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Background: Human sarcomas with a poor response to vascular endothelial growth factor-A (VEGF-A) inhibition and radiation
therapy (RT) have upregulation of hypoxia-inducible factor 1o (HIF-1a) and HIF-1a target genes. This study examines the addition
of the hypoxia-activated chemotherapy TH-302 to VEGF-A inhibition and RT (a.k.a. trimodality therapy).

Methods: Trimodality therapy was examined in two xenograft models and in vitro in tumour endothelial cells and sarcoma cell
lines.

Results: In both mouse models, VEGF-A inhibition and radiation showed greater efficacy than either therapy alone in slowing
sarcoma growth. When TH-302 was added, this trimodality therapy completely blocked tumour growth with tumours remaining
dormant for over 3 months after cessation of therapy. Trimodality therapy caused 2.6- to 6.2-fold more endothelial cell-specific
apoptosis than bimodality therapies, and microvessel density and HIF-1a activity were reduced to 11-13% and 13-20% of control,
respectively. When trimodality therapy was examined in vitro, increases in DNA damage and apoptosis were much more
pronounced in tumour endothelial cells compared with that in sarcoma cells, especially under hypoxia.

Conclusions: The combination of TH-302, VEGF-A inhibition, and RT is highly effective in preclinical models of sarcoma and is
associated with increased DNA damage and apoptosis in endothelial cells and decreased HIF-1a activity.

Sarcomas account for over 20% of all pediatric solid malignancies
and <1% of adult solid malignancies (Lahat et al, 2008). The
majority of sarcomas occur in the soft tissues such as fat, muscle,
and connective tissue, with bone sarcomas comprising just over 10%
of sarcomas. Sarcomas can be quite lethal with patients dying of
either locoregional disease or distant metastasis. The treatment of
primary sarcomas generally includes aggressive surgical resection

and RT. Despite aggressive local treatment, recurrence remains
a problem, especially for tumours in difficult locations such as the
head and neck, paraspinal region, retroperitoneum, and pelvis
(Brennan et al, 2013). Up to 50% of patients with large, high-grade
sarcomas also develop distant metastases, most frequently to the
lung. The effectiveness of adjuvant chemotherapy in preventing local
and distant recurrence is modest at best (Schuetze and Patel, 2009).
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Common to most solid tumours are areas of hypoxia and the
requirement to generate new tumour blood vessels (Bertout et al,
2008). Tumours respond to hypoxic stress through multiple
mechanisms including the stabilisation of hypoxia-inducible factor
loo (HIF-1a) (Semenza, 1999). Stabilised HIF-1o is transported to
the nucleus where it binds hypoxia response element (HRE) DNA
sequences and activates the expression of at least 150 genes,
including genes that drive changes in tumour angiogenesis (e.g.
vascular endothelial growth factor-A (VEGF-A)) (Bertout et al,
2008) and cellular metabolism (e.g. carbonic anhydrase 9, CA9)
(Potter and Harris, 2004).

Vascular endothelial growth factor A (VEGF-A) is one of the
most important factors promoting tumour angiogenesis (Dvorak,
2002). Expression of VEGF-A in sarcomas correlates with extent of
disease and survival (Hoffmann et al, 2009). Circulating levels of
VEGF-A are elevated on average 10-fold in sarcoma patients
compared with controls (Yoon et al, 2004), and inhibition of
VEGF-A or its receptors can effectively suppress tumour
angiogenesis in mouse models of sarcoma (Detwiller et al, 2005;
Yoon et al, 2009). In patients with advanced sarcomas, pazopanib,
an orally available tyrosine kinase inhibitor of VEGF receptors 1-3
(VEGFRI1-3), was shown in a phase III randomised trial to
increase progression-free survival over placebo by nearly 3 months
(van der Graaf et al, 2012).

As noted earlier, RT is often used to aid in the local control of
difficult sarcomas, and anti-VEGF-A agents may increase the
efficacy of RT. Indeed, numerous preclinical studies have examined
the combination of anti-VEGF-A agents and radiation against
human and murine tumours grown in animal models
(Wachsberger et al, 2003; Shannon and Williams, 2008). Near
uniformly, these studies show that anti-VEGF-A combined with
radiation inhibits tumours better than either therapy alone. We
performed a phase II clinical trial of neoadjuvant bevacizumab, an
anti-VEGF-A antibody, and RT for patients with resectable
sarcomas (Yoon et al, 2011). Bevacizumab and radiation resulted
in a good response (defined as >80% pathologic necrosis) in
nearly half of tumours. Analysis of pretreatment tumour biopsies
by gene expression microarrays using Gene Set Enrichment
Analysis found the Gene Ontology (GO) category Response to
hypoxia’ was upregulated in tumours that did not respond well to
bevacizumab and radiation (Kim et al, 2013).

TH-302 is a 2-nitroimidazole-linked prodrug of a brominated
version of isophosphoramide mustard (Br-IPM) (Duan et al, 2008;
Sun et al, 2012a).This molecule is relatively inert under normoxic
conditions but reduced under hypoxic conditions, leading to the
release of Br-IPM, which then acts as a DNA-alkylating
chemotherapeutic. In this current study, we examine the effects
of adding the hypoxia-activated chemotherapeutic, TH-302, to
VEGF-A inhibition and RT in two xenograft models of sarcoma.

MATERIALS AND METHODS

Cell lines and reagents. HT1080 human fibrosarcoma cells and
SK-LMS-1 human leiomyosarcoma cells were obtained from the
America Type Culture Collection (ATCC, Manassa, VA, USA).
MS4515 and MS5907 mouse undifferentiated pleomorphic sar-
coma cell lines were derived from genetically engineered mouse
models, which we have described previously (Kirsch et al, 2007).
All sarcoma cell lines were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
100 Uml ~ " penicillin, 100 ugml ~ ' streptomycin, and 1-glutamine
2mM. Human cancer cell lines were actively passaged for <6
months from the time that they were received from ATCC, and
United Kingdom Co-ordinating Committee on Cancer Research
(UKCCCR) guidelines were followed (UKCCCR, 2000). Human

umbilical vein endothelial cells (HUVECs) were obtained from
Lonza (Basel, Switzerland) and used within eight passages. All
endothelial cells were grown in EGM-2-MV media (Lonza).

The anti-VEGFR2 antibody DC101 was purchased from Bio X
Cell (West Lebanon, NH, USA). Immunoglobulin G antibody was
purchased from Sigma-Aldrich (St Louis, MO, USA). Doxorubicin
was purchased from Teva Pharmaceuticals (Tikva, Israel). TH-302
was obtained from Threshold Pharmaceuticals (South San
Francisco, CA, USA).

Mouse studies. All mouse protocols were approved by Institu-
tional Animal Care and Use Committee. To generate subcutaneous
flank tumour, 1 x 10° HT1080 or SK-LMS-1 cells were resus-
pended in 100 ul of Hank’s balanced salt solution and injected
subcutaneously into the right flank of athymic, nude, 6- to 8-week-
old male BALB/c nu/nu mice following isoflurane anaesthesia.
Mice were assigned into treatment groups (5-6 mice per group)
when tumours reached 50-100 mm? in volume, designated as day
0. DC101 (20 mgkg ~ ") or isotype control IgG;s (20 mgkg ~ ') was
injected intraperitoneally three times a week. TH-302 50 mgkg ™"
was delivered by intraperitoneal injection 5 days per week. For
tumours that were irradiated, radiation was delivered on day 0.
Mice were anaesthetised using ketamine (125mgkg ') and
xylazine (10 mgkg '), placed in shielded device to expose only
the flank tumour, and irradiated using a Gammacell 40 Exactor
Irradiator (Best Theratronics, Ottawa, ON, Canada). When mice
were treated with combination therapies, DC101 or control IgG
was delivered first and TH-302 and/or radiation were delivered
within 2h of DC101 administration (Truman et al, 2010). For
trimodality therapy, DC101 was administered followed by radia-
tion, and then by TH-302. Tumour volume (TV) was calculated by
using the following formula: TV =length x (width)® x 0.52.

Immunohistochemistry and immunofluorescence. Mice were
killed and tumours were harvested immediately and placed into
10% formalin for 2-3 days at 4 °C. Tumours were then rinsed and
stored in saline and sent to our pathology core facility. Formalin-
fixed, paraffin-embedded sections were deparaffinised by xylene
and rehydrated. Immunohistochemistry was performed with
Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA,
USA) as per the manufacturer’s protocol. For antigen retrieval, the
sections were placed in citrate buffer (pH 6.0) and heated in a
microwave oven for 10min. For immunoperoxidase labelling,
endogenous peroxidase was blocked by 0.3% H,O, in absolute
methanol for 15 min at room temperature. The sections were then
incubated overnight at 4°C with primary antibody and washed
with PBS containing 0.05% Triton X-100. Incubation with
corresponding  secondary antibody and the peroxidase-
antiperoxidase complex were carried out for 30min at room
temperature. Immunoreactive sites were visualised by 3,3-DAB.
Later, the slices were counterstained by haematoxylin. Antibodies
used were anti-TUNEL (ApoptoTag Peroxidase Kit; EMD Milli-
pore, Temecula, CA, USA), anti-HIF-1o (Ab-4; Novus Biologicals,
Littleton, CO, USA), anti-CA9 (NB100-417; Novus), and anti-
PCNA (sc-56; Santa Cruz Biotechnology, Dallas, TX, USA)

CD31 immunohistochemical localisation and analysis of
microvessel density were performed as described previously
(Fernando et al, 2008). For detection of EC apoptosis, TUNEL
and CD31 immunofluorescence was performed as described
previously (Kim et al, 2013). Four tumours from each treatment
group were analysed for total apoptosis, endothelial cell-specific
apoptosis, microvessels density, HIF-lo. expression, and CA9
expression. Hypoxia in tumours was measured using the Hypoxyp-
robe-1 Kit (HPI, Burlington, MA, USA) as per the manufacturer’s
instructions.

For examination of cells for yH2AX, CD31 and cleaved caspase-
3, cells were fixed with 4% paraformaldehyde and permeabilised
with 0.1% Triton X-100 in PBS. Cells were incubated with the
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appropriate primary antibody in a solution of PBS with 1% BSA
and 0.1% Triton X-100 at 4 °C overnight. Antibodies used were as
follows: human anti-yH2AX (mouse polyclonal antibody, 1:100,
05-636; EMD Millipore, Billerica, MA, USA), anti-cleaved caspase-
3 (rabbit polyclonal antibody, 1:100, no. 9661; Cell Signalling
Technology, Beverly, MA, USA), and anti-CD31 (rat monoclonal
antibody, 1:00, DIA-310; Dianova, Hamburg, Germany). Cells
were then stained with anti-rat Alexa Flour 488, anti-rabbit Alexa
Flour 594, and anti-mouse Alexa Flour 647 (Life Technologies,
Norwalk, CT, USA). After 2h, nuclei were counterstained using
DAPI (Sigma-Aldrich). Stained cells were visualised with an
inverted confocal microscope (Leica Microsystems, Buffalo Grove,
IL, USA). Image processing was performed using the Imaris 7.6
software (Bitplane, Zurich, Switzerland).

Comet assay. The single-cell gel electrophoresis assay, also known
as the Comet assay, was carried out using Comet Assay Kit (Trevigen
Inc., Gaithersburg, MD, USA) as per the manufacturer’s instructions.
Bleomycin was not added. Olive tail moment values (equal to the
product of the tail length and the fraction of total DNA in the tail)
were calculated from at least 50 cells for each group using the Komet
5.5 software (Andor Technology, Belfast, UK).

Tumour endothelial cell isolation. Tumour endothelial cell were
harvested from HT1080 xenografts. When tumours reached 100-
150 mm” in size, they were removed, minced, and digested in 25 ml
of prewarmed collagenase I (2mgml~'; EMD Millipore) in PBS
for 45 min at 37 °C. Cells were strained through a 100 um strainer,
and collagenase activity was quenched with 10ml of isolation
medium (DMEM (high glucose 4500 mgl~ ') +20% FCS + Pen/
Strep). Cells were resuspended in 5 ml of cold sterile PBS with 0.1%
BSA, followed by centrifugation at 400 g for 8 min. The cloudy
interface containing endothelial cells was removed and washed
with sterile PBS containing 0.5% BSA. Cells were then resuspended
in 400 ml PBS containing 0.5% BSA. A measure of 2.5 ul of 1 ugml
anti-mouse CD31 (ab28364; Abcam, Cambridge, MA, USA) was
added to the cell suspension and incubated for 20 min at room
temperature. After using Dynal beads coated with CD31 antibody
(110.35; Life Technologies), the cells were plated into a gelatin-
coated T-75 flask. After 1-2 weeks (or if the attached cell clones are
observed in dish), cells were used for experiments between passages
2 and 6 as described previously (Ryeom et al, 2008).

Proliferation and colony formation assays. To assay for pro-
liferation, 3000 cells were plated onto 24-well plates and maintained
in media overnight. A colorimetric MTT assay was used to assess cell
number by optical density after 3 days as described previously (Yoon
et al, 1999). Data reflect the mean of six samples.

To assay for colony forming ability, 200-500 cells were plated
onto 60 mm culture dishes and incubated for 7-14 days. Colonies
were stained with 0.5% crystal violet in 6% glutaraldehyde solution.
The number of colonies consisting of 50 or more cells was scored.
Data reflect the mean of nine samples.

Hypoxia was created by placing cells into Heracell 150i Tri-Gas
Incubator (Thermo Scientific, Waltham, MA, USA) with 1%
oxygen, 94% nitrogen, and 5% CO,. Each experiment was
performed at least three times.

Irradiation of cells. Cells were exposed to a '*’Cs y-ray source
(Atomic Energy of Canada Limited, Ottawa, ON, USA) at the
specified doses.

Western blot analysis. For western blot analysis of HIF-1o, cells
were incubated in 21% oxygen or 1% oxygen for 24h. Samples
were collected in RIPA buffer (Sigma-Aldrich) containing
Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN,
USA), and protein concentration was determined by Bio-Rad
Protein Assay (Bio-Rad, Hercules, CA, USA). Western blot analysis
was performed for HIF-1o using the following antibodies: HIF-1a

(C-Term) Polyclonal Antibody (10006421; Cayman Chemical, Ann
Arbor, MI, USA), anti-CD31 (rat monoclonal antibody, DIA-310;
Dianova) and f-actin (A5441; Sigma-Aldrich),

Statistical analysis. Statistical analyses were performed using
Microsoft Office Excel 2010 software. P-values were calculated
using Student’s f-test. For comparisons between two or more
groups, treatment groups were compared with the control group
using one-way ANOVA with Bonferroni adjustment for multiple
comparisons. P-values <0.05 were considered significant.

RESULTS

Trimodality therapy with hypoxia-activated chemotherapy,
VEGF-A inhibition, and radiation. We hypothesised that direct-
ing cytotoxic chemotherapy to hypoxic regions within sarcomas
would increase the efficacy of VEGF-A inhibition and
radiation. We thus examined TH-302, DC101, and radiation
(aka trimodality therapy) in an HT1080 fibrosarcoma xenograft
model. When tumours reached 50-100 mm?®, mice were rando-
mised to eight treatment groups (Figure 1A). After 12 days of
treatment, trimodality therapy inhibited tumour growth by 91%,
which was significantly better than single modality therapies
(15-33%) and bimodality therapies (49-65%). Mice treated with
trimodality therapy did not appear ill and did not lose weight
compared with control mice. Treatment of xenografts with
trimodality therapy was stopped after 12 days, and tumours were
observed. Even after 120 days, tumours treated with trimodality
therapy were only an average of 125 mm” +s.d. 12.3.

After the 12 days of treatment, tumours from each treatment
group were harvested and analysed by immunohistochemistry.
Representative H&E sections of tumours from the eight treatment
groups are shown in Supplementary Figure S1A. Tumours treated
with trimodality therapy had significantly less cellularity and more
necrosis compared with control tumours. When tumours were
examined for overall apoptosis using TUNEL staining, TH-302
alone resulted in very little total apoptosis (4 cells per 5 fields)
(Supplementary Figure S1B). TH-302 in combination with
radiation or DC101 resulted in a modest induction of total
apoptosis (15 cells per 5 fields). Trimodality therapy resulted in
significantly more apoptosis (36 cells per 5 fields) compared with
TH-302 in combination with radiation or DC101, but trimodality
therapy did not cause more apoptosis than bimodality therapy with
DCI101 and radiation (32 cells per 5 fields). When tumour cells
were examined for proliferation using PCNA staining, trimodality
therapy led to a 30% reduction in the number of proliferating
tumour cells, while bimodality therapies reduced proliferation by
12-18% (Supplementary Figure S1C). Thus, there did not appear
to be synergistic effects with trimodality therapy on overall
apoptosis or proliferation. Given prior studies suggesting that
VEGF-A inhibition and radiation have effects on tumour
vasculature and hypoxia (Yoon et al, 2011), we next examined
microvessel density, endothelial cell-specific apoptosis, and HIF-1a
activity in treated HT1080 tumours. Trimodality therapy led to an
89% decrease in microvessel density compared with the control
tumours (Figure 1B) and a 3.3-fold increase in endothelial cell-
specific apoptosis compared with the next best bimodality therapy
(Figure 1C). Levels of nuclear HIF-1o expression and cytoplasmic
CA9 expression, as a measure of HIF-1o target gene activation,
were the lowest in tumours treated with trimodality therapy
(Figures 1D and E). Thus, trimodality therapy may block growth of
HT1080 xenografts as least in part through induction of apoptosis
in tumour endothelium and selective ablation of hypoxic cells.

To determine if trimodality therapy would be effective against
larger tumours, we again treated HT1080 xenografts with
trimodality therapy, but this time waited to initiate therapy until
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Figure 1. Trimodality therapy in HT1080 xenografts. (A) Growth of HT1080 fibrosarcoma xenografts in athymic nude mice. Groups were treated
with control IgG 20mgkg ~ " three times per week, DC101 20mgkg ~ ' three times per week, RT 8 Gy one time, and/or TH-302 50mgkg " five
times per week. Graphs and photos of microvessel density (B), endothelial cell (EC)-specific apoptosis (C), nuclear HIF-10 expression (D), and

cytoplasmic CA-9 expression (E) in HT1080 tumours groups. Scale bars, 20 um. Bars represent s.d. P<0.05 compared to control group. **P<0.05

compared with all other groups.

tumours were about 400 mm® in size. Mice were then randomised ~ decreased to an average size of 273 mm?, whereas control tumours
to treatment with vehicle alone or with trimodality therapy. After 2
weeks of treatment, tumours treated with trimodality therapy The mean tumour weight of control mice was 545mg and the

grew to an average size of 1209 mm® (Supplementary Figure S2A).
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mean tumour weight of treated mice was 83 mg (Supplementary
Figure S2B). Mice were weighed every 2 days during the study, and
there was no difference in body weight between control and treated
mice (Supplementary Figure S2C). At the end of the treatment
period, mice were killed and tumours and blood samples were
collected. There was no significant difference in the levels of
hemoglobin, white blood cells or platelets between control mice
and mice treated with trimodality therapy (Supplementary Figure
S2D).

Trimodality therapy has synergistic effects on tumour endothe-
lial cells. Given the significant effects of trimodality therapy on
tumour vasculature and HIF-1o activity, we next wanted to
examine trimodality therapy on tumour endothelial cells in vitro.
We thus isolated endothelial cells from HT1080 xenografts using
magnetic bead separation with CD31 antibody (Figure 2A) and
confirmed that these cells upregulated HIF-loo under hypoxia
(Figure 2B). In a proliferation assay, tumour endothelial cells
tolerated hypoxia well with proliferation in hypoxia decreasing by
only 15% compared with proliferation in normoxia (Figure 2C).
Trimodality therapy reduced proliferation under normoxia and

hypoxia by 64% and 87%, respectively (Figure 2C). In a colony
formation assay, the addition of TH-302 and withdrawal of VEGF-
A had a minimal effect when added to radiation under normoxic
conditions (Figure 2D). In contrast under hypoxia, tumour
endothelial cells decreased colony formation by 57% with 6 Gy
of radiation alone and by 94% with trimodality therapy.
We performed these same studies on HUVECs. In contrast to
tumour endothelial cells, HUVECs decrease proliferation by 58%
when grown in hypoxic conditions (Figure 2E). Despite this, we
found similar effects of trimodality therapy on HUVEC prolifera-
tion (Figure 2E) and colony formation (Figure 2F and
Supplementary Figure S3).

To determine if HT1080 xenografts possess areas of hypoxia
adjacent to tumour blood vessels, we grew HT1080 xenografts to
around 400 mm’ and then treated with either vehicle alone or
trimodality therapy for 15 days. At the end of the treatment period,
mice were injected with hypoxyprobe and killed. Immunofluores-
cence on tumour sections for hypoxyprobe and for CD31 showed
areas of hypoxia adjacent to CD31-positive tumour blood vessels in
both control tumours and in tumours treated with trimodality
therapy (Supplementary Figure S4A). The absolute amounts of
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Figure 2. Trimodality therapy in tumour endothelial cells. (A) CD31 western
Western blot of isolated tumour endothelial cells in normoxia and hypoxia.

blot of tumour cells following separation by CD31 magnetic beads. (B)
Proliferation after 3 days (C) and colony formation after 14 days (D) of

tumour endothelial cells after withdrawal of VEGF-A (no VEGF-A), RT (0-6 Gy), and/or TH-302 (10 um). Proliferation assay (E) and colon formation

assay (F) for HUVEC. Experiments were performed in normoxia and hypoxia
groups.

. Bars represent standard deviation. **P<0.05 compared with all other
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hypoxia and CD31-positive vessels were significantly less in tumours
treated with trimodality therapy (Supplementary Figure S4B).

DNA damage and apoptosis in tumour endothelial cells. We
next measured DNA damage in tumour endothelial cells by
examining the levels of yH2AX expression and also by using
Comet assay. YH2AX levels increase in response to DNA double-
strand breaks (Lukas et al, 2011). yH2AX expression in tumour
endothelial cells after trimodality therapy was 3.0- to 10.7-fold
greater than that after any bimodality therapy when treatment was
given under hypoxia (Figures 3A and D). The effects under
normoxia were not nearly as pronounced. In the Comet assay,
mean tail moment for trimodality treatment under hypoxic
conditions was 3.1- to 5.7-fold greater than any bimodality therapy
(Figures 3B and D). We then determined if DNA damage led to
apoptosis by measuring expression of cleaved caspase-3. In
hypoxia, cleaved caspase-3 expression in tumour endothelial cells
was 2.3- to 4.8-fold greater following trimodality therapy compared
with bimodality therapies (Figures 3C and D). The effects on
apoptosis were much less pronounced under normoxic conditions.
These same studies were performed using HUVECs, which also
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upregulate HIF-1o. under hypoxia (Supplementary Figure S5A),
and we found similar results for (yH2AX expression
(Supplementary Figures S5B and D) and cleaved caspase-3
expression (Supplementary Figures S5C and D).

Cancer cell autonomous effects. We next evaluated the cancer
cell autonomous effects of trimodality therapy on four sarcoma
cell lines in vitro. Vascular endothelial growth factor-A addition
or withdrawal had no effect on proliferation or colony formation
of sarcoma cell lines (data not shown), and thus experiments on
these cell lines were conducted without VEGF-A. All four
sarcoma cell lines wupregulated HIF-lo under hypoxia
(Supplementary Figure S6A). We found that combining TH-302
and radiation had a modest effect in blocking proliferation in
both normoxia and hypoxia (Figure 4A). We also examined
colony formation in these four sarcoma cell lines in response to
TH-302 and radiation under both normoxic and hypoxic
conditions and again found only minimal increase with
combination therapy (Figure 4B and Supplementary Figure
S6B). The combination of TH-302 and radiation did result in
increases in DNA damage as measured by yH2AX expression
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Figure 3. DNA damage and apoptosis in tumour endothelial cells. Graphs showing yH2AX expression (A), Comet assay mean tail moment (B), and
cleaved caspase-3 expression (C) of tumour endothelial cells following withdrawal of VEGF-A (no VEGF), RT (6 Gy), and/or TH-302 (10 um). All
experiments were performed in normoxia (21% O;) and hypoxia (1% O,). Bars represent s.d. (D) Immunofluorescence photos of tumour
endothelial cells following yH2AX immunofluorescence (green), Comet assay, and cleaved caspase-3 immunofluorescence (red). Nuclei were
stained with DAPI (4',6-diamidino-2-phenylindole; blue). Bars represent s.d. **P<0.05 compared with all other groups.
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Figure 4. Trimodality therapy in sarcoma cells. Proliferation assay (A), colony formation assay (B), yH2AX expression (C) and cleaved caspase-3
expression in HT1080 and SK-LMS-1 human sarcoma cells and MS4515 and MS5907 mouse sarcoma cells after RT (8 Gy) and/or TH-302 (10 um). All
experiments were carried out in normoxia and hypoxia. Bars represent s.d. *P<0.05 compared with control. **P<0.05 compared with all other
groups.
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Figure 5. Trimodality therapy in SK-LMS-1 xenografts. (A) Growth of SK-LMS-1 leiomyosarcoma xenografts in athymic nude mice. Groups

were treated with control immunoglobulin G (IgG) 20mgkg ~ " three times per week, DC101 20mgkg ~ " three times per week, RT 8 Gy one time,
and/or TH-302 50 mgkg ~ " five times per week. (B) Tumour weight. Graphs of endothelial-specific apoptosis (C), microvessel density (D), nuclear
HIF-1x expression (E), and VEGF-A expression (F) in SK-LMS-1 tumour groups. Bars represent s.d. *P<0.05 compared with IgG control. **P<0.05

compared with all other groups.

(Figure 4C and Supplementary Figure S6C) and apoptosis as
measured by cleaved caspase-3 expression (Figure 4D and
Supplementary Figure S6D). However, these effects were not nearly
as pronounced as the effects seen in tumour endothelial cells.

Trimodality therapy in SK-LMS-1 leiomyosarcoma xenografts.
To confirm the effects of trimodality therapy in a different type of
sarcoma, we performed another mouse xenograft study using SK-
LMS-1 leiomyosarcoma cells. Mice were again randomised to eight
treatment groups after tumours reached 50-100 mm”® (Figure 5A).
Following 15 days of treatment, average tumour size and weight for
the trimodality therapy group was 98 mm® and 79 mg, respectively,
compared with control tumours that were 774 mm” and 567 mg,
respectively (Figures 5A and B). When tumours were harvested
and analysed, trimodality therapy was found to have more than
additive effects on microvessel density, endothelial cell-specific
apoptosis, microvessel density, HIF-1o: nuclear expression, and
VEGEF-A expression (Figures 5C-F).

Multicolor immunofluorescence for yH2AX, cleaved caspase-3,
and CD31 was performed on treated SK-LMS-1 tumours to
quantify the number of endothelial cells and non-endothelial cells
exhibiting DNA damage and apoptosis. Trimodality therapy led to

marked increases in both endothelial cells and non-endothelial
tumour cells demonstrating both yH2AX and cleaved caspase-3
expression (Figures 6A-C). The absolute number of CD31(+)
cells per 5 visual fields demonstrating yH2AX and cleaved caspase-
3 expression was 13.2 after trimodality therapy compared with
2.8-3.4 after bimodality therapies. Interestingly, CD31(—) cells
also showed more than additive increases in yH2AX(—) and
cleaved caspase-3 + cells (9.2 vs 3.0-4.0 cells per 5 fields). Given
our in vitro studies in sarcoma cell lines showed at most additive
effects of trimodality therapy on yH2AX and cleaved caspase-3
expression, the results of our SK-LMS-1 tumour analysis suggest
that the efficacy of trimodality therapy may depend on in vivo
interaction of the endothelial cell compartment and tumour cell
compartment. We found similar results when we performed this
multicolor immunofluorescence analysis on HTI1080 tumours
treated with trimodality therapy (Figures 6D-F). The absolute
number of CD31(+) cells per 5 visual fields demonstrating
yH2AX and cleaved caspase-3 expression was 12.4 after trimodality
therapy compared with 3.2-4.2 after bimodality therapies.
CD31(—) had 10.2 cells per 5 fields with both yH2AX(—) and
cleaved caspase-3(+) after trimodality therapy and 4.4-5.0 cells
per 5 fields after bimodality therapies.
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Figure 6. DNA damage and apoptosis in SK-LMS-1 and HT1080 xenografts. Graphs demonstrating the number of CD31 + /yH2AX + /cleaved
caspase-3 + cells (A) and CD31 — /yH2AX + /cleaved caspase-3+ cells (B) in SK-LMS-1 tumours from each treatment group. (C)
Immunofluorescence photos of tumours from each treatment group after staining for CD31 (green), yH2AX (white), cleaved caspase-3 (red), and
nuclei (DAPI, 4',6-diamidino-2-phenylindole). Graphs demonstrating the number of CD31 + /yH2AX + /cleaved caspase-3 + cells (D) and CD31 —/
yH2AX 4+ /cleaved caspase-3 + cells (E) in HT1080 tumours from each treatment group. (E) Immunofluorescence photos of tumours from each
treatment group after staining for CD31 (green), yH2AX (white), cleaved caspase-3 (red), and nuclei (DAPI). Bars represent standard deviation.

Scale bar, 20 um. **P<0.05 compared with all other groups.

DISCUSSION

In this study, we examined the addition of TH-302, a hypoxia-
activated chemotherapy, to VEGF-A inhibition and radiation. We
found that this trimodality therapy blocked growth of HT1080 and
SK-LMS-1 sarcoma xenografts significantly better than VEGF-A
inhibition and radiation, and analysis of tumour samples and
in vitro studies revealed that one primary mechanism of action was
the induction of endothelial cell DNA damage and apoptosis
resulting in loss of tumour vasculature. This induction of DNA

damage and apoptosis was also seen in HT1080 and SK-LMS-1
cancer cells but to a lesser extent.

As noted earlier, TH-302 is a 2-nitroimidazole-linked prodrug
of Br-IPM (Duan et al, 2008). The 2-nitroimidazole moiety of TH-
302 is a substrate for intracellular 1-electron reductases and, when
reduced in deeply hypoxic conditions, releases Br-IPM. In vitro
cytotoxicity and clonogenic assays using human cancer cell lines
show that TH-302 has little cytotoxic activity under normoxic
conditions and greatly enhanced cytotoxic potency under hypoxic
conditions. The activated prodrug works as a DNA crosslinking
agent and is able to kill both nondividing and dividing cells.
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TH-302 enhances the activity of a wide range of chemotherapy
drugs in numerous xenograft models including HT1080 xenografts
(Liu et al, 2012; Sun et al, 2012b), and has been found to be a
promising agent in combination with doxorubicin for patients with
metastatic sarcoma (Chawla et al, 2014). Saggar and Tannock
(2014) found in two xenograft models that TH-302 combined with
chemotherapy increases DNA damage and apoptosis throughout
the tumour (Saggar and Tannock, 2014). TH-302 was found to be
more effective in cell lines deficient in homologous recombination
secondary to mutations in BRCA1 or BRCA2 (Meng et al, 2012;
Hunter et al, 2014). A phase III randomised trial of doxorubicin
with or without TH-302 in patients with soft tissue sarcoma
completed enrolment and results are pending.

Mechanisms of resistance to antiangiogenic therapies include:
upregulation of alternative proangiogenic signals, protection of the
tumour vasculature either by recruiting proangiogenic inflamma-
tory cells or by increasing protective pericyte coverage, accentuated
invasiveness of tumour cells into local tissue to co-opt normal
vasculature, and increased metastatic seeding and tumour cell
growth in lymph nodes and distant organs (Bergers and Hanahan,
2008). Upregulation of HIF-loo and HIF-1lo target genes in
response to hypoxia may contribute to all these resistance
mechanisms. Casanovas et al (2005) found that VEGFR-2
inhibition of RIPI-Tag2 mouse pancreatic endocrine tumours led
to an increase in intratumoral hypoxia along with increased
tumour invasiveness and liver metastases (Paez-Ribes et al, 2009),
and Ebos et al (2009) found that sunitinib (which targets VEGF
and other pathways) increased liver and lung metastases for both
experimental and spontaneous metastases. Given the heterogeneity
and genetic instability of tumours, combination of different
therapies that target primary pathways as well as resistance
pathways is a rational approach. This study demonstrates that
destruction of hypoxic regions within tumours using TH-302
complements anti-VEGF-A therapy and radiation in sarcomas.

The mechanisms by which anti-VEGF agents may augment the
efficacy of radiation include ‘vascular normalisation’ of abnormally
dilated and permeable tumour vessels leading to increased
oxygenation (Jain, 2001) and augmentation of endothelial cell
cytotoxicity (Gupta et al, 2002). Tumour response to radiation may
be regulated by endothelial cell apoptosis (Garcia-Barros et al,
2003). Although VEGF-A inhibition has effects primarily on
endothelial cells, TH-302 under hypoxic conditions will have
cytotoxic effects via DNA alkylation on both cancer cells and
tumour endothelial cells. In this study, we found the ability of
trimodality therapy with TH-302, VEGF-A inhibition, and
radiation to block tumour growth is primarily through induction
of endothelial cell DNA damage and apoptosis rather than cancer
cells autonomous effects.

There are several limitations to this study. First, sarcomas are a
heterogeneous group of tumours comprised of over 80 histologic
subtypes, and thus the results of this study may not be applicable to
all sarcoma subtypes. However, we examined two xenograft models
of sarcoma, two types of endothelial cells, and four sarcoma cell
lines, and found generally consistent results. Moreover, the
predominant effect of these trimodality therapies appears to be
on the tumour vasculature, and thus cancer cell autonomous
variations in sarcoma subtypes may be less important. Second, in
this study we examined proliferation, colony formation, apoptosis,
and DNA damage in cancer cells and endothelial cells but did not
examine alternative mechanisms or effects on other cells in the
tumour microenvironment. Such studies are currently ongoing but
beyond the scope of this study.

In conclusion, most solid tumours including sarcomas rely on
several oncogenic pathways to drive tumour growth and to induce
the tumour microenvironment to support this growth. Given the
versatility of these tumours, blockade of a single pathway may have
little effect or a transient effect as compensatory and resistance

mechanisms become activated. Thus, combination therapies that
target primary and secondary pathways make intuitive sense. This
study describes a three-pronged strategy to block the growth of
sarcomas: radiation to induce endothelial cell DNA damage and
apoptosis, VEGF-A inhibition to block the major survival factor for
endothelial cells, and hypoxia-activated chemotherapy to eradicate
hypoxic cells and block the hypoxic tumour response. In vivo and
in vitro studies confirm that this trimodality approach leads to
marked induction of endothelial cell DNA damage and apoptosis
and vastly decreased tumour vasculature. Thus, this article
provides a preclinical foundation for the use of this strategy in
clinical trials.
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