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Abstract: Tumors often consist of hypoxic regions which are resistant to chemo- and radiotherapy. Evofosfamide 
(also known as TH-302), a 2-nitroimidazole triggered hypoxia-activated prodrug, preferentially releases the DNA 
cross-linker bromo-isophosphoramide mustard in hypoxic cells. The intracellular kinase mTOR plays a key role in 
multiple pathways which are important in cancer progression. Here we investigated the enhanced efficacy profile 
and possible mechanisms of evofosfamide in combination with mTOR inhibitor (mTORi) everolimus or temsirolimus 
in renal cell carcinoma (RCC) xenograft models. The antitumor activities of the mTORi everolimus or temsirolimus 
alone, evofosfamide alone, or the combination were investigated in the 786-O and Caki-1 RCC cells in vitro and 
in vivo xenograft models. Two schedules were tested in which evofosfamide was started on the same day as the 
mTORi or 1 week after. Combination mechanisms were investigated by measuring a panel of pharmacodynamic 
biomarkers by immunohistochemistry. Antitumor efficacy in both RCC xenograft models was enhanced by the com-
bination of evofosfamide and mTORi. Evofosfamide reduced the increased hypoxia induced by mTORi. Combination 
treatment induced increased DNA damage, decreased cell proliferation, and decreased survivin. Addition of mTORi 
did not change evofosfamide-mediated cytotoxicity in 786-O or Caki-1 cells in vitro which might suggest cell non-
autonomous effects, specifically increased tumor hypoxia, are important for the in vivo combination activity. Taken 
together, evofosfamide potentiates the antitumor efficacy of mTOR inhibitors and inhibits the increased tumor hy-
poxia caused by mTOR inhibition. These studies provide a translational rationale for combining evofosfamide with 
mTOR inhibitors in clinical studies.
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Introduction

Renal cell carcinoma (RCC) accounts for appro- 
ximately 3% of adult malignancies and close to 
90% of all renal neoplasms [1]. Over the last 
decade, biologic response modifiers have been 
widely explored and developed in the treatment 
of RCCs, particularly for patients with metastat-
ic and/or unresectable disease. These options 
include molecularly targeted therapy, biological 
therapy, and combinations [2]. Primary and 
metastatic RCCs are angiogenesis-dependent 
and hypoxia-driven malignancies [3, 4]. Agents 
targeting tumor angiogenesis have been inves-
tigated for the treatment of RCC, for example, 

inhibitors of vascular endothelial growth factor 
(VEGF) or mammalian target of rapamycin 
(mTOR) pathways [5]. mTOR is downstream in 
the PI3K/AKT signaling pathway and is a critical 
regulator of cell proliferation, metabolism, and 
protein synthesis [6]. mTOR functions as a sen-
sor of nutritional/metabolic stress during cell 
development and promotes protein synthesis 
and cell growth during nutrient or energy rich 
periods [6]. In addition, mTOR inhibition sensi-
tizes tumor cells to DNA-damage induced apop-
tosis by inhibiting p53-induced p21 expression 
[7]. As a result, mTOR inhibition increases the 
cytotoxicity of drugs that damage DNA [7]. 
Furthermore, mTOR inhibitors exhibit antiangio-
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genic activity mainly via two mechanisms: 
decreasing synthesis and release of angiogenic 
growth factors from the cancer cells, and block-
ing growth and proliferation of vascular cells 
[8-10]. Therapeutics targeting angiogenesis 
deprive the tumor of oxygen and nutrients, 
resulting in growth inhibition and increased 
hypoxia [11]. Increased hypoxia is associated 
with tumor progression, metastasis and resis-
tance to therapy [12-14]. Thus, the simultane-
ous targeting of tumor hypoxia may improve the 
efficacy of antiangiogenic mTOR-targeted 
therapy.

Inhibition of mTOR has shown antitumor effects 
in both preclinical [15, 16] and clinical [17, 18] 
settings. Two mTOR inhibitors, temsirolimus 
and everolimus, have been approved for FDA 
for the treatment of RCC. Although mTOR inhibi-
tors have shown clinical benefit in RCC, such 
treatment rarely results in a cure and patients 
frequently develop resistance to the drugs. This 
class of agents is largely cytostatic, resulting in 
relatively few tumor regressions. Thus, cytotox-
ic effects achieved by combing in an mTOR 
inhibitor and other targeted agents would be 
desirable [19]. A number of reports have identi-
fied potent combination effects from combining 
conventional cytotoxic agents and mTOR inhibi-
tors in experimental settings [7, 20, 21]. 

Evofosfamide, previously known as TH-302, (1- 
methyl-2-nitro-1H-imidazole-5-yl) methyl N,N’- 
bis (2-bromoethyl) phosphorodiamidate is a 
nitroimidazole-linked prodrug of a brominated 
version of isophosphoramide mustard (Br-IPM). 
Evofosfamide is reduced at the nitroimidazole 
site of the prodrug by intracellular reductases 
and leads to the release of Br-IPM when 
exposed to hypoxic conditions. Br-IPM can then 
act as a DNA crosslinking agent [22]. In vitro 
cytotoxicity and clonogenic assays employing 
human cancer cell lines demonstrate that evo-
fosfamide has little cytotoxic activity under nor-
moxic conditions and greatly enhanced cyto-
toxic potency under hypoxic conditions [23]. 
Evofosfamide has demonstrated broad antitu-
mor activities in preclinical models [24, 25] and 
has showed encouraging activity in multiple 
clinical trials [26, 27]. Evofosfamide has shown 
the ability to selectively kill hypoxic cells and 
reduce the hypoxic compartment fraction in a 
number of xenograft models. In addition, pre-
clinical data suggest that after activation, the 
activated moiety of evofosfamide may diffuse 

to areas outside the hypoxic regions, demon-
strating a “bystander” effect [23, 24].

Here we investigated the therapeutic potential 
of evofosfamide when in combination with the 
mTOR inhibitors everolimus or temsirolimus in 
preclinical RCC models.

Materials and methods

Compounds 

Evofosfamide was manufactured by Syngene 
(Bangalore, India). It was formulated in saline 
(0.9% NaCl) at the maximal solubility of 10 mg/
ml. The solution was filtered through 0.2 µm fil-
ter prior to animal dosing. Everolimus and 
Temsirolimus, purchased from Ontario Chemi- 
cal (Guelph, Canada), were formulated in 5% 
DMSO, 5% Tween 80, and 90% D5W (5% dex-
trose in water). 

Cell lines

786-O (VHL-/- PTEN-/-), and Caki-1 (VHL+/+ 

PTEN+/+) cell lines were obtained from the 
American Type Culture Collection (ATCC, 
Rockville, MD) and were genetically authenti-
cated by using microsatellite marker analysis 
(Idexx Bioresearch, Columbia, MO). Cells were 
cultured in the ATCC-suggested media with 
10% fetal bovine serum added and maintained 
in a 5% CO2, humidified environment at 37°C. 

Xenograft models

Specific pathogen-free homozygous female 
nude mice (Nu-Foxn 1nu NU/NU, Charles River 
Laboratories, Wilmington, MA, USA) were used 
for the xenograft models. Mice were given food 
and water ad libitum and housed in microisola-
tor cages. Four- to 6-week-old animals were 
tagged with microchips (Locus Technology, 
Manchester, MD) for identification. All animal 
studies were approved by the Institutional 
Animal Care and Use Committee of Threshold 
Pharmaceuticals, Inc, and animals were main-
tained in accordance to guidelines of the 
American Association of Laboratory Animal 
Care. Determined by the specific tumor growth 
kinetics, 5 x 106 786-O or Caki-1 cells, mixed 
1:1 with Matrigel (BD Bioscience, San Jose, CA) 
in a total volume of 0.2 ml were implanted in 
the subcutaneous area of the flank of the 
mouse.
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In vivo antitumor activity

Tumor growth and body weight were measured 
twice-a-week after cell implantation. Tumor vol-
ume was calculated as (length x width2)/2. 
When the mean value of tumor volume was 
approximately 100-150 mm3 mice were ran-
domized into 10 mice per group and the treat-
ment started (Day 1). Antitumor activity was 
assessed by tumor growth kinetics and Tumor 
Growth Inhibition (TGI). TGI was defined as 
(1-ΔT/ΔC) x 100, where ΔT/ΔC is the ratio of the 
change in mean tumor volume of the treated 
group (ΔT) and of the control group (ΔC). Animals 
were euthanized when individual tumor size 
was over 2000 mm3 or individual tumor size 
was over 1000 mm3 if mean tumor volume in 
the group exceeded 1000 mm3. In the 786-O 
xenograft model, due to the slow tumor growth 
and tumor regression in the vehicle group when 
tumor volumes were over 600-700 mm3, TGI 
was determined when the average tumor size in 
the vehicle group reached 600 mm3. TGI in 
Caki-1 xenograft model was determined on the 
last measurement when all the animals in the 
vehicle group survived. Tumor Growth Delay to 
1000 mm3 (TGD1000) in Caki-1 model was deter-
mined as the increased time (in days) for the 
treated groups’ tumor size on average to reach 
1000 mm3 as compared to the vehicle group 
using the tumor growth curves. Data are 
expressed as the mean ± SEM. One-way analy-
sis of variance with Dunnett’s test (GraphPad 
PRISM 4, La Jolla, CA) was used for analysis. A 
P level < 0.05 was considered statistically 
significant. 

Drug treatment

Maximum tolerated dose (MTD) for both mono-
therapy and combination therapy was defined 
as the highest dose resulting in no animal 
deaths, less than 20% weight loss for any one 
animal in an experimental group, no significant 
changes in general clinical signs, and no abnor-
mal gross anatomical findings after necropsy. 
General clinical signs included: respiratory rate, 
behavior, and response to normal stimuli [28]. 
The doses of compounds used in all studies 
were no higher than MTD. In the studies to 
investigate the antitumor activity of evofos-
famide in combination with mTOR inhibitor, 
everolimus was administered at 5 mg/kg, 
QDx19, po; temsirolimus was dosed at 20 mg/
kg, QDx19, ip; and evofosfamide was given at 
50 mg/kg, 5 days per week, ip; everolimus or 

temsirolimus treatment in both monotherapy 
and combination groups started at Day 1. 
Evofosfamide was either administered from 
Day 1 (same day as the initiation of mTOR inhib-
itor treatment, Concurrent Schedule, CS) for 3 
weeks, or from Day 8 (one week after mTOR 
inhibitors’ treatment start, Delayed Schedule, 
DS) for 2 weeks, in both monotherapy and com-
bination therapy groups. In the studies to inves-
tigate the pharmacological mechanisms and 
changes of pharmacodynamics (PD) biomark-
ers, 5-8 animals per group were treated with 
vehicle, 5 mg/kg of everolimus in the 786-O 
xenograft model or 20 mg/kg of temsirolimus 
in the Caki-1 xenograft model daily for 8 days, 
evofosfamide-alone at 150 mg/kg, ip once, or 
8 days’ mTOR inhibitors treatment followed by 
one dose of evofosfamide 150 mg/kg, respec-
tively. For these PD studies, tumors were har-
vested 4 hrs after the last treatment of the 
mTOR inhibitors in the monotherapy groups or 
72 hrs after evofosfamide treatment in both 
evofosfamide monotherapy and combination 
groups.

Histology and immunohistochemistry

The exogenous hypoxia marker, pimonidazole 
hydrochloride (Hypoxyprobe, Burlington, MA) at 
60 mg/kg was ip injected one hour before ani-
mal was euthanized. Tumors were harvested, 
fixed in 10% neutral buffered formalin, and 
embedded in paraffin. Five-micrometer thick 
paraffin sections were cut and adhered to poly-
-lysine-coated glass microscope slides. After 
deparaffinization and rehydration of the slides, 
antigen retrieval was conducted by incubating 
the slides with Heat Induced Epitope Retrieval 
Buffer (Biocare Medical, Concord, CA) in a 
Decloaker Chamber (Biocare Medical). Endo- 
genous peroxidase was quenched by Peroxidaze 
1 (Biocare Medical) and non-specific binding 
was blocked by Background Sniper (Biocare 
Medical). Slides were incubated with the pri-
mary antibodies for 1 hr at RT followed by sec-
ondary HRP-conjugated anti-rabbit IgG (Abcam, 
Cambridge, MA). The primary antibodies includ-
ed rabbit polyclonal anti-pimonidazole (Hypo- 
xyprobe, 1:400), rabbit monoclonal anti-γH2AX 
(Abcam, 1:3000), rabbit monoclonal anti-Ki67 
(Abcam, 1:2000), and rabbit polyclonal anti-
CD31 (Abcam, 1:30), rabbit polyclonal anti-sur-
vivin (Abcam, 1:250) and rabbit monoclonal 
anti-Glut-1 (Abcam, 1:2500), rabbit polyclonal 
anti-Phospho-S6 Ribosomal Protein (Cell Sig- 
naling Technology, Danvers, MA, 1:25).
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Image analysis 

At 20x magnification, digital images of pimoni-
dazole-stained sections were captured and 
assembled to compose a whole tumor image. 
Pimonidazole positive regions were extracted 
using Image-Pro Plus v6.0 (MediaCybernetics, 
Rockville, MD). To compare the volume of the 
hypoxic compartment in the tumors after evo-
fosfamide treatment, the hypoxic fraction (HF) 
was evaluated as pimonidazole-positive hypox-
ic area in the whole tumor. All images were cap-
tured under consistent illumination and expo-
sure for their respective stains. No image post-
processing was done. Custom-made scripts 

were developed in Image Pro-Plus to analyze 
the target signals using color and morphologic 
segmentation tools. For semi-quantification of 
CD31, Glut-1, and pS6-positive areas, point 
counting was performed in the fields containing 
viable tumor cells. A total of 10-15 fields per 
section at 400x magnification were counted in 
each animal on a 1-cm2 eyepiece graticule with 
10 equidistant grid lines. The percentage of 
fractional area (percentage of positive area per 
total area counted of the section) was calculat-
ed using the following formula: percentage of 
positive fractional area = number of grid inter-
sections with positive staining/total number of 
grid intersections multiplied x 100%. γH2AX, 

Figure 1. Antitumor efficacy and safety profile of evofosfamide in combination with mTOR inhibitors in 786-O and 
Caki-1 RCC xenograft models. A. Treatment schedule and experimental design; B-E. Tumor growth of evofosfamide 
in combination with mTOR inhibitors in the 786-O and Caki-1 xenograft models. Animals were monitored daily and 
tumor growth was quantified twice a week. Data are expressed as Mean ± SEM of 10 animals per group. Evo, evo-
fosfamide; mTORi, mTOR inhibitor; Eve, everolimus; Tem, temsirolimus; CS, concurrent schedule; and DS, delayed 
schedule. 
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survivin, or Ki67 positive cells were counted at 
400x magnification. Ten fields per section were 
used. The percentage of positive cells was cal-
culated as number of positive cells/number of 
total cells x 100%. Statistical analysis was used 
in all instances with a p value <0.05 considered 
significant. One-way analysis of variance with 
Dunnett’s test (GraphPad PRISM 4) was used 
to compare the significance of the multiple 
groups. The Student’s t-test was used to find 
the significance between two groups. 

In vitro cytotoxicity assays 

786-O or Caki-1 were seeded into 24-well 
plates (20,000 cells/ well) and incubated over-
night. Cells were pre-treated with indicated 
concentrations of either everolimus or temsiro-
limus for 1 h, followed by evofosfamide treat-
ment for 2 h under either normoxia (21% O2) or 
hypoxia (N2). Drug containing medium was 
removed and cells were washed twice. Evero- 
limus or temsirolimus was added back to the 
cells and incubated for additional 3 days in an 
atmosphere of 5% CO2, 95% air and 100% rela-
tive humidity. On day 3, the Alamar Blue assay 
was performed to quantify viable cells. IC50 val-
ues were calculated using GraphPad Prism4 
software.

Results

Evofosfamide potentiates the efficacy of mTOR 
inhibitors in the RCC xenograft models

The antitumor effects of evofosfamide in com-
bination with mTOR inhibitors were assessed in 
the 786-O and Caki-1 xenograft models. 786-O 

exhibits a genotype of VHL-/- and PTEN-/-, and 
Caki-1 exhibits VHL+/+ and PTEN+/+. When the 
average tumor size was 150 mm3, ten tumor-
bearing animals in each group were treated 
with vehicle, mTOR inhibitor-alone, evofos-
famide-alone, or mTOR inhibitor and evofos-
famide in combination. Two schedules of evo-
fosfamide treatment were employed in the 
studies: Concurrent Schedule (CS) in which 
evofosfamide was given from Day 1 for 3 
weeks, and Delayed Schedule (DS) in which 
evofosfamide was given from Day 8 for 2 
weeks. The detailed study schemes are pre-
sented in Figure 1A. Both everolimus and tem-
sirolimus were tested in the 786-O xenograft 
model. Treatment with everolimus alone result-
ed in a dramatic tumor reduction compared 
with vehicle treatment (P<0.05). Consistent 
with previous results, evofosfamide monother-
apy did not show antitumor activity in this 
model. Combination therapy of evofosfamide 
and everolimus significantly increased the anti-
tumor activity, compared with vehicle, evofos-
famide monotherapy, or everolimus monother-
apy group (P<0.05) (Figure 1B and Table 1). 
Both CS and DS combination groups exhibited 
similar antitumor activity. When temsirolimus 
was tested in the 786-O xenograft model, tem-
sirolimus-alone yielded TGI of 113%. In the 
combination of evofosfamide and temsirolimus 
treatment group, TGIs were 137% and 142% in 
CS and DS, respectively (P<0.01 vs. temsiroli-
mus monotherapy or evofosfamide monothera-
py treated animals). There was no statistical 
difference between the CS and DS combination 
groups (Figure 1C).

Table 1. Summary of antitumor activity and safety profile of evofosfamide monotherapy, everolimus or 
temsirolimus monotherapy, and evofosfamide in combination with mTOR inhibitors in the 786-O and 
Caki-1 RCC xenograft models

786-O 
(mTORi: Eve)

786-O 
(mTORi: Tem)

Caki-1
(mTORi: Eve)

Caki-1
(mTORi: Tem)

TGI % MBL % TGI % MBL % TGI % TGD1000 MBL % TGI % TGD1000 MBL %

mTORi 48* 0 113* 3 52* 10 1 74* 17 4
Evofosfamide CS 15 0 0 7 57* 10 0 75* 19 2
mTORi + Evo CS 84*,a,b 0 136*,a,b 9 87*,a,b 24 4 96*,a,b 24 9
Evofosfamide DS 25 0 14 0 81* 19 0
mTORi + Evo DS 83*,a,b 0 142*,a,b 8    94*,a,b 32 7
TGI, Tumor Growth Inhibition; TGD1000, Tumor Growth Delay to Vehicle reaching the size of 1000 mm3; MBL, maximal body 
weight loss due to drug treatment as compared with the first day of treatment; Evo, evofosfamide; mTORi, mTOR inhibitor; Eve, 
everolimus; Tem, temsirolimus; CS, concurrent schedule in which evofosfamide was given from Day 1 for 3 weeks; DS, delayed 
schedule in which evofosfamide was given from Day 8 for 2 weeks; *, P<0.05 compared with Vehicle. a, P < 0.05 as compared 
to mTOR inhibitor monotherapy. b, P < 0.05 as compared to evofosfamide monotherapy.
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Evofosfamide and everolimus was tested in the 
Caki-1 xenograft model only with CS schedule. 
Enhanced efficacy was observed in the combi-
nation treatment group compared to vehicle or 
the monotherapy groups (Figure 1D). Evofos- 
famide in combination with temsirolimus was 
tested in the Caki-1 xenograft model as well. 

Evofosfamide monotherapy showed moderate 
antitumor efficacy with a TGI of 75-81%. The 
combination treatment significantly increased 
the antitumor activity, compared with vehicle, 
temsirolimus monotherapy or evofosfamide 
monotherapy treatment (P<0.05). The two 
schedules of CS and DS worked similarly by 

Figure 2. Effect of evofosfamide in combination with mTOR inhibitors on tumor angiogenesis and hypoxia. A. Treat-
ment schedule and experimental design; Tumor-bearing animals received evofosfamide, 150 mg/kg, ip, everolimus 
5 mg/kg, po in the 786-O xenografts; and temsirolimus 20 mg/kg, ip in the Caki-1 xenografts. B, E and H. Represen-
tative images of CD31, pimonidazole and Glut-1 immunostaining, respectively; C and D. Morphometric analysis of 
tumor microvessel density; F and G. Morphometric analysis of tumor hypoxic fraction. I and J. Morphometric analysis 
of percentage of Glut-1 expression inside the tumor. *, P < 0.05 as compared to Vehicle. a, P < 0.05 as compared 
to mTOR inhibitor monotherapy. Each bar represents Mean ± SEM of 5-8 animals per group. Evo, evofosfamide; 
mTORi, mTOR inhibitor; Eve, everolimus; and Tem, temsirolimus. 
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of tumor hypoxia was observed in the temsiroli-
mus monotherapy group. After temsirolimus 
treatment, the tumor hypoxic fraction was 12.8 
± 0.7%, as compared to 7.5 ± 1.9% in vehicle 
treated group (P<0.05). The tumor hypoxic frac-
tion in the evofosfamide monotherapy group 
was 4.3 ± 0.7%. When evofosfamide was 
administered in combination with temsirolimus 
the hypoxic fraction was 7.9 ± 0.5%, significant-
ly decreased from that observed in the temsiro-
limus monotherapy group (P<0.05).

We used glucose transporter-1 (Glut-1) as an 
endogenous hypoxia biomarker as well as a bio-
marker to evaluate effects on cancer metabo-
lism by the different treatments [29-31]. As 
shown in Figure 2H-J, everolimus-alone signifi-
cantly reduced the Glut-1 expression in 786-O 
xenograft tumors, however temsirolimus-alone 
did not change Glut-1 expression in Caki-1 
xenografts. Interestingly, evofosfamide signifi-
cantly decreased the levels of Glut-1 in the 
Caki-1 model. In both models, Glut-1 expres-
sion was further reduced in the combination 
therapy compared with mTOR inhibitor-alone.

Combination of evofosfamide and mTOR in-
hibitor enhances the inhibition of tumor cell 
proliferation, increases the induction of DNA 
damage, and further suppresses the level of 
survivin expression

To assess the effect of the combination of evo-
fosfamide and mTOR inhibitor on tumor cell pro-
liferation, DNA damage, and apoptosis, Ki67, 
γH2AX, and survivin, respectively, were used as 
biomarkers in immunohistochemistry. Both 
evofosfamide and mTOR inhibitor monotherapy 
significantly decreased the percentage of Ki67-
positve proliferating cells compared to the vehi-
cle treatment (P<0.05). Combination treatment 
further reduced tumor cell proliferation com-
pared with evofosfamide-alone (P<0.05) or 
mTOR inhibitor-alone (P<0.05, Figure 3A-C). 
γH2AX foci formation was employed to evaluate 
the treatment-induced DNA damage. In the 
vehicle-treated xenograft tumor, few γH2AX 
positive cells were present and were mainly 
located near the necrotic regions. Similar to 
published results [24], evofosfamide monother-
apy significantly increased the percentage of 
γH2AX-positive cells which were evenly distrib-
uted throughout the tumor. mTOR inhibitor-
alone significantly induced DNA damage 
(P<0.05 vs. vehicle) as well, but to a less extent 
compared with evofosfamide monotherapy 

using TGI as a readout (97 and 95%, respec-
tively, Figure 1E). TGD1000 in DS combination 
group reached 32 days, and in CS group was 
24 days. In addition, all drug treatments were 
well tolerated, as no significant body weight 
loss was observed (Supplementary Figure 1). 

Evofosfamide reduces increased hypoxia in-
duced by mTOR inhibitors in RCC models

786-O or Caki-1 tumor-bearing animals were 
treated with vehicle, mTOR inhibitor alone, evo-
fosfamide alone, or evofosfamide in combina-
tion with mTOR inhibitor when the tumor size 
reached 300-500 mm3. Evofosfamide was 
given as a single dose of 150 mg/kg, ip, evero-
limus at 5 mg/kg, QDx8, po, in the 786-O xeno-
graft model, and temsirolimus at 20 mg/kg, 
QDx8, ip in the Caki-1 xenograft model. In the 
combination group, 4 hrs after the last dose of 
mTOR inhibitor evofosfamide 150 mg/kg was 
ip administered. The tissue harvest schedule is 
presented in Figure 2A. CD31 antibody was 
employed to label the endothelial cells of the 
blood vessels. As a defining feature of RCC, 
both 786-O and Caki-1 xenograft tumors were 
well-vascularized. 786-O had a higher microves-
sel density (MVD) in vehicle treated tumors 
compared to Caki-1 (13.3% vs. 8.5%). As mono-
therapy, everolimus or temsirolimus alone sig-
nificantly reduced intratumoral vasculature 
(Figure 2B-D) compared with vehicle treatment 
(P<0.05). Evofosfamide did not exhibit antian-
giogenic effects in the Caki-1 xenograft tumors, 
but reduced the MVD in the 786-O model. 
When tumors were treated with the combina-
tion therapy of evofosfamide and mTOR inhibi-
tor, there was no significant change on MVD 
compared with mTOR inhibitor monotherapy 
alone.

Consistent with the observed decrease of ves-
sel density, tumor hypoxia, detected by pimoni-
dazole immunostaining, was significantly inc- 
reased after mTOR inhibitor treatment (Figure 
2E-G). The hypoxic fraction (HF) in the vehicle-
treated 786-O xenograft tumors was only 2.3 ± 
0.8%. Evofosfamide alone did not change the 
hypoxia level with a resulting HF of 3.7 ± 1.3%. 
After 8 days treatment with everolimus, mor-
phometric analysis of the hypoxic compart-
ments showed that the HF was significantly 
increased to 6.3 ± 1.6% compared to vehicle 
treatment. When everolimus and evofosfamide 
were combined, the HF was decreased to 5.0 ± 
1.4%. In the Caki-1 model, a significant increase 
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treatment in both models. When the combina-
tion therapy was applied, compared with evo-

fosfamide monotherapy a significant increase 
of DNA damage cells was observed in the 

Figure 3. Effect of evofosfamide in combination with mTOR inhibitor on cell proliferation, DNA damage, and survivin 
expression. Everolimus and temsirolimus were used in the 786-O and Caki-1 xenografts, respectively. A. Represen-
tative images of Ki67 immunostaining, a marker of cell proliferation; B and C. Morphometric analysis of percent-
age of Ki67 positive cells inside the tumor; D. Representative images of γH2AX immunostaining, a marker of DNA 
damage; E and F. Morphometric analysis of percentage of γH2AX positive tumor cells; G. Representative images of 
survivin immunostaining; H and I. Morphometric analysis of percentage of survivin positive cells inside the tumor. J. 
Representative images of H. & E. Histology staining. *, P < 0.05 as compared to Vehicle. a, P < 0.05 as compared to 
mTOR inhibitor monotherapy; b, P < 0.05 as compared to evofosfamide monotherapy. Each bar represents Mean ± 
SEM of 5-8 animals per group. Evo, evofosfamide; mTORi, mTOR inhibitor; Eve, everolimus; and Tem, temsirolimus. 
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786-O xenograft tumors but not in Caki-1 xeno-
grafts (Figure 3D-F). Survivin functions as a cell 
cycle-regulated apoptosis inhibitor [32, 33]. A 
significant suppression of survivin level were 
observed after the monotherapy treatment 
(P<0.05 vs. vehicle). In both models, combina-
tion therapy further reduced the expression of 
survivin compared with vehicle or either mono-
therapy group (P<0.05, Figure 3G-I). Taken 
together, after the combination treatment, the 
necrotic fraction was enlarged with commonly 
observed focal hemorrhage, as showed by H & 
E histology staining (Figure 3J). 

Phosphorylated S6 ribosomal protein (pS6) 
expression was inhibited by mTOR inhibitors

Phosphorylated S6 ribosomal protein (pS6) is 
considered a reliable phospho-protein biomark-
er of mTOR activity [34]. As shown in Figure 4, 
pS6 is widely expressed in vehicle treated 

786-O and Caki-1 xenograft tumors. Four hours 
after mTOR inhibitor’s treatment, the expres-
sion of pS6 was significantly reduced (P<0.05 
vs. vehicle treatment). 72 hrs after evofos-
famide treatment, pS6 levels were not changed 
compared to the vehicle control in both models. 
Similar results were obtained on phospho-
mTOR expression, another biomarker of mTOR 
pathway [34] (Supplementary Figure S2).

Evofosfamide exhibits little additivity with 
mTOR inhibitors in in vitro cytotoxicity assays

Cells were incubated with either evofosfamide 
alone or combined with either everolimus or 
temsirolimus at the indicated concentration. 
IC10-20 of either everolimus or temsirolimus for 
each cell type was chosen for the combination 
study. As shown in Figure 5 and Table 2, evo-
fosfamide alone exhibited hypoxia selective- 
and concentration-dependent cytotoxicity. Ad- 

Figure 4. Effect of mTOR inhibitor on phosphorylated S6 ribosomal protein (pS6) expression. Everolimus and temsi-
rolimus were used in the 786-O and Caki-1 xenografts, respectively. A. Representative images of pS6 immunostain-
ing; B and C. Morphometric analysis of percentage of pS6 positive area inside the tumor. *, P < 0.05 as compared 
to Vehicle. a, P < 0.05 as compared to mTOR inhibitor monotherapy; b, P < 0.05 as compared to evofosfamide mono-
therapy. Each bar represents Mean ± SEM of 5-8 animals per group. Evo, evofosfamide; mTORi, mTOR inhibitor; Eve, 
everolimus; and Tem, temsirolimus. 



Evofosfamide and mTOR inhibitors

2150 Am J Cancer Res 2015;5(7):2139-2155

dition of either everolimus or temsirolimus did 
not significantly change evofosfamide-mediat-
ed cytotoxicity in both cell types with either 
mTOR inhibitor.

Discussion

In this study we demonstrated the antitumor 
effect of combining evofosfamide, a hypoxia-
activated prodrug, and mTOR inhibitors in pre-
clinical models of RCC. mTOR inhibitors have 
antiangiogenic effects, and as observed in 
many preclinical studies the use of antiangio-
genic agents usually leads to an increase of 
intratumoral hypoxia [11, 12, 35]. Evofosfamide 
exhibits hypoxia-selective cytotoxic activity in 
both in vivo and in vitro settings. This provides 
a basis for mechanism-based combination 
therapy of evofosfamide combined with mTOR 
inhibitor in the preclinical studies to support 
the potential clinical evaluation of the combi- 
nation. 

We employed two RCC cell line models, 786-O 
(VHL-/- PTEN-/-) and Caki-1 (VHL+/+ PTEN+/+), in 
the study. The major consequence of loss-of-
function VHL is continuous activation of HIF-1α, 
resulting in increased angiogenesis and cell 
growth, and adaption to low-oxygen, low-pH, 
and low-nutrient environments [36, 37]. 
Similarly, loss of PTEN increases cell survival in 
adverse tumor microenvironments and stimu-
lates angiogenic gene expression as well as 
other essential genes required to survive under 
low oxygen conditions [38]. As expected, the 
VHL-/-, PTEN -/- 786-O cell line yielded higher 
level of angiogenesis and lower tumor hypoxia 
levels compared to the VHL+/+ and PTEN+/+ Caki-
1 as characterized by CD31 and pimonidazole 
immunostaining, respectively. In addition, 
PTEN-deficient cells are sensitive to growth 
inhibition by pharmacologic mTOR blockade 
[39]. In this study, at the same dose and regi-
men, temsirolimus yielded superior tumor 
growth inhibition in 786-O xenografts com-

Figure 5. In vitro cytotoxicity of evofosfamide in combination with everolimus or temsirolimus in 786-O and Caki-1 
RCC cells. A. Treatment schedule and experiment design. B and C. Evofosfamide alone, or combined with everoli-
mus in 786-O and Caki-1 cells under either air (21% O2) or hypoxia (N2), respectively; D and E. Evofosfamide alone, 
or combined with temsirolimus in 786-O and Caki-1 cells under either air (21% O2) or hypoxia (N2). The viable cells 
were detected using AlamarBlue and quantified with microspectrofluorometry. The data are the representative of 
two independent experiments. Evo, evofosfamide; Eve, everolimus; and Tem, temsirolimus.
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pared to Caki-1 xenografts. On the other hand, 
as a monotherapy, evofosfamide exhibited bet-
ter antitumor activity in Caki-1 xenografts due 
to their higher hypoxic fraction compared to 
786-O xenografts. However, regardless of 
which model was profiled, the combination of 
evofosfamide and an mTOR inhibitor exhibited 
an enhanced antitumor activity compared to 
the monotherapy regimens. It might suggest 
this combination approach may be effective 
independent of VHL or PTEN status.

Our data suggests that inhibition of angiogene-
sis by mTOR inhibitors play a key role in the 
enhanced activity observed by combination 
treatment with evofosfamide in xenograft RCC 
models. Two different treatment schedules 
were used in the present study, the Concurrent 
Schedule in which evofosfamide and mTOR 
inhibitor treatment started on the same day; 
and the Delayed Schedule in which evofos-
famide treatment started seven days after 
mTOR inhibitor treatment started. In all three 
studies, including two models, 786-O and Caki-
1, and two mTOR inhibitors, everolimus and 
temsirolimus, Concurrent Schedule and De- 
layed Schedule yielded very similar combina-
tion efficacy profiles. It appears that the specif-
ic schedule had little effect on the resulting 
antitumor activity. However, in Delayed Sch- 
edule the treatment period of evofosfamide 
was only 2 weeks compared with 3 weeks in 
Concurrent Schedule, and the total exposure of 
evofosfamide in Delayed Schedule was only 
2/3 of that in Concurrent Schedule (500 mg/kg 
vs. 750 mg/kg). Body weight change, as a safe-
ty readout, indicated that the treated animals 
well-tolerated the combination regimens. Con- 
current Schedule resulted in slightly more body 

weight loss compared to Delayed Schedule, but 
no statistical difference was observed. It is 
important to note that the significant difference 
between Concurrent Schedule and Delayed 
Schedule is that at the time when evofosfamide 
treatment was initiated. The latter regimen is 
accompanied with a higher level of intratumoral 
hypoxia induced by an mTOR inhibitor. 

An antiangiogenic effect of mTOR inhibitors 
leads to increased hypoxia was observed in the 
present study by pimonidazole immunohisto-
chemistry. On one hand, increased hypoxia is 
associated with the treatment failure, a more 
aggressive, invasive, metastatic phenotype 
and is one of the mechanisms of resistance to 
mTOR inhibitors [40]; on the other hand, inc- 
reased hypoxia could provide an increased acti-
vation of the hypoxia-activated prodrug evofos-
famide in the combination setting. Intere- 
stingly, evofosfamide exhibited a different 
activity pattern in the Caki-1 xenograft model 
compared to the 786-O xenograft model. In the 
Caki-1 xenograft, evofosfamide significantly 
reduced the hypoxic fraction, as observed pre-
viously in other xenograft models profiled [24]. 
But in the 786-O xenograft model, evofos-
famide did not change the volume of the hypox-
ic fraction, and even showed a trend leading to 
an increase in hypoxic fraction. This latter 
observation may be related to the significantly 
decreased microvessel density observed after 
evofosfamide treatment in the 786-O xenograft 
model as characterized by CD31 staining. 
Evofosfamide may have interfered with hypox-
ia-induced HIF-1α-dependent pathways such 
as VEGF-related angiogenesis leading to subse-
quent decreased blood vessel density [41]. 
Alternatively, the effect of evofosfamide on 
tumor vasculature may exhibit xenograft model 
specific-dependency. It has been previously 
shown that tirapazamine, also a hypoxia-acti-
vated prodrug, causes extensive central vascu-
lar dysfunction in the HCT-116 xenograft tumors 
within 24 hours of dosing [42]. The mecha-
nisms underlying these distinct responses 
between the models remain unclear. However, 
in both models we studied, evofosfamide con-
sistently reduced the tumor hypoxia induced by 
mTOR inhibitor, as seen in the combination 
group. The hypoxia selective targeting of evo-
fosfamide is further supported by the sched-
ule-dependent enhanced antitumor activity 
with the combination treatment.

Table 2. Summary of IC50 of evofosfamide alone, 
everolimus or temsirolimus alone, or in combina-
tion in 786-O and Caki-1 cells

786-O Caki-1

Normoxia 
(21% O2)

Hypoxia 
(N2)

Normoxia 
(21% O2)

Hypoxia 
(N2)

IC50 (µM) IC50 (µM) IC50 (µM) IC50 (µM)

Evofosfamide 84 2.5 63 0.5
Everolimus 81 48
Temsirolimus 18 16
Evo + Eve 140 11 71 0.4
Evo + Tem 150 2.8 120 3.9
Evo, evofosfamide; Eve, everolimus; Tem, temsirolimus.
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Both mTOR inhibitors and evofosfamide have 
been reported to induce cell cycle arrest [23, 
43-45]. This anti-proliferative effect of mTOR 
inhibitors may be attributed to their ability to 
down-regulate synthesis of essential cell cycle 
proteins, including Cyclin D1, HIF-1α, and c-Myc 
[43, 44]. Evofosfamide causes cell-cycle arrest 
in a concentration-dependent and hypoxia-
selective manner [23, 45]. Consistent with 
these reports, both types of agents reduce 
tumor cell proliferation as monotherapies in 
the RCC xenograft models. When evofosfamide 
was added to mTOR inhibitors, the number of 
proliferating cells, detected by Ki67 staining, 
was significantly decreased, suggesting an 
additive cytostatic effect. On the other hand, 
γH2AX staining, a marker of DNA damage, was 
significantly increased by the combination 
treatment in both models, consistent with the 
additive cytotoxic effect observed with the 
combination regimens. In addition, the mTOR 
inhibitors may sensitize tumor cells to the DNA 
alkylating agent treatment as reported previ-
ously for other alkylator combinations [6, 20, 
21]. Survivin is a member of the inhibitor of 
apoptosis protein (IAP) family that is selectively 
overexpressed in most common types of 
human cancers, and has been implicated in the 
control of cell division, inhibition of apoptosis, 
and tumor cell resistance to chemotherapy [32, 
33]. The present results showed that co-treat-
ment of evofosfamide and mTOR inhibitors 
resulted in a significant reduction in survivin 
levels compared to the effect of either single 
agent. Similar to levels of tumor hypoxia, sur-
vivin is also an unfavorable prognostic marker 
correlating with decreased overall survival in 
many malignancies, including RCC [46]. We 
hypothesize that patients treated with the com-
bination of evofosfamide and an mTOR inhibitor 
may yield a more favorable outcome than treat-
ment with either agent alone. The enhanced 
DNA damage and apoptosis after the combina-
tion regimen observed in the study is consis-
tent with a mechanistic basis for the comple-
mentarity of the two agents.

Another mechanism for mTOR inhibitors inhibi-
tion on tumor growth is by reducing bioenerget-
ic efficiency [5]. Cancer cells primarily rely on 
glycolysis to provide ATP for sustained growth. 
mTOR increases expression of amino acid and 
glucose transporters. Here we showed that 
everolimus significantly decreased the level of 

the Glut-1 glucose transporter in the 786-O 
xenograft model, however temsirolimus did not 
change Glut-1 levels in the Caki-1 xenograft 
model. Glut-1 is often considered as an endog-
enous hypoxia biomarker; however, the dec- 
rease of Glut-1 expression by everolimus treat-
ment is not consistent with the increased pimo-
nidazole positivity. It might suggest that the 
decreased Glut-1 expression is not due to 
changes in oxygen levels or tumor hypoxia but 
points to a metabolism inhibitor effect linked to 
mTOR inhibition. Similar finding was reported by 
Preze et al. in a syngeneic rat chondrosarcoma 
model [47]. Conversely, evofosfamide signifi-
cantly reduced Glut-1 expression in the Caki-1 
model. This latter result might be related to the 
selective hypoxic cell cytotoxicity mediated by 
evofosfamide, given that Glut-1 is upregulated 
by hypoxia-induced HIF-1 transcription factor 
[48]. Correspondingly, significant reduction in 
Glut-1 expression was observed after the com-
bination treatments in both models. 

Cell-based in vitro studies employing the same 
two cell lines 786-O and Caki-1 did not show 
any enhanced cytostatic or cytotoxic activity 
when evofosfamide was combined with everoli-
mus or temsirolimus. The lack of concordance 
between in vivo and in vitro models was also 
observed in other studies when everolimus was 
combined with a series of cytotoxic antitumor 
agents by O’Reily and colleagues [20]. The com-
bination mechanisms may be multi-factorial 
and complex in this setting, which may include 
cell intrinsic effects, such as increased DNA 
damage, increased apoptosis, or effects that 
require the tumor microenvironment, for 
instance, inhibition of tumor hypoxia. But the 
lack of in vitro combination activity may sug-
gest the complementary pharmacological 
effects observed in the xenograft model setting 
are at the tumor microenvironmental level rath-
er than cell autonomous effects.

Ribosomal protein S6 is a major downstream 
target and effector of the mTOR pathway and is 
considered the most reliable phospho protein 
marker for mTOR activities [34]. Following acti-
vation by the ribosomal protein S6 kinase, 
phosphorylated pS6 (pS6) participates in the 
regulation of cell proliferation, cell growth, and 
protein synthesis [49]. In the present study, 
mTOR inhibitors caused a striking inhibition of 
phosphorylated S6 ribosomal protein expres-
sion, while evofosfamide treatment did not 
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change pS6 expression. This result might sug-
gest a minimal effect of evofosfamide on mTOR 
signaling. 

In summary, our findings demonstrate that evo-
fosfamide in combination with mTOR inhibitor 
exhibits antitumor activity in preclinical RCC 
models. The additive effect is consistent with 
the mTOR inhibition increasing the tumor hypox-
ic fraction, and evofosfamide’s selective target-
ing of the hypoxic compartment. The combina-
tion efficacy profile may also be due to the com-
bined anti-proliferative, cytostatic, and cytotox-
ic activity of the agents. These observations 
provide a translational rationale for the design 
of clinical trials to evaluate the efficacy and 
safety profile of evofosfamide in combination 
with mTOR inhibitors in RCC.
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Supplementary Figure 1. Body weight change of evofosfamide in combination with mTOR inhibitors in the 786-O 
and Caki-1 xenograft model. Combination treatment in Concurrent Schedule and Delayed Schedule was tested. 
Animals were monitored daily and body weight change were quantified twice a week. Data are expressed as Mean 
± SEM of 10 animals per group. Evo, evofosfamide; Eve, everolimus; Tem, temsirolimus; CS, Concurrent Schedule; 
and DS, Delayed Schedule. 

Supplementary Figure 2. Effect of mTOR inhibitor on phosphorylated mTOR protein (p-mTOR) expression detected 
by p-mTOR protein immunostaining. Rabbit polyclonal p-mTOR protein (Cell Signaling, 1:10) was used as a primary 
antibody. Everolimus and temsirolimus were used in the 786-O and Caki-1 xenografts, respectively. Evo, evofos-
famide; and mTORi, mTOR inhibitor.


