Comparison of these tumours reveal high levels of phospho-AKT in support of in vitro
data. Downregulation of NG2 in the same cell line, U87, lead to marked reduction in

tumour growth rates even in absence of TNF-alpha. This is likely due to the role of NG2
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in functions unrelated to apoptosis. For example, NG2 promotes proliferation as a
result of its participation in growth factor signalling. Also, NG2 is known to stimulate
angiogenesis by sequestering angiostatin and affecting its inhibitory effects on
neutralising its inhibitory effects on angiogenesis. U87 is a glioblastoma cell line, which
was included in my PCR analysis of NG2 and not found to express NG2 to the same
degree as some of the bone sarcoma cell lines such as the MG63 osteosarcoma and

SW1353 chondrosarcoma cell lines.

Targeting NG2 has been carried out to try to inhibit tumour growth. A study carried
out by Claire Hsu et al., 2018, engrafted human undifferentiated pleomorphic sarcoma
into NSG mice (xenografts) and were treated with 50 pug/ml per mouse of anti-NG2
antibody mAb 9.2.7 [Abcam] or isotype control IgG every other day for two weeks. This
significantly reduced the average tumour volume as compared with the IgG controls
and no signs of toxicity were detected [320]. The data suggested that NG2 CSPG4
monoclonal antibody-based immunotherapy could be developed as an approach for
treatment of NG2 expressing soft tissue sarcomas. The antiviral knockdown of NG2 in

the established human tumour xenografts delayed engraftment.

NG2 is expressed in precursor cells such as stem cells, which could play a role in
regulating stem cell line properties and driving the oncogenic mutations in those cells
and result in sarcoma formation. In summary, the NG2 immunotherapy decreased cell

proliferation and increased apoptosis.

The study also explored how cells adapt to loss of NG2 in tumour initiation compared
to loss of NG2 after the tumour is already formed. They found that deleting NG2 at the
time of tumour initiation resulted in an opposite and increased effect on tumour
growth. Activation of IGF signalling occurred as a result of NG2 deletion at initiation of
the tumour. Insulin-like growth factor proteins are known to inhibit IGF signalling and

regulate proliferation, and there was no loss of their normal regulation [320].

NG2 targeted delivery of DR5 agonists or TRAIL

Targeted forms of DR5 agonists/TRAIL have been developed with the aims of
increasing local concentrations of TRAIL and reducing toxic effects to normal cells.

There has been an interest in dual antibody therapy using anti-MCSP, which is anti-
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NG2 TRAIL. Upon binding to MCSP positive melanoma cells and accumulation at the
cell surface, results in inhibition of MCSP tumourigenic signalling and at the same time
activate apoptotic TRAIL signalling [311,314,321]. A study carried out by Bruyn et al.,
(2010) found that this mode of therapy can potently inhibit melanoma outgrowth in
vitro and in vivo. The antibody was again a monoclonal antibody 9.2.7 [311]. Activation
of apoptosis occurred in a dose-dependent manner (within 16 hours) upon anti-
MCSP:TRAIL treatment of MCSP transfected M14 melanoma cells. Upon anti-
MCP:TRAIL treatment, parental MCSP negative M14 cells were shown to be resistant.
The advantage of targeting the TRAIL therapy is high levels of tumour cell surface
bound TRAIL to activate apoptotic signalling via the TRAIL receptors DR4 and DR5 in a

mono- and/or bi-multicellular manner.

Soluble TRAIL has no selective tumour binding and is considered not to be as effective
at cross-linking and subsequent activation of DR5. DR5 is best activated by crosslinked
forms of TRAIL. An in vivo study xenografted subcutaneously A375M melanoma cells in
nude mice and allowed to form small tumours, approximately 50 mm~3. A low dose of
~0.14 mg/kg of anti-MCSP TRAIL was administered by an intraperitoneal injection
daily. The mice treated with this fusion protein had 50 % reduction in tumour size at
the end of experiment compared to the sham treated mice [311]. It is reported here
that the anti-MCSP TRAIL does not cross react with mouse MCSP, this is anti-MCSP

mAb 9.2.7, which has also been used as part of this PhD.

Of note, earlier animal studies utilising xenografts models with A375M and non-
targeted recombinant human TRAIL required 300 times higher concentrations, 50
mg/kg for cell death, compared to more recent studies using targeted MCSP therapy
[311]. Targeted therapy, thereby, enables low dose required for therapeutic activity
and has potent in vivo anti-melanotic activity at a very low dose. Another benefit
reported is that this fusion protein lacks apoptotic activity towards normal cells. No
apoptosis was induced in melanocytes despite the treatment performed with 4 ug/ml
of the anti-MCSP TRAIL. This was also extended up to 8 days and when comparing with
the medium control, this did not result in a significant increase in apoptosis. Similarly,
reported here, when treated with anti-MCSP TRAIL, MCSP negative hepatocytes were
found to be resistant. The effects of TRAIL related toxicity have been shown with

hepatocytes which are a highly susceptible normal cell type.

307



There was no deleterious effects on liver morphology, and morphology of the liver in
the mice was comparable to the morphology of the liver sections of some treated mice
[311]. To date, there are no serious adverse effects and no dose-limiting toxicity with
regards to TRAIL therapy. Indeed, safety has been confirmed from ongoing clinical

trials of recombinant TRAIL.

In data obtained as part of this project, | have found that the HHL5 hepatocyte cell line
lacks NG2 surface expression, but does express DR5. Previous studies (described
above) have utilised primary human hepatocytes and melanocytes and not found
significant toxicity when using MCSP targeted TRAIL forms. | have found sensitivity of
the HLL5 cell line to crosslinked forms of TRAIL and has been one of the most sensitive
cell lines to this type of therapy. However, this may be due to a P53 aberration. The
use of NG2 to target delivery of human proteins has been reviewed extensively
recently by Jordan et al., 2017. There has been an advancement in the creation of
fusion proteins such as development of stable trimeric ScFv:scTRAIL such as alpha-
MCSP:sTRAIL which contains three identical tumour targeting ScFv domains. The
presence of a net surplus of soluble TRAIL domains allows agonistic TRAIL receptors to
be subsequently activated on even neighbouring tumour cells. This is known as a by-
stander effect which has the potential to also eliminate neighbouring tumour cells that

lack the target antigen expression thus amplifying the effect [314].

It is also been of interest as to why NG2 is over-expressed and this has been associated
with hypomethylation of CPG islands in the promoter region whilst others have
postulated chromosomal translocations at 11Q23 encoding a transcription factor that
regulates NG2 transcription that may result in NG2 over-expression. | have also found
consistent with previous studies that in the A375M melanoma cell line there are high

levels of NG2 expression.

Overall summary and future direction

In our bone sarcoma cell lines, we have found the SW1353 chondrosarcoma cell line
and the MG63 osteosarcoma cell line to express the highest levels of NG2. The HT1080
dedifferentiated chondrosarcoma cell line expresses moderate levels of NG2 and also

the U20S osteosarcoma cell line. | have found no NG2 expression in the SJSA-1 and
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SAOS2 osteosarcoma cell lines and the TC71 Ewing's sarcoma cell line. | have found

that all of these bone sarcoma cell lines express DR5 and in the TC71 also DR4.

As a further development, on the theme of the human cytolytic fusion proteins, the
inclusion of an Fc comprising single chain TRAIL fusion protein has been found to have
more enhanced effects and this has been engineered to target tumour associated
antigens such as the epidermal growth factor receptor, EGFR. In a study by Hutt et al.,
(2017), they demonstrated superior in vitro activity of EGFR targeted dimeric single
chain TRAIL fusion proteins compared to single chain TRAIL alone and dimeric non-
targeted formats; their in vivo studies demonstrated improved half-life and higher
efficacy of the hexavalent single chain TRAIL fusion protein comprising an Fc portion

[188].

Depending on the tumour studied, the non-targeted Fc ScTRAIL fusion protein may
also induce equally effective complete tumour regressions as their targeted
counterparts. | have developed this fusion protein to target NG2 in light of the
findings. The hexavalent molecule is ideal for this as most of the bone sarcoma cell
lines express a DR5, which requires higher order clustering for potent activation of
apoptotic signalling. This can be achieved by using higher order hexavalent TRAIL
fusion proteins with those based on the Fc region as a dimerisation module. Sensitising
agents can also be employed in combination, such as those utilised by Hutt et al.,
(2018) who found sensitisation when using bortezomib [188] and those described in

Chapter 6.
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Chapter 8. In vivo testing of NG2 targeted TRAIL construct
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8.1 NG2 targeted TRAIL with or without doxorubicin

8.1.1 Toxicity pilot study

In vitro, synergistic effects were observed when NG2 targeted TRAIL was administered
alongside doxorubicin. Doxorubicin has been formulated in PBS and used in sex-
matched 7-8 week-old NSG mice without significant toxicity, when administered

intravenously once weekly at 2 mg/kg in a previous study [322].

My aim was to assess for toxicity when NG2 targeted TRAIL was administered
alongside doxorubicin, in a toxicity study, which | undertook for one month (schedule
below in Figure 163). | did not find significant weight loss or toxic effects from the
combined therapy and the signal from the engrafted tumour did not reach the levels
found by four weeks in the untreated mice in the engraftment study described in

Section 2.10. Results are presented in Section 8.1.1.1.

Day 0— Cell transplant

Day 4 — IVIS

Day 7 — IVIS and treatment (NG2 TRAIL + Doxorubicin)
Day 12 — Treatment (NG2 TRAIL only)

Day 15 —1VIS and treatment (NG2 TRAIL + Doxorubicin)
Day 19 — Treatment (NG2 TRAIL only)

Day 22 — VIS and treatment (NG2 TRAIL + Doxorubicin)
Day 26 — Treatment (NG2 TRAIL only)

Day 30— VIS

Figure 163 — Treatment and imaging schedule for toxicity study utilising three NSG
mice engrafted with HT1080 pSLIEW cells into the femur.

8.1.1.1 Pilot study results

Rapid tumour growth was observed using VIS from day 5 to day 7 after implantation
of HT1080 pSLIEW cells into the femur in NSG mice. Day 15 after implantation (and day
8 following commencement of therapy), there was a noticeable decrease in the signal
on IVIS after treatment with the schedule described in Figure 163. All mice survived to

the end of the study without significant toxicity issues and in comparison with data
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from the engraftment study (Section 2.10), had significantly less IVIS signal [total Flux

(p/s)] in the right femur at the engraftment site.

Mice survived for about a further three weeks following cessation of therapy. A
working model was established and the doxorubicin and NG2 targeted TRAIL

combination demonstrated effectiveness and no significant toxicity (Figure 164).
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Figure 164 — Pilot study investigating the engraftment of HT1080 Luc +ve cells in NSG mice and treatment with combined doxorubicin and NG2
targeted TRAIL therapy. Rapid tumour growth was observed using IVIS when day 5 after implantation was compared to day 7 after implantation. Day
15 after implantation and day 8 following commencement of therapy, there was a noticeable decrease. Mice survived for about a further three

weeks following cessation of therapy. With this, a working model was established and the doxorubicin and NG2 targeted TRAIL combination

demonstrated effectiveness and no significant toxicity.
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8.1.2 Formal in vivo study
The main aim was to inject 0.2 nmol of TRAIL construct with or without doxorubicin and
compare this to the control vehicle treated mice (summarised in Table 25). Results are

presented in Section 8.1.2.1:
Statistical analysis plan

A power calculation has been made based on the reduction in size of the tumours in the
mice treated with the NG2 targeted TRAIL. Using IVIS flux data from a pilot study of 3
mice, a 50 % reduction in IVIS signal compared to controls allowed for a minimum for 6

mice per treatment arm to power the study at a level greater than 90 %.
Group 1 (6 mice) - Doxorubicin alone (2 mg/kg) once a week
Group 2 (6 mice) — 42.1 pl #1834 NG2 targeted TRAIL (scFVvNG2(9.2.27)-IgG1Fc-scTRAIL)

Group 3 (6 mice) — Doxorubicin 2 mg/kg once a week in combination with 42.1 ul #1834
NG2 targeted TRAIL (scFvNG2(9.2.27)-1gG1Fc-scTRAIL)

Control group 4 — (3 mice) - PBS only at largest volume used for mouse 1, 2 or 3.

Group 5 — (3 mice) — 23 ul of #1551 Non-targeted TRAIL

Treatment schedule -

Six injections of NG2 targeted TRAIL (2 injections/week for 3 weeks) and 3 injections of
Doxorubicin at 2 mg/kg (1 injection per week). 6 injections of non-targeted TRAIL. PBS

for control mice.

Mice with inadequate signal (too high or too low defined approx. outside of total flux
(p/s - 2e6 to 2e7) at week 1, were treated with doxorubicin and NG2-targeted TRAIL and
they were used for blood studies and immunohistochemistry (IHC) at 3 time points (to

undergo schedule 1): 1 day, 3 days and 7 days (up to an additional 9 mice).

In this respect, immunohistochemistry (IHC) on paraffin embedded mice sections will be

performed in future. | will assess for markers of cell death e.g., active caspase-3, cleaved
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PARP or TUNEL staining as described in previous studies [323,324] and will compare
these to control, i.e. PBS treated mice. Tumour cells will be detected by staining for MT1-

MMP.

To assess the presence of targeted TRAIL at the tumour side, | will also attempt to detect
NG2-targeted TRAIL the sections using anti-Flag antibodies (M2 clone) as used in

previous studies [325] or anti-human IgG antibodies.
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Table 25 - Experimental plan to assess the effect of targeted and non-targeted forms of TRAIL with and without doxorubicin on tumour volume of

mice.

Cell line Randomisation Minimum

number of mice

HT1080 pSLIEW | Doxorubicin NG2 targeted Non-targeted PBS 24
(dedifferentiated | alonen=6 TRAIL (one TRAIL
chondrosarcoma) group withand | n=3 n=3
one group
without
doxorubicin)

n=12
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8.1.2.1 Formal study results

NSG mice treated with non-targeted TRAIL or NG2 targeted TRAIL (with or without
doxorubicin) showed much reduced signal intensity, after therapy when compared to
control NSG mice and NSG mice treated with doxorubicin alone (p<0.05 at day 27; two-
way ANOVA). CT reconstruction images demonstrated early evidence of bone
destruction in the control group compared to those treated with the doxorubicin and
NG2 targeted TRAIL therapy combination (Figure 165). Table of complete dataset and

outcome metrics is presented in Appendix 11.8.
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Figure 165 — Randomised study comparing group 1 (6 mice) - Doxorubicin alone (2 mg/kg) once a week; Group 2 (6 mice) —-NG2 targeted TRAIL
(scFYNG2(9.2.27)-1gG1Fc-scTRAIL); Group 3 (6 mice) — Doxorubicin 2 mg/kg once a week in combination with NG2 targeted TRAIL (scFvNG2(9.2.27)-
IgG1Fc-scTRAIL); Control group 4 — (3 mice) - PBS treated; Group 5 — (3 mice) - Non-targeted TRAIL. (a) NSG mice treated with non-targeted TRAIL or
NG2 targeted TRAIL (with or without doxorubicin) showed much reduced intensity of signal, after therapy when compared to control NSG mice and
NSG mice treated with doxorubicin alone (p<0.05 at day 27; two-way ANOVA). CT reconstruction images demonstrated early evidence of bone

destruction in the control group (b) compared to those treated with the doxorubicin and NG2 targeted TRAIL therapy combination (c).
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8.2 Discussion and future direction

In summary, | have produced an in vivo mouse orthotopic model of dedifferentiated
chondrosarcoma. This has been achieved by intrafemoral engraftment of the HT1080
dedifferentiated chondrosarcoma cell line in NSG mice, using 5000 HT1080 luciferase
positive cells. The latency of engraftment was about a week, and then there was a
rapid proliferation and increasing signal in intensity on IVIS with metastases visible
around week 2 to 3 and disseminated tumour around week 4. The humane end point
was undergoing of schedule one killing if there were any signs of ill health or significant
weight loss in the mouse. | observed in the pilot studies that there was a significant
mass on examination of the NSG mice and significant IVIS signal intensity and
metastases and bone destruction on CT scan reconstruction images by about 5 weeks,
compared to the non-engrafted femur and this could be reduced by using the TRAIL

construct with or without doxorubicin.

A recent review by Jacques et al., (2018) has summarised current mouse models of
bone sarcoma and the majority have been undertaken in hydrotropic sites by
subcutaneous cell injections and also incorporating into a matrigel based matrix, to
provide a scaffold and aid engraftment [326]. The other modes of implantation include
the deep non-osseous environment, such as deep heterotopic sites, inoculated in the
renal capsule, which has been achieved for the Ewing’s sarcoma TC71 cell line and the
human JJ012 chondrosarcoma cells. The other sites include paraosseous cell injections,

such as in close proximity to the tibia [326].

| have undertaken the interosseous mode of injection, and among the currently
available methods to generate models of bone sarcomas, the interosseous models are
technically most difficult to achieve, and the operator needs to be specifically trained.
However, | feel this best recapitulates the human disease. The strengths in my study is
that in our institute, there are personnel that have been trained in this procedure and

we have been able to achieve reproducible models.

Cell lines injected via the intraosseous route currently in the literature include
osteosarcoma cells K7M2L2 with matrigel [325]. The model that | have undertaken

using the HT1080 dedifferentiated chondrosarcoma cell line has not been reported
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before, and rapid engraftment was observed without need for a matrix-based gel. |
undertook a pilot study using doxorubicin and the NG2 targeted form of TRAIL, and |
found that there was reduction in the cell signal day 15 after implantation and day 8
following the commencement of the therapy. The mice survived a further 3 weeks
following the cessation of therapy, and there was no significant toxicity evident from
the combination of the therapy. Following this, | undertook a formal study, and |
randomised the mice to either doxorubicin alone, NG2 targeted TRAIL alone, a
combination of doxorubicin and NG2 targeted trial, control, and non-targeted TRAIL,
and the main finding was that arms utilising the NG2 targeted TRAIL and non-targeted

TRAIL showed much reduced intensity of signal, after therapy.

It has been debated in the literature about the safe levels of doxorubicin to give NSG
mice and reports have indicated up to 2 mg/kg doesn't have a significant toxic effect
[322]. | decided to use 2 mg/kg of doxorubicin once weekly and did not witness
significant toxic effects. Studies have also utilised intraperitoneal injections of
doxorubicin at higher levels; however, there has been reported concerns with weight
loss. | have also taken serum for analysis of doxorubicin and TRAIL, based on previous
pK data and organ function tests. This is a separate study including nine mice, which
were treated with a combination therapy, and | will analyse the blood samples for liver
function and pancreatic function; furthermore, the femurs, with and without the
tumour in situ, lung, liver, spleen and heart were also stored in formalin and will be
assessed histologically for apoptosis, tumour burden and DR5 and NG2 levels pre and

post treatment.

Future direction

It would be useful to explore using the NG2 targeted form of TRAIL with and without
doxorubicin in orthotopic mouse models engrafted with other sarcoma cell lines, such
as the osteosarcoma MG63 cell line, which has shown high NG2 and DR5 levels, to try
help delineate the differences between the NG2 targeted and non-targeted forms of
TRAIL in vivo. Furthermore, the doxorubicin levels may not have been sufficient to
have a synergistic effect as there has been reports to suggest that the level is at its
highest level in the serum 1 hour after administration (100 ng/ml when 1.24 mg/kg

administrated) but then decreases in BALB/c mice [327]. The concentration present in
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the bone is also unclear. Other possibilities of administering doxorubicin are utilising
liposomal doxorubicin to maintain the level of doxorubicin in the blood and use of the
Rag2 mouse strain that may tolerate a higher dose of doxorubicin. | plan to analyse the
tissue histologically for NG2 and DR5 as the levels expressed may change after
treatment. Serum levels of doxorubicin and TRAIL will be analysed as part of this in

vivo investigation.

There have been several studies that report the use of osteosarcoma and Ewing’s
sarcoma PDX models for personalised therapeutic tests, however the models are
limited by their availability of the samples, and also difficulties in achieving
engraftment, and the cost of the immunodeficient mice, the constraining process, and
the mandatory quality control. However, they have been achieved in NSG mice using
original cell lines isolated from patient biopsies subsequently implanted in NSG mice
[326], and, therefore, this is also a potential future avenue to pursue. Also, use of
spheroids and more sophisticated 3D culture models better represent the bone
sarcoma microenvironment and niche than 2D models and can reduce the use of

animal based models [328].
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Chapter 9. Use of ‘activated’ bone marrow-derived stem cells (BMMSCs)
as cell vehicle expressing TRAIL on bone sarcoma cell death
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9.1 Introduction

As discussed in the introductory chapter, studies have investigated the use of stem
cells as a potential to be used for cancer therapy. They have promising properties such
as homing to the tumour site and the ability to be activated to express anti-
tumourigenic molecules such as TRAIL and DKK-3 in proximity to the tumour cells and
potentially avoid systemic toxicity. Cocultures have found increased cell death when
MSCs expressing TRAIL are cocultured with breast cancer cells and also reduction in

metastases in a breast cancer mouse model [329].

MSCs have also been engineered to express TRAIL and have enhanced effects when
also combined with chemotherapeutic agents. For the delivery of DR targeting
therapies, MSCs are currently the preferred stem cell type. Other stem cells types
require further investigation. Of particular interest are induced pluripotent stem cells
(iPSCs) as they offer autologous cells and an inexhaustible source of MSCs. There has
been a concern that when stem cells are used alone there is a potential for harmful

effects such as an increase in sarcoma cell proliferation [330].

The aims of this chapter are to investigate:

1. If bone marrow-derived mesenchymal stem cells can be stimulated to express

membrane bound TRAIL using TNF-alpha.

2. To set up/establish cocultures with MSCs and bone sarcoma cell lines and

analyse for increased sarcoma cell death.

3. To assess for harmful effects such as increased proliferation of sarcoma cells

when coculturing MSCs with bone sarcoma cells.
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9.2 The effects of TNF-alpha on BMMSCs

9.2.1 TNF-alpha potency

TNF-alpha was used to ‘activate’ patient-derived bone-derived mesenchymal stem
cells (BMMSCs) to enable them to express the membrane-bound form of TRAIL. The
membrane-bound form of TRAIL is considered to be more potent compared to the
soluble form of TRAIL. Before applying TNF-alpha onto the BMMSCs, the potency of my
TNF-alpha was tested on murine fibroblasts engineered to express TNF receptor 1 (MF
TNFR1-Fas cells) (Figure 166). A dose of 0.1 ng/ml was potent and could kill up to 80 %
of these cells in culture. This is the minimum dose stated in the literature to be able to
‘activate’ BMMSCs [329]. TNF-alpha was not found to be significantly toxic to the
BMMSCs consistent with the findings of previous studies suggesting intact cell
proliferation/survival at concentrations ranging from 0.01 ng/ml to 100 ng/ml [331]

(Figure 167).

Responsiveness of MF TNFR1-Fas cells to TNF-alpha
100
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%cell viability of MF TNFR1-Fas cells
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0.0 0.1 0.2 0.6 1.9 5.6 16.7 50.0
TNF-alpha concentration (ng/ml)

Figure 166 - MF TNFR1-Fas cells are responsive to the lab TNF-alpha, which has an
effective concentration at 0.1 ng/ml. The cells were cultured in RPMI containing 10 %
Fetal Bovine Serum (FBS). Treatment for 24 hours. Viability assessed using CKK-8 assay.

(Mean +/- SEM, n = 3).
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Figure 167 — TNF-alpha is not significantly toxic to BMMSCs at concentrations up to
100 ng/ml. Incubation time of 24 hours. (Mean +/- SEM, n = 3)

9.2.2 TNF-alpha preactivation of BMMSCs

9.2.2.1 The effect of TNF-alpha on BMMSC TRAIL mRNA expression

The passage number and BMMSC donor specificities are known to influence the
degree of TRAIL expression when TNF-alpha is used to ‘activate’ them [329]. A
concentration of 20 ng/ml of TNF-alpha was applied as previously described [332] to
early passage number (passage 3) BMMSCs and there was evidence of increased TRAIL
expression at the RNA level using PCR (at 72 hours when compared to untreated
BMMSCs or NHDF cells treated with TNF-alpha) (Figure 168) and at the protein level
using flow cytometry at days 2 and 5 (Figure 169). The 786-0 renal clear cell

adenocarcinoma cell line was used as positive control for TRAIL expression.
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TRAIL RNA expression in BMMSCs and NHDF cells
treated with TNF-alpha for 72hours
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Figure 168 - RT-PCR results demonstrating elevated TRAIL RNA expression in BMMSCs
treated with TNF-alpha (20 ng/ml) for 72 hours. This was significantly greater than
BMMSCs alone or NHDF cells treated with TNF-alpha (20 ng/ml) p<0.05, Student’s t-
test (mean +/- SEM, n = 3). 786-0 renal adenocarcinoma cell line was included as the

positive control.

328



9.2.2.2 The effect of TNF-alpha on BMMSC TRAIL protein surface expression

BMMSCs were treated with TNF-alpha (20 ng/ml) and increased surface levels of TRAIL

were found compared to untreated cells (p<0.05, Student’s t-test) at 48 hours (Figure

169).
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Figure 169 - Flow cytometry data demonstrating increased expression of TRAIL in bone

marrow-derived mesenchymal stem cells (BMMSCs) when exposed to 20 ng/ml TNF-
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alpha. Expression levels were found to be increased at 48 hours, 72 hours and 120

hours (p<0.05, Student’s t-test at 48 hours (n = 2, mean +/- SEM).

9.2.2.3 Effect of TNF-alpha on BMIMISC osteogenic differentiation

There is conflicting information regarding the role of TNF-alpha in osteogenic
differentiation of MSCs. Recent data suggests that lower concentrations of TNF-alpha
(1 ng/ml or lower) appear to be have a more prodifferentiatory effect stimulating them
towards an osteoblastic phenotype. Markers of osteoblastic differentiation such as
cbfa-1/Runx-2 and ALP can be upregulated after treatment with lower doses of TNF-
alpha (0.01 ng/ml or 0.1 ng/ml) [331,333]. Other studies suggest increased Alizarin red
staining and TNAP activity at higher concentrations of TNF-alpha (10 ng/ml) [334,335].
However, there has been concerns about an upper boundary that may have

antiosteogenic effects [336].

It was confirmed that cbfa-1/Runx2 RNA levels are increased in patient-derived
osteoblasts compared to normal human dermal fibroblasts (NHDF) cells (Figure 170).
This is a transcription factor associated with osteogenic differentiation of BMMSCs into
osteoblasts. When BMMSCs were treated with TNF-alpha (20 ng/ml) for 72 hours,
cbfa-1/Runx2 mRNA levels were not found to be elevated or significantly decreased
when compared to untreated BMMSCs and NHDF cells treated with TNF-alpha (20
ng/ml) (Figure 171).
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Figure 170 - Increased cbfa-1/Runx2 and osteocalcin RNA levels in patient-derived

osteoblasts (OBs) compared to normal human dermal fibroblasts (NHDF).
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Cbfa-1/Runx2 RNA expression in MSCs treated with TNF-alpha (n=2)
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Figure 171 - No obvious differences in cbfa-1/Runx2 expression levels in MSCs treated
with TNF-alpha (20 ng/ml) for 72 hours compared to untreated MSCs and NHDF cells
treated with TNF-alpha (mean +/- SEM, n = 2).
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9.3 Coculturing ‘activated’ TRAIL expressing BMMSCs with sarcoma cells

9.3.1 Preliminary coculture experiments and flow cytometry gating strategies

The focus of the experiment was to assess if surface expression of TRAIL during
coculture facilitated the direct contact of TRAIL expressing BMMSCs to death receptor

expressing sarcoma cells thereby inducing their apoptosis.

TNF-alpha treated or ‘activated’ BMMSCs, treated for either 48 or 72 hours were
cocultured together with sarcoma cells (GFP+ve osteosarcoma U20S pSLIEW cells) or
Ewing’s sarcoma TC71 cells in 1:1 ratio for at least 48 hours in DMEM culture media
with 20 % FBS and analysed for cell death using flow cytometry. Data in the literature
suggest that cell death can be observed at 24 hours for breast cancer cells [329].
GFP+ve U20S pSLIEW cells were used to help separate the BMMSCs from the U20S
cells and BMMSCs were also labelled using CD90 to help separate them from the TC71

cells. DAPI staining was used to help label cells that are dead.

GFP expression was used to gate on the U20S cells and assess percentage of cell death
in that population when cultured with ‘activated’ BMMSCs (treated with TNF-alpha for
48 hours and cocultured for 72 hours). This was compared to non-activated BMMSCs.
Tendencies towards increased cell death were noted. Repeats of five experiments
revealed tendency towards greater U20S cell death in coculture containing TNF
preactivated BMMSCs; however, this was non-significant on Mann-Whitney U testing.
Values for cocultures containing activated or non-activated BMMSCs were greater
than cocultures containing activated or non-activated NHDF cells and was significant
when comparing TNF preactivated BMMSCs + U20S and NHDF + TNF + U20S (Figure
172 to Figure 175). The experiment was repeated using a more sophisticated 3D
printing strategy to enable more precise positioning of the cells in relation to one

another (Section 7.3.2).
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Figure 172 - Flow cytometry demonstrating 78 % of U20S cells alone, which are

GFP+ve cells. The uptake of DAPI occurs in 8 % of GFP+ve cells.
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Figure 173 - Flow cytometry demonstrating 22 % of GFP+ve U20S cells in the ‘non-
activated’ BMMSCs and U20S coculture. The uptake of DAPI occurs in 24 % of the

GFP+ve cells.
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Figure 174 - Flow cytometry demonstrating 27 % of GFP+ve U20S cells in the
‘activated’ BMMSCs and U20S coculture. The uptake of DAPI occurs in 41 % of the

GFP+ve cells.
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Coculture experiments 'activated' or 'non-activated' BMMSCs or
NHDF cells with U20S pSLIEW
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40 7 |
30
204

10

% DAPluptake in U20S pSLIEW

Figure 175 — There was significantly greater U20S pSLIEW cell death when coculture
with TNF-alpha treated BMMSCs compared to TNF-alpha treated NHDF cells. Results

are presented as Mean +/- SEM, Mann Whitney U test.

BMMSCs cocultured with TC71 cells

Coculture experiments were also performed using ‘activated’ BMMSCs with TC71 cells
(CD90 negative). BMMSCs could be separated from the TC71 cells based on BMMSC
positive staining for CD90 [337]. There appeared to be an increase in TC71 cell death
and uptake of DAPI in a population of the TC71 cells when coculturing with ‘activated’
BMMSCs, but not significantly more compared to coculturing with ‘non-activated’
BMMSCs (about 10 % vs 5 %) (Figure 176) and (Figure 177) respectively. TRAIL
expression on the surface of the ‘activated cells’ in the coculture was evident when

gating on the BMMSCs (Figure 176).
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Figure 176 - Coculture of ‘activated’ TRAIL expressing BMMSCs with Ewing’s sarcoma TC71 cells. BMMSCs were treated with TNF-alpha for 48 hours
before coculture experiment with TC71 cells. Coculture was for 72 hours. TRAIL expression can be seen on the surface of BMMSCs (orange histogram
peak = TRAIL surface expression, red histogram peak = unstained cells, blue histogram peak = isotype control); however, there does not appear to be

a significant amount of cell death at 72 hours. BMMSCs could be separated from the TC71 cells based on BMMSCs staining positive for CD90.
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Figure 177 - Coculture of ‘non-activated’ expressing BMMSCs with Ewing’s sarcoma TC71 cells. Coculture was for 72 hours. TRAIL expression cannot
be seen on surface of BMMSCs; there does not appear to be significant amount of cell death at 72 hours. BMMSCs could be separated from the TC71

cells based on BMMSC positive staining for CD90.
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9.3.2 3D printed cocultures

These were set-up to coculture MSCs (TRAIL expressing or non-TRAIL expressing) with
sarcoma cells in the following sarcoma cell: MSC ratios — 1:1, 1:2, 1:3, 1:5, 1:10 and
1:20 (Table 26 and Figure 178 and Figure 179). Cocultures were extended for longer
than 3 days in light of findings from initial non-3D printed coculture experiments. |
performed the same experiments using the BMMSCs ‘activated’ for 72 hours (TNF-
alpha applied for 72 hours) and conducted the coculture with GFP+ve U20S cells for 5

days or longer.

Flow cytometry was used as the methodology to distinguish between the sarcoma cells
and BMMSCs and to assess for cell death in the sarcoma cells. BMMSCs are known to
be positive for CD73 [337] and staining for CD73 was used to enable gating on the
sarcoma cells and the measurement of the degree of apoptosis occurring in the
sarcoma cell population (Figure 181). U20S cells expressing GFP (U20S pSLIEW) were
used for the coculture. Loss of GFP has been used as a measure of cell death in
previous studies and has shown good correlation with Annexin V expression [338].
U20S pSLIEW cells can be seen to lose GFP expression when treating them with

staurosporine (Figure 180).

3D printed coculture experiment set-up

Coculture experiments were repeated exposing the cells [(activated or non-activated
mesenchymal stem cells (MSCs)] with GFP expressing U20S osteosarcoma cells (U20S
pSLIEW) together for longer (5 days). MSCs were treated with TNF-alpha for 3 days
prior to the coculture. A 48-well plate was used to culture them together in monolayer
using 3D bioprinting technology (courtesy of Ricardo Ribeiro, School of Mechanical and
Systems Engineering) and helped produce more a sophisticated and accurate
cocultures in terms of cell numbers and locations. The layout is shown in Table 26 and
an example of the image under the microscope of cells printed in 1:1 and 1:10 ratios is

shown in Figure 178 and Figure 179.
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Table 26 — Layout for U20S pSLIEW and MSC printing.

Ratio 1:1 | Ratio 1:2 | Ratio 1:3 | Ratio 1:5 | Ratio Ratio Activated | U20S
1:10 1:20 MSCs pSLIEW
u20s u20s u20s u20s
alone alone
pSLIEW: | pSLIEW: | pSLIEW: | pSLIEW: | U20S u20S
Activated | Activated | Activated | Activated | pSLIEW: | pSLIEW:
MSCs MSCs MSCs: MSCs Activated | Activated
MSCs MSCs
Ratio 1:1 | Ratio 1:2 | Ratio 1:3 | Ratio 1:5 | Ratio Ratio Activated | U20S
1:10 1:20 MSCs pSLIEW
u20Ss u20Ss u20s u20s
alone alone
pSLIEW: | pSLIEW: | pSLIEW: | pSLIEW: | U20S u20S
Activated | Activated | Activated | Activated | pSLIEW: | pSLIEW:
MSCs MSCs MSCs: MSCs Activated | Activated
MSCs MSCs
Ratio 1:1 | Ratio 1:2 | Ratio 1:3 | Ratio 1:5 | Ratio Ratio Non- u20S
1:10 1:20 Activated | pSLIEW
U20S U20S u20S u20S
MSCs alone
pSLIEW: | pSLIEW: | pSLIEW: | pSLIEW: | U20S u20Ss
alone
Non - Non- Non- Non- pSLIEW: | pSLIEW:
Activated | Activated | Activated | Activated | Non- Non-
MSCs MSCs MSCs MSCs Activated | Activated
MSCs MSCs
Ratio 1:1 | Ratio 1:2 | Ratio 1:3 | Ratio 1:5 | Ratio Ratio Non- u20S
1:10 1:20 Activated | pSLIEW
u20s u20s u20s u20s
MSCs alone
pPSLIEW: | pSLIEW: | pSLIEW: | pSLIEW: | U20S u20S
alone
Non - Non- Non- Non- pSLIEW: | pSLIEW:
Activated | Activated | Activated | Activated | Non- Non-
MSCs MSCs MSCs MSCs Activated | Activated
MSCs MSCs
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Figure 178 — Microscopic image of 1 to 1 ratio (U20S pSLIEW: MSCs) in one well of a

48-well plate as per Table 26.
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Figure 179 — Microscopic images of 1 to 10 ratio (U20S pSLIEW: MSCs) in one well of a

48-well plate as per Table 26.
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Loss of GFP signal in U20S cells has been correlated to an increase in cell death in
previous studies [338]. This has been observed in staurosporine (an agent used to

cause cell death) treated U20S pSLIEW cells (Figure 180).
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In staurosporine treated cells the GFP +ve proportion drops to 55%

Figure 180 — Proportion of GFP+ve U20S pSLIEW cells drops from 78 % to 55 % when

treated with 1 uM staurosporine.
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Markers have been used in prior studies to gate out MSCs on flow cytometry such as
CD90 used in previous studies to distinguish between the activated stem cells and
breast cancer cells; however, this is expressed by both the MSCs and U20S cells;
therefore, | used another marker. The marker | used to separate MSCs from the U20S
was CD73. By using flow cytometry, | could separate the U20S pSLIEW (GFP)
population from the MSCs (APC-CD73) (gate out the APC positive MSCs) and then
assess for loss of GFP signal in the U20S pSLIEW cells. Examples of the gating strategies
employed are shown below (Figure 182). Evidence of increased GFP negative cells
(dead U20S pSLIEW cells) in those wells with U20S pSLIEW cells cultured with
‘activated’ MSCs. This appears to reach significance at the 1:2 U20S:MSC ratio (Figure
183).

FEC-w

U20S pSLIEW alone | .

-5

MSCs alone

Figure 181 — MSCs stain positive for CD73 (APC channel).

346



1:1 activated

1:1 non-activated

1:2 activated

FSC-W

FSC-wW

FSC-W

250K =
200K =
150K =
u20s
57.7
100K =
S0K =
0
AR . . A T T LA |
-103 0 103 I\')4 10"
635 660_20-A = APC
348773 fes
Ungated
5000
250K
ZODK-
IEOK;
) U205
] 73.5
100K =
50K o
.
L
-10 1] 10 10 107
635 BB0_20-A = APC
348774 fes
Ungated
5000
250K =
ZCIDK-
150K =
] U208
] 55.7
100K, =
50K
4 T
o]
L A AL
-103 0 103 1\)4 10"

635 660_20-4 : APC

347

FSC-W

FSC-wW

FSC-W

250K =
200K =
150K =
GFP -ve
100K = 27
S0K =
[
T
-103
488 530_30-4
348773 fcs
uz20s
2886
250K o
ZODK-
150K;
) GFP -ve
100K = 13.3
50K
.
L e o s e S
-0 1] 10 10 107
488 530_30-2
348774 fos
U205
2877
250K o
ZDDK-
15\'))(-
) GFP -ve
100K ~ 58.1
50K 4
.
L S M SPAA A
-103 0 103 1\')4 107
488 530_30-A




250K - 250K -
200K - 200K -
= 150K = = 150K, =
- T - -
1:2 non-activated | ¢ u2os d
w 727 o GFP -ve
100K, = 100K = 127
EOK - B0K =
a ']
™ L T LM | LA § - T 3'
-TDS 0 10‘3 10‘ 0 -10
635 660_20-A :: APC 4338 530_30-A
343776 fcs 348776 fcs
Ungated U205
5000 3637
250K - 250K -
200K - TO0K, -
. . = 150K = = 150K =
1:3 activated 3 1205 3
w 54.4 w GFP ve
100K = 100K = 297
S0 - S0 -
0 0
T mrT T 5 LA | 4 T e T T e
-0 '] 0 10 107 -0 107
B35 660_20-A - APC
348733 fes 348733 fes
Ungated uz20s
5000 papdl
250K - ZEOK -
200K - 200K -
s 150K -_ %n 150K -_
. Q u20s Q
1:3 non-activated ¢ ] €65 ¢ ] R
100K, = 100K, = 150
SOK -
o3
LAAMLARRY . . AARLARAM | L | T
—10‘3 0 10‘3 IQ4 10"
635 660_20-A :: APC 438 530_30-A

Figure 182 — Gating strategies employed to separate the CD73 APC positive MSCs from
the U20S pSLIEW cells. The degree of GFP-ve cells was then assessed in the U20S

pSLIEW cell population as a marker for cell death.
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Using flow cytometry analysis, the degree of GFP loss in the U20S pSLIEW cells was
analysed (as a marker for cell death-therefore an increased percentage of GFP-ve cells
equates to greater cell death) (mean + SEM from 3 rows of activated and 2 rows of
non-activated). The points plotted for the ‘activated’ MSCs appear higher than the
non-activated reaching significance at 1:2. The lower results at higher ratios are likely
due to the reduced cell numbers used in those cocultures to be able to culture the cells

in the wells of a 24-well plate at those ratios (Figure 183).

At the 1:2 ratio — on average of about 30 % were GFP negative (dead), which is close to
that observed when using the highest SuperKillerTRAIL dose (100 ng/ml/ 3.9 nM), in

which there was about 40 % of non-viable cells as shown below (Figure 184).

BMMSCs and U20S pSLIEW coculture
50 -
40 4
30 4

20 -

Cell death
(% GFP-ve cells)

10 -

0 e | T
1 10
Proportion of MSCs in relation to U20S pSLIEW

0=~ Activated BMMSCs
-+ Non-activated BMMSCs

Figure 183 — Evidence of increased GFP negative cells (dead U20S pSLIEW cells) in
those wells with U20S pSLIEW cells cultured with ‘activated’ MSCs. This appears to

reach significance at the 1:2 U20S:MSC ratio (* = p<0.05, Student’s t-test, mean +/-

SEM, n = 3).
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Figure 184 — U20S cells treated with SuperKillerTRAIL (which mimics the membrane
bound form of TRAIL) assessed using the Wst-8 cell proliferation assay. At the highest
dose about 40 % of the cells are dead. (N = 3).

| have also transduced HT1080 cells (HT1080 pSLIEW) and my aim is to use this in the
future. Theoretically, because HT1080 cells have also been sensitive to TRAIL therapy a
response would be hypothesised when cocultured with ‘activated MSCs’. HT1080
shows about 60 % cell death at maximum dose of 3.3 nM SuperKillerTRAIL, IC50 = 0.4

nM, compared to U20S, which is about 40 % cell death at maximum dose of 3.3 nM;
IC50 0.6 nM).
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9.3.3 Assessment using Nikon® live cell fluorescence imaging

Following 3D printing of the coculture, after 24 hours of coculture, the 48-well plate
was placed in an imaging system to assess the degree of loss of GFP in the U20S
PSLIEW cells. Data was recorded continuously for 8 hours after placement. It could be
observed in the well with ‘activated’ MSCs that the GFP expression over the 8-hour
time period that there was evidence of greater loss of GFP expression when MSCs

were cultured in high ratio in relation to the U20S pSLIEW cells.

Assessment using Nikon fluorescence imager

The Nikon TiE multi-modality system was used to take a snapshot of the cells at 24
hours after coculture (Figure 185) (courtesy of the Bioimaging, Newcastle University,
Central Unit), which some papers have used as the timepoint for analysis. An
assessment was then made of the degree of GFP positive cells present in each well
(Figure 186). A graph was plotted to compare the degree of loss of GFP signal in each

well.

| also monitored the cells over a 10-hour period. There was some evidence in the wells
of reducing U20S pSLIEW GFP fluorescence over time (in wells that containing both
‘activated’ MSCs and U20S pSLIEW and ‘non-activated’ MSCs and U20S pSLIEW and
reduced overall fluorescence in the 1:1 U20S pSLIEW and ‘activated’ MSC wells;
however, this is an experiment that will require to be repeated to validate the findings

(Figure 187 and Figure 188).
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Figure 185 — Image taken using the Nikon TiE multi-modality system. The U20S pSLIEW

cells can be seen highlighted in purple among the MSCs.
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Figure 186 — Degree of GFP positive cells in each well after 24 hours of coculture (‘activated’ and non-activated MSCs with U20S pSLIEW cells). (N =
1).
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Figure 187 — Trend of reducing fluorescence over a 10-hour period in the U20S pSLIEW

cells cocultured with ‘activated’ MSCs.
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Figure 188 — Evidence of reducing florescence trend over a 10-hour period in the U20S

pSLIEW cells cocultured with ‘non-activated’ MSCs.

9.3.4 Cellular therapy in combination with doxorubicin

MSCs expressing TRAIL alone may be ineffective, and therefore, combination with
other chemotherapeutics or irradiation has been shown to enhance efficacy and
overcome resistance (Chapter 6). A number of chemotherapeutic agents such as
doxorubicin, etoposide, 5-Flurouracil and irradiation have been found to increase
levels of DR4 and DR5. Effect of chemotherapeutic agents on stem cell and sarcoma
cell TRAIL expression has been less studied. Increased TRAIL expression in BMMSCs
and cell death in MDA breast cancer cells has been found in cocultures with the

addition of both doxorubicin and BMMSCs to the MDA cells (2 uM = 100 ng/ml) [329].

Effects of doxorubicin on BMMSCs and sarcoma cell surface TRAIL expression was
assessed using flow cytometry. Treatment of TC71 Ewing’s sarcoma cells with
doxorubicin was found to increase surface levels of TRAIL (Figure 189). Enhanced TRAIL
expression in both the BMMSCs and TC71 cells was observed with the addition of
doxorubicin in a coculture and this resulted in greater cell death compared to the
absence of doxorubicin in the coculture (Figure 190). About 80 % cell death was found

previously with doxorubicin alone (2 uM) and greater when combined with

355



SuperKillerTRAIL (SKT) (Chapter 5) for the TC71 cell line versus about 40 % found in this
experiment, which may reflect the sensitivity of the cell death assay (DAPI uptake vs

cck-8) or actual degree of cell death and requires further investigation.

TC71 Ewing’s sarcoma cell line

No doxorubicin 5ul doxorubicin

 E——

200 =

150 = 150 =

Court
Court

100 = 100 =

50 =

Figure 189 — Addition of doxorubicin to TC71 Ewing’s cell line was found to increase

the surface expression of TRAIL (red = unstained, blue = stained). Incubation time = 24

hours, doxorubicin concentration = 2 uM.
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Figure 190 — Addition of doxorubicin (2 uM) to BMMSCs then subsequent addition of TC71 Ewing’s cell line after 48 hours in coculture was found to
increase the surface expression of TRAIL in both cell lines at 120 hours (red = unstained, blue = isotype control, orange = stained). Surface TRAIL
expression is not evident under normal conditions (absence of doxorubicin). Doxorubicin (2 uM) in TC71 and BMMSCs coculture increased surface

TRAIL on both cell lines and increased TC71 cell death — 15 % alive (absence of doxorubicin) vs 39 % (with doxorubicin) as assessed by using DAPI

uptake. Duration of coculture = 48 hours.
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9.4 Discussion and future direction

In the current study, | investigated the preactivation of human mesenchymal stem cells
(MSCs) with TNF-alpha following a report by Lee et al. 2012 [329]. The group treated
MSCs derived from the bone marrow with TNF-alpha and found that with a dose of
about as low as 0.1 ng/ml of TNF-alpha could stimulate the expression of TRAIL on the
membrane of MSCs. They suggested that it was expressed on the membrane due to
enhanced cytotoxic effects when directly co-cultured with breast cancer cell line MDA
in vitro. They found increased protein levels of TRAIL using western blotting at 24- and
48-hours following exposure to 10 ng/ml TNF-alpha. They also found that there was
evidence of increased expression of TRAIL using real-time PCR, in human MSCs
(number of 1 x 1075 cells) following 24-hour treatment with TNF-alpha or co-cultured
with the MDA cells and TNF-alpha. They found that in an in vivo mouse model,
administration of activated MSCs intravenously reduced the metastatic load in the
lungs. The mice were treated for 11 weeks and the lung sections in the mice were
analysed histologically. The evidence suggested that the TNF-alpha preactivated stem
cells, suppressed tumour cell growth compared to control aided by a mechanism of

homing of the stem cells to the tumour site.

| produced a similar model in vitro in which | exposed human bone marrow-derived
mesenchymal stem cells to TNF-alpha up to 20 ng/ml and found that using flow
cytometry there was a slight positive shift in membrane expression when compared to
untreated stem cells and fibroblasts, which were untreated or treated. When | used a
high concentration of FBS in the culture media, | found that there was no effect on the
action of TNF-alpha when exposed to murine fibroblasts cell line expressing the TNF
receptor one (MF TNF R1). Therefore, | treated the stem cells with a concentration of
TNF-alpha that produced a shift on the flow cytometry and then exposed sarcoma cells
to the activated stem cells and found evidence of increased cell death. This was
significant when compared to fibroblasts exposed to TNF-alpha cultured with sarcoma
cells. There was evidence that the ratio of stem cells two to one (twice as much stem

cells compared to sarcoma cells) had significant effects.

359



It has been suggested by Lee et al., (2012), that TNF-alpha can not only induce the
expression of TRAIL, the mechanisms of which are unclear, but can also stimulate the
expression of DKK3 from the MSCs, which can inhibit cell cycle progression in the MDA
cells. They discussed that markers of cell cycle arrest, expression of cyclin D1, cyclin
D3, were downregulated and upregulated P21. P21 is an inhibitor of the cyclin
dependent kinases (CDKs). TNF-alpha had no significant effect on expression of cyclin
D1, D3, and P21 in the MDA cells. These significant findings were found in the
coculture. Also, to test whether the DKK3 up regulation in activated stem cells
inhibited Wnt/beta-catenin-mediated cell cycle progression, in control MDA/
nonactivated stem cell cocultures, beta-catenin was present; however, in the co-
cultures with activated stem cells, in the MDA cells, beta-catenin was markedly

decreased [329].

The suggested mechanisms by which the stem cells expressed TRAIL after the exposure
to TNF may be via Toll-like receptor 3 (TLR3), a specific receptor for RNA that increases
NF-kB signalling and therefore triggers an essential step in the pathway for induction
of TRAIL. Signalling via TNFR1 alone can increase NfkB-p65. There was an increase in
the expression of TLR3 in the human MSCs in a previous study when incubated with
TNF-alpha and this was further enhanced by coculture of the activated stem cells with
the MDA cells. Increased expression of Toll-like receptor 3 was also observed when the

stem cells were cultured with apoptotic MDA cells [329].

The majority of the literature, which has investigated the use of stem cells for cancer
therapy have used viral transduction methods to enable the stem cells to express anti
apoptotic proteins, such as TRAIL or OPG. However, the benefits of using pre-
treatment of cells with TNF-alpha is that: (1) It avoids the complexities and dangers
associated with viral transduction of the TRAIL gene and (2) delivery of the potent
membrane tethered form of TRAIL, which | also found evidence for using flow
cytometry and (3) production of the tumour suppressor protein DKK3 in high level of
concentrations to cancers. They may also provide a therapy for metastatic cancers. In a
separate experiment, the authors also discussed the benefits of using the
chemotherapeutic agent doxorubicin along with the activated stem cells [329]. They
discussed that a low dose of doxorubicin, backed up by their data, combined with the

stem cells was enough to induce synergistic effects on apoptosis in the MDA cells
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suggesting that this combination may be an effective therapy. | have also found this

using crosslinked forms of TRAIL with doxorubicin in Chapter 6.

In a further study in 2015 [332], they demonstrated that the treatment of the human
MSCs with a subtoxic dose of doxorubicin can help overcome TRAIL resistance. They
treated stem cells with 20 ng/ml of TNF-alpha and found that the activated stem cells
increased apoptosis in MDA cells when combined with a subtoxic dose of doxorubicin,
which was mediated by upregulating TRAIL and Fas related pathways. They used the
doxorubicin at a subtoxic dose of 100 ng/ml (0.2 nM). They again stressed the point
that human MSCs not only express TRAIL to induce apoptosis, but also have a

paracrine effect that triggers the cancer cells to undergo their own apoptosis.

The strengths of my study include using MSCs from a younger donor. The use of the
stem cells was early-passage and early doubling time. This is of importance as it is
thought that using stem cells beyond 20 population doublings in culture can reduce
the ability of the biological properties of the stem cells, including their ability to
express TRAIL upon TNF-alpha activation. The weaknesses of the investigation includes
difficulty in finding a positive control cell line for TRAIL surface expression. Further
study would require the use of more markers for cell death, as | only used DAPI uptake
and loss of GFP expression and GFP transduced U20S cells, which is more of a marker
of late cell death; further study would use annexin V and Pl as earlier markers of cell
death. In future, | also wish to investigate the effect of activated stem cells on a
different sarcoma cell line, HT1080 pSLIEW, GFP transduced, to see if | observe similar
effects in this DR5 expressing cell line. It is interesting to note that from my data, a
ratio greater than 1 to 1 of ‘activated’ stem cells to sarcoma cells, ideally 2 to 1 or 3 to
1 results in greater sarcoma cell killing and is preferred and supports the findings of a
recent report by Guiho et al., (2018) who used TRAIL transduced adipose stem cells in
models of osteosarcoma at ratios higher than 1 to 1, which was found to be more

effective [339].
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Chapter 10. General discussion
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10.1 General discussion

In the context of cancer therapy, the use of TNF-related apoptosis-inducing ligand
(TRAIL) has been of great interest due to its ability to induce apoptosis in cancer cells
while sparing non-malignant cells. Increasing investigation is taking place in areas such
as discerning the significance and contribution of each death receptor (DR) to
apoptosis in different cancers, resistance and mechanisms of toxicity in non-malignant
cells. In my study, DR5 was expressed in all of the sarcoma cell lines and is

preferentially activated by crosslinked TRAIL.

Both DR4 and DR5 receptors are often co-expressed in tumour cell lines and loss of
DR4 can be found in many tumour cell lines. TRAIL receptor DR5 deficiency in DR4
expressing cells is rare but has been described in the human erythroleukemia cell line
[340]. This is consistent with my findings as | did not find a bone sarcoma cell line that
expresses DR4 and not DR5. Stimulation through DR5 can have pro-motile non-
canonical effects such as in the colorectal cancer HCT116 cell line. DR4 may also induce
tumour cell motility and contribute to metastases in vivo like DR5 [338]. Research has
shown that like DR5, DR4 is always able to contribute to unresolved UPR-mediated
apoptosis. In the course of ER stress, DR4 engages in the macromolecular complex
including FADD, caspase 8, and contributes to apoptosis induced by ER stress inducers
[338]. Of interest, is the lack of DR4 expression in the majority of the sarcoma cell lines
in my study. Recent studies investigating this receptor suggest that it may be the more
important receptor for the induction of apoptosis. This was investigated by DuFour et
al., 2017 and using a gene editing TALEN based method, the loss of the DR4 impairs
caspase 8 activation within the TRAIL DISC in the colorectal cancer HCT116 and SW480
cell lines and the breast cancer MDA-MB-231 cell line after stimulation with his-TRAIL

[341]. Further investigation is required in the mesenchymal in origin sarcoma cell lines.

However, DR5 in general has attracted more attention than DR4, this is evident as only
one anti-DR4 antibody known as mapatumumab has been assessed in clinical trials
whereas five distinct anti-DR5 antibodies have been tested. This is likely due to the fact
that it is increased in more cancer cell lines and also owing to the fact that its
expression is more prone to transcriptional regulation by genotoxic or non-genotoxic

compounds and that its increase in expression is associated with an increased
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sensitivity to TRAIL-induced cell death [341]. Also, TRAIL binding affinity to DR5 can be
slightly stronger than DR4 in the following cell lines: The H1703 cell line, which is
derived from stage 1 lung squamous cell carcinoma; HCT-116, from a human colon
cancer cell line; and the MDA-MB-231 cell line, which is a human breast
adenocarcinoma cell line [341]. An avenue for further investigation is confirming this

degree of binding affinity to DR5 in sarcoma cell lines.

Resistance in non-malignant cells

Possible explanations for the increased resistance of the fibroblasts include the slower
cell division time and through the incomplete activation of initiator caspase 8. In a
study using an agent to inhibit the ubiquitination of caspase 8, it was found that
normal human fibroblast cell line could be sensitised to TRAIL-induced apoptosis by
using PR-619, a deubiquitinase inhibitor [342]. This increases the normal fibroblast
caspase 8 ubiquitination and thereby susceptibility to TRAIL-induced cell death. It was
found that there is decreased basal caspase 8 ubiquitination in the fibroblasts

compared to colon cancer cells SW480 and DLD-1 [340].

Poor prognosis in head and neck squamous cell carcinoma is linked to decreased
caspase 8 expression which is also present in a variety of malignancies [343].
Treatment with HDAC, deubiquitinase inhibitors or DNA methyltransferase inhibitors
has been shown to increase the caspase 8 expression and improve TRAIL sensitivity in
a variety of tumour cells. Also, these agents have been proposed to inhibit tumour
progression in several solid tumour models. Normal fibroblasts can have a reduced
caspase 8 protein and mRNA expression; however, deubiquitinase inhibitor
combination with TRAIL may cause normal cell toxicity and should be examined

carefully [344].

Summary of in vitro and in vivo data and future direction

In conclusion, the NG2 targeted TRAIL therapeutic, ScFv(NG2)-Fc-TRAIL, is potent in
vitro, particularly in bone sarcoma cell lines expressing both DR5 and NG2 such as the
HT1080 dedifferentiated chondrosarcoma cell line and the MG63 osteosarcoma cell
line. This was also evident in vivo in what | have described as the first developed

xenograft model of dedifferentiated chondrosarcoma. This model will not only be
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useful for further analysis of this agent but also studies looking to enhance imaging for
sarcoma surgery. TRAIL-induced bone sarcoma cell death might be able to be
enhanced when combined with agents such as current chemotherapeutics
(doxorubicin) and more novel agents such as Smac mimetics. This type of combination
therapy (particularly with the targeted forms of TRAIL) holds great promise for the
more resistant sarcomas and to help personalise therapy depending on types of pro
and anti-apoptotic factors that may be expressed in the malignant tissue. There should
be a focus on how the novel sensitisers compare with conventional chemotherapeutics

and the degree to which effective combinations also affect non-malignant cells.

While, no significant toxicity was observed in the mouse model used in my study,
supporting previous investigations using TRAIL in humans, further assessment of
particularly liver and heart toxicity, drug targeting, dosing and drug stability needs to
be undertaken in further animal models and humans. There is a requirement for the
assessment and immunophenotyping of DR5 and NG2 expression in primary cells and
patient tissue to assess the potential suitability of these patients for targeted TRAIL
therapy, and its effectiveness which can be explored by utilising ScCFvNG2-Fc-scTRAIL in

a PDX derived bone sarcoma mouse model.

| have demonstrated that a novel TRAIL therapeutic tested, SCFvNG2-Fc-scTRAIL has a
significant cytotoxic effect on cell lines expressing both DR5 and the TAA of interest
(NG2) when tested in vitro and in vivo in the first developed xenograft model of
dedifferentiated chondrosarcoma. These cytotoxic effects can be enhanced further
with doxorubicin as demonstrated. Such combinations would minimise the risk of
treatment failure due to drug resistance, a commonly observed problem of single
agent approaches. Furthermore, these findings provide a framework for the clinical
development of ScCFYNG2-Fc-scTRAIL and could potentially be used in the neoadjuvant
setting, which would be a shift from the usual convention of prioritising excision of the

sarcoma.

365



Chapter 11. Appendix
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The following data has been included to give the reader a full account of results

presented in Chapters 3 to 9.
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11.1 Flow cytometry

11.1.1 Using fixed or unfixed cells for flow cytometry
A decision was made to use unfixed live cells kept on ice and analyse on the same day, or stain then fix the cells if the analysis was going to be

delayed. The strategies demonstrated a similar degree of histogram shift when gating on the live cells (Figure 191 and Figure 192).
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Figure 191 - Cells were either (a) stained but not fixed before analysis or (b) stained then fixed before analysis. Fixation of the cells with 4 %

paraformaldehyde (PF). The aqua fluorescent live/dead stain (bandpass filter 405 510_50-A) was used to select for the live cells.
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Figure 192 - There was similar degrees of histogram shift in DR5 staining of the live TC71 Ewing’s sarcoma cells whether: (a) unfixed (MFI = 489) (b)

stained then fixed (MFI = 452). Unstained MFI = 40. Decision was made to use unfixed cells. MFI = median fluorescence intensity.
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11.1.2 Example flow cytometry gating strategy for measuring surface expression of DR4 and DR4 in MG63 osteosarcoma cell line
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Figure 193 — Flow cytometry gating strategy for analysis of DR4 and DR5 surface expression in MG63 osteosarcoma cell line.
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11.2 Protein analyses

11.2.1 BCA standard curve
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Figure 194 - An example of a standard curve formulated using BSA standards to

estimate the protein concentrations of unknown samples (R*2=0.99).

11.2.2 Rationale for antibodies used in western blotting

Both monoclonal and polyclonal antibodies were used. Preference was given to
monoclonal antibodies due to the few advantages they have in comparison to

polyclonal antibodies in the following aspects:

eDue to their high specificity, monoclonal antibodies will often give significantly less

background.

eHomogeneity of monoclonal antibodies is very high relative to polyclonals. If
experimental conditions are kept constant, results from monoclonal antibodies will be

highly reproducible between experiments.
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eHigh specificity makes them extremely efficient for the binding of an antigen within a

mixture of related molecules, such as during affinity purification.

Death receptor 5 (DR5)

(1) DR5 monoclonal antibody from Abcam® Recombinant Antibodies. The
immunogen used to raise the anti-DR5 antibody [EPR1659(2)] (ab181846) is at
amino acids 426 to 440 expected to recognise the precursor and the mature
form of both long and short isoform [345].

(2) DR5 monoclonal antibody from Cell Signaling Technology (CST)(D4E9) XP®
Rabbit mAb, was created using a synthetic peptide corresponding to residues
surrounding Arg260 within the cytoplasmic region of human DR5 protein.
Therefore, this antibody detects both the short (apparent MW of 40 kDa) and
long (apparent molecular weight of 48 kDa) isoforms of DR5. Any additional
bands are most likely due to glycosylation of the long and short isoforms of

DR5.

Death receptor 4 (DR4)

(1) Monoclonal mouse anti-DR4 antibody from Abcam [32A242] (ab13890). This
was raised against an immunogen at amino acids 1-20. A newly described bDR4
isoform [202] corresponds to amino acids 169-236 of the DR4 and, therefore, it
was noted that the antibody would not be able to detect this bDR4.

(2) Monoclonal rabbit anti-DR4 antibody (D9S1R, Cell Signaling Technology)

Polyclonal antibodies for DR4 and DR5

DR5 (ab8416)/DR4 (ab8414) antibody (abcam polyclonal), were also utilised for IHC

and western blotting applications respectively.

Ab8416 is a synthetic peptide corresponding to human DR5 aa388-407. This DR5
antibody was raised against a peptide corresponding to 20 amino acids near the
carboxy terminus of human DR5 precursor. The immunogen is located within the last
50 amino acids of DR5. Based on the immunogen information, both ab181846 (above)

and ab8416 are expected to recognise the precursor and the mature form of both long
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and short isoform. Thus, they should produce the same outcome with respect to the

protein target. Ab8414 is a synthetic peptide corresponding to human DR4 aa450-468.

Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL)

(1) TRAIL (C92B9) rabbit monoclonal antibody was obtained from Cell Signaling

Technology (CST) for western blotting applications.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

(1) GAPDH rabbit monoclonal antibody XP® (D16H11, Cell Signaling Technology)
was used as the housekeeping protein for western blotting applications.

(2) GAPDH mouse monoclonal antibody (D4C6R, Cell Signaling Technology)

Lamin A/C

(1) As part of subfractionation experiments, for the nuclear fraction, an antibody
was used to detect Lamin A/C (4C11, Cell Signaling Technology), which was

used as the housekeeping protein for this fraction.
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11.3 Cell proliferation assay optimisation

11.3.1 Quant-iT™ PicoGreen™ dsDNA Assay Kit

Principle and purpose: This is a sensitive fluorescent nucleic acid stain for quantifying
double-stranded DNA (dsDNA) in solution. The kit accurately measures DNA from
many sources including genomic DNA and from PCR amplification products. For the
Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific), the fluorescence
reading was taken at an excitation wavelength of 480 nm and an emission wavelength

of 520 nm.

Cell proliferation assay optimisation

Cell proliferation assays measure the number of metabolically active cells, but the
assays may not reflect this accurately due to non-linearity and miscorrelating changes
in activity and cell number over time in culture [346]. An experiment initially carried
out using the PrestoBlue® Cell Viability Reagent and the Quant-iT™ PicoGreen™ dsDNA
Assay Kit revealed that in the HT1080 cell line at the higher cell number (15000 cells
per well of a 96-well plate), there was a reduction in the signal obtained when
incubated for 1.5 hours; however, when measuring total DNA content in the wells it
remained in correlation with the number of cells seeded (Figure 195 and Figure 196).
For the main cell lines and assay to be used, it was ideal to carry this out to determine
the appropriate cell numbers to seed and incubation time to be used to define a

working range when assessing the activity of a drug.
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Correlation between cell number and metabolic activity (n = 3)
70

y = 0.3655x + 3.0048
60 R?=0.9226

50 | e
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0 20 40 60 80 100 120 140
Cell number x10(3)

Figure 195 — HT1080 metabolic activity measured using the PrestoBlue® Cell Viability
Reagent. Positive correlation is observed between cell number and proliferative
activity; however, above 1.4x1075 cells/well a reduction in HT1080 fluorescence
absorbance is observed potentially due to high confluency and/or insufficient

substrate.
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PicoGreen assay (n = 3)
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Figure 196 - Using the same plate as in Figure 29, it can be seen that at the higher
HT1080 cell number the DNA content is in correlation as measured by using the Quant-

iT™ PicoGreen™ dsDNA Assay Kit.
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HT1080 n-fold change based on PrestoBlue vs n-fold
change based on PicoGreen at 4600 to 19000 cells

R?=0.8501

PrestoBlue
S

0 200 400 600 800 1000 1200 1400 1600
PicoGreen

Figure 197 - HT1080 n-fold change based on PrestoBlue vs n-fold change based on
PicoGreen at 4600 to 19000 cells.

Standard curves were plotted using osteosarcoma (U20S), Ewing’s sarcoma (TC71),
chondrosarcoma (SW1353) and dedifferentiated chondrosarcoma (HT1080) cell lines in
96-well plates titrating from low to high cell numbers. There was a correlation

between proliferative activity [using the CCK-8/Wst-8 assay (1:10 substrate to media
ratio) incubated for 3 hours] and cell number and the linear range was found to be
around 1000 to 20000 cells for all cell lines. Assay sensitivity was low at cell numbers
below 1000; however, there was better correlation between Wst-8 and Quant-iT™
PicoGreen™ dsDNA Assay Kit results for cell numbers lower than 20000 when
compared to PrestoBlue and PicoGreen. Therefore, the 5000 cell number was chosen
as the seeding density for all cytotoxicity experiments and the tetrazolium based Wst-8

assay was used.
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U20S osteosarcoma cell line

U20S Wst-8 standard curve at 3 hours incubation
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3 9 27 82 247 741 2222 6667 20000 60000
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Figure 198 - U20S standard curve demonstrating linear range from about 2000-20000
cells (mean+/-SEM, n = 3).
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U20S Picogreen assay
90000

80000 R?=0.9888
70000
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Fluorescence at (485/520) minus background

2222 6667 20000 60000

Cell number

Figure 199 - Correlation between calculated cell number and DNA content in the linear

range quoted above is R*2=0.99 (mean +/-SEM, n = 3).
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U20S n-fold change based on Wst-8 vs n-fold change
based on PicoGreen for linear range

18 R?=0.9672

1.6 e
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0 10000 20000 30000 40000 50000 60000 70000 80000 90000
PicoGreen

Figure 200 — U20S n-fold change based on WSst-8 vs n-fold change based on PicoGreen

for linear range.

TC71 Ewing’s sarcoma cell line

TC71 Wst-8 standard curve at 3 hours incubation
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Figure 201 - TC71 standard curve demonstrating linear range from about 1000-20000
cells (mean+/-SEM, n = 3).

TC71 Picogreen assay
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Figure 202 - Correlation between calculated cell number and DNA content in the linear

range quoted above is R*2 = 0.97 (mean+/-SEM, n = 3).
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TC71 n-fold change based on Wst-8 vs n-fold change based
on PicoGreen for linear range
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Figure 203 — TC71 n-fold change based on Wst-8 vs n-fold change based on PicoGreen

for linear range.
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SW1353 chondrosarcoma cell line

SW1353 Wst-8 standard curve at 3 hours incubation
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Figure 204 - SW1353 standard curve demonstrating linear range from about 1000-
10000 cells (mean+/-SEM, n = 3).

SW1353 Picogreen assay
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Figure 205 - Correlation between calculated cell number and DNA content in the linear

range quoted above is R*2 = 0.99 (mean+/-SEM, n = 3).

SW1353 n-fold change based on Wst-8 vs n-fold change
based on PicoGreen for linear range

R2 = 0.9787
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e
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0 2000 4000 6000 8000 10000 12000 14000 16000 18000
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Figure 206 — SW1353 n-fold change based on Wst-8 vs n-fold change based on

PicoGreen for linear range.
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HT1080 dedifferentiated chondrosarcoma cell line

HT1080 Wst-8 standard curve at 3 hours incubation
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Figure 207 - HT1080 standard curve demonstrating linear range from about 1000-
20000 cells (mean+/-SEM, n = 3).
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HT1080 Picogreen assay
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Figure 208 — Correlation between calculated cell number and DNA content in the linear

range quoted above is R*2 = 0.98 (mean +/-SEM, n = 3).
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HT1080 n-fold change based on Wst-8 vs n-fold change
based on PicoGreen for linear range
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Figure 209 — HT1080 n-fold change based on Wst-8 vs n-fold change based on

PicoGreen for linear range.
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11.4 IncuCyte® live-cell imaging system cell seeding optimisation

U20S osteosarcoma cell line

U20S growth-time curve

10 4

Confluence (%) normalised to Ohr time point

Time (hrs)

80

¢t we

20000 cells
10000 cells
5000 cells
2500 cells
1250 cells
625 cells

Figure 210 - Growth-time curves of U20S cell line seeded at different cell numbers in a

96-well plate. Exceeding 5000 cells seeded would not be recommended to detect a

change after treatment.
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TC71 Ewing’s sarcoma cell line
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Figure 211 - Growth-time curves of TC71 cell line seeded at different cell numbersin a
96-well plate. Exceeding about 3000 cells seeded would not be recommended to

detect a change after treatment.

392



SW1353 chondrosarcoma cell line

SW1353 growth-time curve
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Figure 212 - Growth-time curves of SW1353 cell line seeded at different cell numbers
in a 96-well plate. Exceeding about 2000 cells seeded would not be recommended to

detect a change after treatment.
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HT1080 dedifferentiated chondrosarcoma cell line

HT1080 growth-time curve
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Figure 213 - Growth-time curves of HT1080 cell line seeded at different cell numbers in
a 96-well plate. Exceeding about 1000 cells seeded would not be recommended to

detect a change after treatment.
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11.5 Cell exposure to DMSO

u20s SW1353 SAOS-2
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Figure 214 — Cell line exposure to DMSO. Toxic effects were evident above 0.1 % in U20S, SW1353 cell lines.
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NHDF
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Figure 215 — Effect of DMSO exposure on NHDF cells.

11.6 Combining doxorubicin with SuperKillerTRAIL (0.04 nM vs 0.4 nM) on non-
malignant cell lines compared to U20S osteosarcoma cell line

U20S vs BMMSCs U20S vs BMMSCs
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Figure 216 — U20S vs BMMSCs, doxorubicin with (a) 0.04 nM SKT and (b) 0.4 nM SKT. *
= p<0.05, ** = p<0.001, Student’s t-test.
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U20S vs NHDF U20S vs NHDF
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Figure 217 — U20S vs NHDF, doxorubicin with (a) 0.04 nM SKT and (b) 0.4 nM SKT. * =
p<0.05, ** = p<0.001, Student’s t-test.
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Figure 218 — U20S vs osteoblasts (OBs), doxorubicin with (a) 0.04 nM SKT and (b) 0.4
nM SKT.
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U20S vs HUVECs U20S vs HUVECs
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Figure 219 — U20S vs human umbilical vein endothelial cells (HUVECs), doxorubicin

with (a) 0.04 nM SKT and (b) 0.4 nM SKT. * = p<0.05, ** = p<0.001, Student’s t-test.
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U20S vs AC10 U20S vs AC10
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Figure 220 — U20S vs AC10, doxorubicin with (a) 0.04 nM SKT and (b) 0.4 nM SKT. * =
p<0.05, ** = p<0.001, Student’s t-test.
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Figure 221 — U20S vs HHL5, doxorubicin with (a) 0.04 nM SKT and (b) 0.4 nM SKT. * =
p<0.05, ** = p<0.001, Student’s t-test.
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11.7 Quantification of transcript levels using Real-Time PCR (RT-PCR) analysis

11.7.1 Examples of melt curve plots

Melt Curve Plot

Derivative Reporter (R0’

a5.0 T0.0 ) 80.0 850

Temperature (*C)

Figure 222 — Death receptor 5 (DR5) melt curve plot.
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Melt Curve Plot
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Figure 223 — Death receptor 4 (DR4) melt curve plot.
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Melt Curve Plot
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Figure 224 — Osteoprotegerin (OPG) melt curve plot.
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Figure 225 — X-linked inhibitor of apoptosis (XIAP) melt curve plot.
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Melt Curve Plot
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Figure 226 — Decoy receptor 1 (DcR1) melt curve plot.
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Figure 227 — Decoy receptor 2 (DcR2) melt curve plot.
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Melt Curve Plot
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Figure 228 — Akt melt curve plot.
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Figure 229 - Hypoxanthine phosphoribosyltransferase 1 (HPRT1) melt curve plot.

404



Melt Curve Plot
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Figure 230 - Tumour necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)

melt curve plot.
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Melt Curve Plot
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Figure 231 - H-Ras melt curve plot.
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Figure 232 - Phosphatase and tensin homolog (PTEN) melt curve plot.
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Figure 233 — NG2 melt curve plot.
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Figure 234 — cFLIP. melt curve plot.
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Figure 235 — cbfa-1/Runx2 melt curve plot.

oma

Qe

Cerbeative Raporer (-Rn'l

LEL L

Melt Curve Plot

Temparaire (70)

Figure 236 — Osteopontin melt curve plot.
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Figure 237 — Osteocalcin melt curve plot.
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11.7.2 Example amplification plot

Amplification Plot
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Figure 238 - Amplification plot for DR5 demonstrating increasing Ct values for the
more dilute samples used for creating the standard curve. Water samples did not

reveal amplification/contamination.
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11.7.3 Examples of standard curve plots

11.7.3.1 Death receptor 4 (DR4)
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Figure 239 - Example standard curve plot for DR4. R*2 = 0.99 (recommended is >0.97).

PCR efficiency = 108 % (90 % - 110 % is considered acceptable). Slope is -3.2

(acceptable is about -3.3) [347].
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Figure 240 - The unknown bone sarcoma cell line samples are within the central region

of the standard curve plot some with greater Ct values for DR4 than others [347].

11.7.3.2 Death receptor 5 (DR5)
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Figure 241 - Example standard curve plot for DR5. R*2 = 0.99 (recommended is >0.97).
PCR efficiency = 108 % (90 % - 110 % is considered acceptable). Slope is -3.2
(acceptable is about -3.3) [347].
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Figure 242 - The unknown bone sarcoma cell line samples are within the central region

of the standard curve plot some with greater Ct values for DR5 than others [347].

11.7.3.3 Decoy receptor 1 (DcR1)
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Figure 243 - Example standard curve plot for DcR1. R*2 = 0.95 (recommended is
>0.97). PCR efficiency =114 % (90 % - 110 % is considered acceptable). Slope is -3.0

(acceptable is about -3.3) [347].
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Figure 244 - The unknown bone sarcoma cell line samples are within the central region

of the standard curve plot some with greater Ct values for DcR1 than others [347].
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11.7.3.4 Decoy receptor 2 (DcR2)

Cr

av

36

35

34

33

32

3

30

29

28

7

26

25

24

23

0.001

Standard Curve

0.002 001 o.02 o1 0.2 2 ¥ 45 0 20 30 100 200 1000

Cuantity

Target: DcR2 Slope: -3.046 Y-Inter: 29.684 52: 0.975 Effvs: 112,95 Error: 0.135

Figure 245 - Example standard curve plot for DcR2. R*2=0.98 (recommended is >0.97).

PCR efficiency = 113 % (90 % - 110 % is considered acceptable). Slope is -3.1

(acceptable is about -3.3) [347].
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Figure 246 - The unknown bone sarcoma cell line samples are within the region of the

standard curve plot some with greater Ct values for DcR2 than others [347].

11.7.3.5 Osteoprotegerin (OPG)

Standard Curve

Cr

0.0001 0.001 0.002 0.01 a.02 o1 0.2 1 2 3 45 10 20 30 100
Guantity

Target: OPG Slope: -3.296 Y-Inter: 22.015 g% 0.985 Effte: 101.102 Error: 0.093

Figure 247 - Example standard curve plot for OPG. R*2 = 0.99 (recommended is >0.97).
PCR efficiency = 101 % (90 % - 110 % is considered acceptable). Slope is -3.3
(acceptable is about -3.3) [347].
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0.0001 0.001 0.002 0.01 0.02 0.1 0.2 1 2 3 45 10 20 30 100
Quantity

Target: OPG Slope: -3.296 Y-Inter: 22.015 52: 0.985 Effds: 101.102 Error: 0.093

Figure 248 - The unknown bone sarcoma cell line samples are within the central region

of the standard curve plot some with greater Ct values for OPG than others [347].

11.7.3.6 X-linked inhibitor of apoptosis protein (XIAP)
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Figure 249 - Example standard curve plot for XIAP. R*2 = 0.99 (recommended is >0.97).
PCR efficiency =97 % (90 % - 110 % is considered acceptable). Slope is -3.4 (acceptable
is about -3.3) [347].
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0.001 0.002 0.0 0.02 0.1 0.2 1 2 3 4 5 10
Quantity

Target: XIAP Slope: -2.395 Y-Inter; 25.205 52: 0.984 Efftn: 97.022 Error: 0.1

Figure 250 - The unknown bone sarcoma cell line samples are within the central region

of the standard curve plot some with greater Ct values for XIAP than others [347].
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11.7.3.7 Akt

Standard Curve

s
3o
305
300
295
290
285
280
275
2ra
265
260
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240
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225
220

Cr

0.001 0.002 0.01 0.02 01 0.2 1 2 3 4 5
Guantity

Target: Akt Slope: -2.723 ¥Y-Inter: 22.688 52: 0.974 Efftn: 85.597 Error: 0.151

Figure 251 - Example standard curve plot for Akt. R*2 = 0.98 (recommended is >0.97).
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PCR efficiency =86 % (90 % - 110 % is considered acceptable). Slope is -3.7 (acceptable
is about -3.3) [347].

Standard Curve
s
3.0
30s
300
205
200
285
280
75
270
265
260
255
250

Cr

245
240
235
230
225
220

0.001 0.002 0.01 0.02 0.1 02 1 2 3 4 5 10
Quantity

Target: Akt Slope: -3.723 ¥-Inter: 22.688 g% 0.974 Ef%: 85.597 Error 0.151

Figure 252 - The unknown bone sarcoma cell line samples are within the region of the

standard curve plot some with greater Ct values for Akt than others [347].

11.7.3.8 Phosphatase and tensin homolog (PTEN)

Standard Curve

or

oo o0z am ooz s oz 2 1 a4 = 1

cuantity

Targeh: FTEM Shope: -2.963 Y-Inter: 15.793 gi O.BL17 Effvar 117.427 Erroe 0.444
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Figure 253 - Example standard curve plot for PTEN. R*2 = 0.82 (recommended is
>0.97). PCR efficiency =117 % (90 % - 110 % is considered acceptable). Slope is -3
(acceptable is about -3.3) [347].

Standard Curve
260

Quanlily

Target: BTEN Slope: 2965 ¥imter 19003 g% OE1F Lffss 117427 Lion 0444

Figure 254 - The unknown samples are within the region of the standard curve plot

some with greater Ct values for PTEN than others [347].

11.7.3.9 Hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1)
(a)
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(b)

Standard Curve
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Quantity

Target: HPRT1 Slope: -2.476 Y¥-Inter: 21.704 52: 0.991 Effte: 93.956 Error: 0.096

Figure 255 - Example standard curve plots for HPRT1. R*2 = 0.99 (recommended is
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>0.97). PCR efficiency = 107 % in (a) and 94 % in (b) (90 % - 110 % is considered
acceptable). Slope is -3.2 (a) and -3.5 (b) (acceptable is about -3.3) [347].

Standard Curve

300
295
230
285
280
275
270
265
26.0

[0

255
250
245
240

235 \

230 ~
25 .
20 ™~
215 '
0.001 0.002 0.01 0.02 0.1 0.2 1 2 3 4
Quantity

Target: HPRT1 Slope: -3.476 Y-Inter: 21.704 52: 0.991 Eff%e: 53.956 Error: 0.096

Figure 256 - The unknown bone sarcoma cell line samples are at the lower region of

the standard curve plot some with greater Ct values for HPRT1 than others [347].

423



11.8 In vivo table of full dataset and outcome metrics

(a)

21/01/2019 23/01/2019 30/01/2019 06/02/2019 13/02/2019 20/02/2019
Ti Sex -T|Day 4 ~ |Day 6 - |Day 13 ~ |Day 20 ~ |Day 27 7 Day 34
Combination therapy F 1.05E+06| 1.25E+06| 1.31E+06| 1.62E+06| 1.55E+06|
M 9.83E+05 1.33E+06 5.91E+05 4.61E+05 6.36E+08
M 9.53E+05 1.34E+06| 1.15E+06) 2.95E+08| 1.61E+06|
M 9.45E+05 2.00E+06 3.48E+06| 2.29E+07 3.70E+07
F 1.18E+06) 3.77E+06 3.01E+06)| 1.52E+08| 7.01E+06
F 3.60E+05 3.35E+06 2.75E+06| 6.18E+07| 1.83E+07|
M:F3:3 Mean 9.10E+05| 2.17E+06 2.05E+06| 8.90E+07| 1.17E+08|
SD 2.83E+05 1.12E+06 1.18E+06 1.16E+08, 2.55E+08
SEM 1.16E+05) 4.55E+05 4.80E+05| 4.73E+07| 1.04E+08|
NG2TRAIL only F 1.03E+06) 1.75E+06| 1.36E+06) 1.24E+08| 7.99E+08
F 2.21E+06 1.05E+06| 3.67E+06) 2.30E+08| 5.73E+09
M 4.03E+05 1.35E+06| 9.54E+06| 3.08E+07 1.01E+08|
M 9.06E+05 1.04E+06| 1.69E+06) 3.58E+06)| 8.65E+06
F 1.07E+06) 2.92E+06 1.74E+06) 2.29E+06| 5.37E+06
F 4.29E+05 3.06E+06 1.63E+07| 1.07E+08| 3.30E+08
M:F 2:4 Mean 1.01E+06 1.86E+06 5.72E+06 8.29E+07 1.16E+09
SD 6.58E+05| 9.12E+05 6.04E+06)| 8.86E+07| 2.26E+09
SEM 2.69E+05| 3.72E+05 2.47E+06| 3.62E+07| 9.21E+08|
Doxorubicin only M 7.11E+05 7.73E+05 1.21E+07| 7.14E+07| 2.78E+07 1.28E+09[1 week delayed dosing
M 6.18E+05 1.48E+06| 1.78E+08, 1.94E+09 1.45E+10|
M 8.17E+06| 3.22E+07| 3.51E+09 4.50E+10[euthanised 8/02/19
M 9.47E+05 3.10E+06 4.20E+08| 1.61E+09 7.24E+10
F 4.44E+05 1.25E+06| 9.00E+07| 4.68E+08| 2.96E+09
M:F 4:1 Mean 2.18E+06| 7.76E+06 8.41E+08| 9.81E+09| 2.25E+10|
SD 3353641.187| 13680947.46 1497951126 19664720098 30998677828
SEM 1499793.933 6118305.705| 669904108.8| 8794330179 13863030167
Non-targeted TRAIL only M 7.79E+05 1.16E+06| 2.55E+06) 1.91E+07| 5.75E+07
F 1.47E+06) 3.24E+06 1.92E+07| 1.17E+08| 4.26E+08|
F 1.08E+06 1.66E+06 4.24E+06| 1.37E+07 2.66E+07
M:F 1:2 Mean 1.11E+06) 2.02E+06 8.68E+06)| 4.99E+07| 1.70E+08|
SD 348721.3979| 1089723.054 9186425.874| 58078535.62| 222143670.9,
SEM 201334.3929| 629151.8983, 5303785.451 33531658.18| 128254708.2
Control M 5.15E+05 1.66E+06| 1.33E+08| 7.94E+06| 5.50E+09
M 1.75E+06 2.56E+06| 1.53E+07 3.19E+10 7.24E+10|
F 3.16E+06 4.37E+06| 1.95E+09 2.09E+10[euthanised 12/02/19
F 4.36E+05 1.85E+07| 6.67E+07| 3.73E+09 2.42E+08
M:F 2:2 Mean 1.47E+06 6.77E+06 5.42E+08| 1.41E+10) 2.60E+10|
SD 1281540.077 7889238.979, 941948635.7| 14932248171 35328801007
SEM 640770.0385 3944619.489 470974317.8 7466124085 17664400503
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(b)

Fluorescence

5.00E+10

4.50E+10

4.00E+10

3.50E+10

3.00E+10

2.50E+10

2.00E+10

1.50E+10

1.00E+10

5.00E+0S

0.00E+00

In vivo study

——Combination
=——=NG2TRAIL only
——Doxorubicin only
—Non-targeted TRAIL

=—Control

|

Day 4

425

Day 6 Day 13 Day 20 Day 27
Day



(c)

21/01/2019 23/01/2019 30/01/2019 06/02/2019 13/02/2019
Day 4 Day 6 Day 13 Day 20 Day 27
Day 1 harvest M 1.50E+06 7.32E+05 1.62E+08|kd 05/02/19 N/A
M 4.66E+05 5.74E+05 7.28E+08|kd 05/02/19 N/A
M 4,77E+05 5.34E+05 1.39E+09|kd 05/02/19 N/A
=1 Day 3 Harvest M 8.20E+05 7.39E+05 1.79E+08 kd 07/02/2019
é F 6.49E+05 1.61E+06 2.36E+08 kd 07/02/2019
x M 3.84E+05 4.24E+05 1.29E+08 kd 07/02/2019
Day 7 Harvest M 6.46E+05 8.40E+05 3.61E+07 kd 11/02/19
M 4.86E+05 7.00E+05 2.97E+06 kd 11/02/19
M 8.62E+05 1.64E+06 1.62E+08 kd 11/02/19
PK study F 1.01E+06 1.64E+06 2.07E+08|Kd 04/02/2019 [N/A
C M 7.35E+05 1.10E+06|died 28/01/19 [N/A N/A
C F 7.17E+05 2.68E+06 1.67E+09 7.06E+08|died 07/02/19
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Figure 257 — (a) Full dataset, summary statistics (M:F ratio; mean, SD and SEM) and outcome measures (Fluorescence) from the formal in vivo study,
(b) graph of results, (c) summary table of schedule of blood and organ harvesting from TRAIL treated mice for future pharmacokinetic (PK) studies. M

= male, F = female, SD = standard deviation, SEM = standard error of the mean, PK = pharmacokinetic.
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Chapter 12. Research outputs
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1. Presentations

Regional

Annual Kreibich meeting, June 2019, Durham
Podium presentation: Preclinical testing of TRAIL therapeutics for bone

sarcoma

Northern Institute for Cancer Research, Research In Progress (RIP) meetings,
2017-2019, University of Newcastle
Podium presentation: Preclinical testing of TRAIL therapeutics for bone

sarcoma

North East Surgical Training Academy (NESTAC), May 2018, Newcastle
Podium presentation: Preclinical testing of TRAIL therapeutics for bone

sarcoma

Postgraduate Cancer conference, March 2018, The Great North Museum:
Hancock, Newcastle
Podium and poster presentations: Preclinical testing of TRAIL therapeutics for

bone sarcoma

National

British Orthopaedic Oncology Society (BOOS) Annual Meeting, June 2018,
Edinburgh
Podium presentation: Preclinical testing of a novel targeted TRAIL therapeutic

for dedifferentiated chondrosarcoma

Cancer and Bone Society Meeting, June 2018, St Catherine's College, Oxford

Poster presentation: Preclinical testing of TRAIL therapeutics for bone sarcoma

Workshop on Translational Research of Bone Sarcoma, June 2017, Sheffield
Podium presentation: Preclinical testing of TRAIL therapeutics for bone

sarcoma
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International

Connective Tissue Oncology Society (CTOS), November 2019, Tokyo, Japan

Poster presentation: Preclinical testing of TRAIL therapeutics for sarcoma

British Orthopaedic Oncology Society (BOOS), April 2019, Leiden, Netherlands
Podium presentation: Preclinical testing of a novel targeted TRAIL therapeutic
for dedifferentiated chondrosarcoma — winner of Dr Takeshi Kashima basic

science award

European Federation of National Associations of Orthopaedics and
Traumatology (EFORT), May 2018, Barcelona, Spain
Oral presentation: Basic Science, Assessment and Strategy (Musculoskeletal

Tumors) session- Preclinical testing of TRAIL therapeutics for bone sarcoma

2. Publications

Stamatopoulos A, Stamatopoulos T, Gamie Z, Kenanidis E, Ribeiro RDC, Rankin
KS, Gerrand C, Dalgarno K, Tsiridis E. Mesenchymal stromal cells for bone
sarcoma treatment: Roadmap to clinical practice. Journal of bone oncology.

2019;16:100231.

Gamie Z, Kapriniotis K, Papanikolaou D, Haagensen E, Da Conceicao Ribeiro R,
Dalgarno K, Krippner-Heidenreich A, Gerrand C, Tsiridis E, Rankin KS. TNF-
related apoptosis-inducing ligand (TRAIL) for bone sarcoma treatment: Pre-

clinical and clinical data. Cancer letters. 2017;409:66-80.

3. Research Grants

2018: £75,000- Funding to complete PhD work. Newcastle Healthcare Charity
and Other Related Charities. Charity Reg No: 502 473.
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https://pubmed.ncbi.nlm.nih.gov/?term=Krippner-Heidenreich+A&cauthor_id=28888998

- 2018: Funding to complete PhD work. The JGW Patterson Foundation. Charity
Reg No: 109 4086

- 2014: £74,000- William Edmund Harker Studentship, Newcastle University, 3D

Bioprinting for bone sarcoma

- 2014: £75,000- Orthopaedic Research UK. Pre-conditioning of MSCs for use in
3D Bioprinting of bone cancers. Interim reports submitted on: (1) 19 June 2016,
(2) 29 September 2016, (3) 1 February 2017, (4) 2 June 2017, (5) 2 October
2017, (6) 6 March 2018, (7) 24 May 2018, (8) 27 September 2018, (9) 1
February 2019.
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