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Blockade of inhibitors of apoptosis (IAPs) in combination with
tumor-targeted delivery of tumor necrosis factor-a leads to
synergistic antitumor activity
Z Yuan1, G Syrkin1, A Adem1, R Geha1, J Pastoriza1, C Vrikshajanani1, T Smith2, TJ Quinn1, G Alemu1, H Cho1, CJ Barrett1, W Arap2,
R Pasqualini2 and SK Libutti1

In the current study, we examined whether the combination of tumor vasculature-targeted gene therapy with adeno-associated
virus bacteriophage-tumor necrosis factor-a (AAVP-TNF-a) and/or the orally administered LCL161, an antagonist of inhibitors of
apoptosis proteins (IAPs), enhanced antitumor efficacy without systemic toxicity. M21 human melanoma xenografts were grown
subcutaneously in nude mice. Mice were treated according to one of four treatment regimens: AAVP-TNF-a alone (AAVP-TNF-a plus
sodium acetate-acetic acid (NaAc) buffer) via tail vein injection; LCL161 alone (phosphate-buffered saline (PBS) plus LCL161) via oral
gavage; AAVP-TNF-a plus LCL161; and PBS plus NaAc Buffer as a control group. Tumor volume, survival and toxicity were analyzed.
AAVP trafficking and TNF-a production in vivo were detected on days 7 and 21 by real-time PCR, enzyme-linked immunosorbent
assay and immunofluorescence. The levels of apoptosis and activation of caspases were assessed on days 7 and 21 by TUNEL
(terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling) and immunofluorescence assays. Our results showed that
the combination of AAVP-TNF-a and LCL161 significantly inhibited tumor growth and prolonged survival in mice with melanoma
xenografts. The combination of AAVP-TNF-a and LCL161 was also significantly more effective than either agent alone, showing a
synergistic effect without systemic toxicity.
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INTRODUCTION
Systemically delivered therapies often have significant unwanted
side effects because of their indiscriminant activity on both
neoplastic and normal tissue. Targeted therapy, whether for a
specific tissue type or pathway, is indicated as a strategy for
cancer treatment because it theoretically delivers the anticancer
agent directly to the site of the tumor. Recently, we have been
developing hybrid bacteriophages (phage) based on prokaryotic
viruses that represent a promising vector strategy for the delivery
of therapeutic transgenes.1–3 Systemic administration of
bacteriophages has been shown to be an effective therapy for
antibiotic-resistant septicemia in patients,4 and can be safely used
in immunocompromised patients without significant toxicity.5

Tumor necrosis factor-a (TNF-a) is a cytokine that affects tumor
cells and the tumor microenvironment. Several clinical trials have
been performed to investigate the efficacy of TNF-a in treating
patients with cancer.6–13 However, systemic administration of
TNF-a as an anticancer agent at therapeutic doses is limited by
the severe systemic side effects, such as hypotension and
organ failure.14 To avoid the side effects caused by the systemic
administration of TNF-a, we previously developed a novel vector,
RGD-AAVP-TNF-a,6,15 to target TNF-a directly to the tumor. This
system incorporates an adeno-associated virus bacteriophage
(AAVP) vector engineered to selectively target tumor-associated

vasculature by expression of an RGD (arginine–glycine–aspartic
acid) amino-acid motif (termed RGD-4C) on its surface.16–18 This
motif binds to the ligand avb3, an integrin often found to be
overexpressed on tumor vascular endothelium.16–18 Thus, RGD-
AAVP-TNF-a can be administered systemically but delivers its gene
product specifically to the tumor vasculature, thereby avoiding
systemic toxicity. After intravenous administration in animal
models, RGD-AAVP-TNF-a was found in tumor-associated blood
vessels, but not in healthy tissues. Furthermore, sustained
expression of TNF-a was detected only in tumor tissue; the
exposure of normal tissue beds during a therapeutic response
was therefore minimized.19,20 Although this previous work
demonstrated selected targeting of TNF-a using RGD-AAVP
vector, there was only a relatively modest effect on tumor
growth and survival.19,20 An important aspect of TNF-a activity is
its induction of apoptosis in both tumor and endothelial cells. We
therefore questioned whether the TNF-a response we observed
could be augmented by agents that enhance apoptosis. Our
strategy was to combine targeted expression of TNF-a with other
proteins that could enhance these pro-apoptotic effects.
The inhibitor of apoptosis proteins (IAPs) are a family of proteins

that inhibit caspases and thereby regulate apoptosis.21,22 Smac
(second mitochondria-derived activator of caspases) is a pro-
apoptosis mitochondrial protein that is released into the cytosol
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upon an apoptotic stimuli and binds to the IAPs.23,24 Smac and
Smac mimetics can induce proteasomal degradation of cellular
IAPs (cIAPs), resulting in increased apoptosis.23,24 LCL161 is an
orally bioavailable mimetic of Smac that binds to and mediates
the degradation of several IAPs (XIAP, c IAP1 and c IAP2) and
induces apoptosis via caspase activation.25 The high-affinity
binding of LCL161 to IAPs and their subsequent destruction
results in the activation of noncanonical nuclear factor-kB
signaling, and a subsequent increase in TNF-a production and
autocrine stimulation of TNF receptor 1 and further induction of
caspase 9.26-30 Recently, XIAP, c IAP1 and c IAP2 were reported to
be elevated in many cancers, with subsequent resistance to the
induction of apoptosis by TNF-a.31,32 We therefore hypothesized
that the combination of this Smac mimetic, LCL161, with our
tumor-targeted TNF-a biotherapeutic agent would lead to
enhanced apoptosis in tumor cells and tumor-associated vascula-
ture, along with reduced toxicity and the delay or prevention of
the development of resistance in a mouse xenograft model of
human melanoma. We also examined the effects of this com-
bination on cellular apoptosis and proliferation.

MATERIALS AND METHODS
Cell culture
The M21 human melanoma cell line was purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA) and grown at 37 1C as a
monolayer culture with RPMI-1640 medium containing 10% fetal bovine
serum, 100Uml� 1 penicillin G and 100mgml� 1 streptomycin.17

M21 xenograft mouse experiments
All animal experiments were conducted according to protocols approved
by the Animal Institute of Albert Einstein College of Medicine (Bronx, NY,
USA). Female, 6-week-old nude mice were purchased from Jackson
Laboratories (Bar Harbor, ME, USA). M21 human melanoma cells (4� 106)
were implanted subcutaneously into the right flank. At 2 weeks after
implantation, tumor volumes (mm3) were measured in three dimensions
and were calculated as length�width�height� 0.52. When tumor
volumes reached B100–150mm3, the mice were assigned to groups
such that the average tumor size was equivalent in each group.

Treatment of M21 xenografts with AAVP-TNF-a and LCL161
RGD-AAVP-TNF-a was constructed, purified and quantified as described in
our published protocols.19,20 LCL161 was provided as part of a
collaboration with NOVARTIS Pharmaceutical Corporation (Boston, MA,
USA). At 2 weeks after tumor cell implantation, mice were treated
according to two protocols.
The first protocol evaluated the effects of therapy on the inhibition of

tumor growth and on animal survival: 26 M21 xenografted mice were
assigned to four groups: (1) Control group (N¼ 8) received phosphate-
buffered saline (PBS) by tail vein injection weekly (Monday (M)) and
received sodium acetate-acetic acid (NaAc) Buffer control by gavage daily
(Monday–Friday (M–F)); (2) AAVP-TNF-a group (N¼ 4) received AAVP-TNF-
a by tail vein injection weekly (M) and was gavaged with NaAc Buffer daily
(M–F); (3) LCL161 group (N¼ 7) received PBS by tail vein injection weekly
(M) and received LCL161 daily (M–F) by gavage; and (4) Combination
AAVP-TNF-a plus LCL161 group (N¼ 7) received AAVP-TNF-a weekly (M) by
tail vein injection and LCL161 daily (M–F) by gavage. All mice were treated
for two cycles (Supplementary Table S1 and Supplementary Figure S1). In
each cycle, 1� 1011 AAVP particles (or PBS control) were administered
intravenously into the tail vein weekly, and 100mg kg� 1 LCL161 (or NaAc
Buffer control) was administered by gavage daily for 4 weeks. In the
LCL161 treatment groups, we maintained LCL161 at a dose of
100mgkg� 1 daily (M–F).
The second protocol was designed to examine vector trafficking, gene

expression and activation of apoptotic pathways: 24 M21 xenografted mice
were assigned to four groups: (1) Control group (N¼ 6) received PBS
weekly by tail vein injection (M) and NaAc Buffer daily (M–F) for 7 days
(N¼ 3) or 21 days (N¼ 3); (2) AAVP-TNF-a group (N¼ 6) received AAVP-
TNF-a by tail vein weekly (M) and NaAc Buffer daily (M–F) by gavage for 7
days (N¼ 3) or 21 days (N¼ 3); (3) LCL161 group (N¼ 6) received PBS
weekly by tail vein injection (M) and LCL161 daily (M–F) by gavage for

7 days (N¼ 3) or 21 days (N¼ 3); and (4) Combination AAVP-TNF-a plus
LCL161 group (N¼ 6) received AAVP-TNF-a weekly (M) by tail vein
injection and LCL161 daily (M–F) by gavage for 7 days (N¼ 3) or 21 days
(N¼ 3). Animals were killed at the established time intervals
(Supplementary Table S2). Resected tumor tissues and normal tissues
(liver, kidney, heart, spleen and skeletal muscle) were flash-frozen and
stored at � 80 1C. Formalin-fixed tissue was paraffin embedded for further
analysis. Peripheral blood was also collected from all animals at days 0, 7
and 21.

Tumor size and survival analysis
We defined tumor growth as an increase in tumor volume, measured in a
blinded fashion for average diameter before, during and after treatment.
Tumor volume was calculated according to the equation: tumor size¼
length�width� height� 0.52.19,20 The treatment resistance response was
analyzed after a total of two cycles. We followed the survival time in each
group during and after treatment, and we calculated the average tumor-
specific survival rate and tumor-free survival rate for each group.

Toxicity assay
We assessed toxicity in each group in vivo by analysis of body mass,
feeding status and mobility. All mice were weighed once per week.

Analysis of drug combined effects
Drug synergy was analyzed and quantified by the drug combination-index
(CI) methods using CalcuSyn software (Biosoft, Ferguson, MO, USA).33 The
CI method is a mathematical and quantitative representation of a two-drug
pharmacologic interaction.33 We used the drug dose for AAVP-TNF-a and
LCL161 from our tumor growth inhibition experiments and, using the
CalcuSyn software, we generated CI values over a range of fraction levels
(Fa) from 0.05 to 0.90 (5–90% growth inhibition). A CI of 1 indicates an
additive effect between AAVP-TNF-a and LCL161, whereas a CI of o1
indicates the presence of synergistic activity.

The in vivo AAVP trafficking detection by immmunofluorescence
assay (IF) with anti-filamentous single-stranded DNA
bacteriophage
For detection of AAVP, 5 mM-thick paraffin sections from the resected tumor
tissues and normal tissues (liver, kidney, heart, spleen and skeletal muscle)
were stained by dual IF.19,20 The sections were incubated overnight at 4 1C
in a 1:1000 dilution of rabbit anti-filamentous single-stranded DNA
bacteriophage antibody (Sigma Chemical Company, St Louis, MO, USA)
and a concentration of 10 ngml� 1 of antigen affinity-purified rat anti-
mouse CD31 antibody (BD Biosciences, San Jose, CA, USA).19,20 Slides were
next incubated with the secondary antibodies (1:200 dilutions each of goat
anti-rabbit Alexa Fluor 647 and goat anti-rat Alexa Fluor 488; Invitrogen,
Grand Island, NY, USA) for 45min in the dark.19,20 The slides were mounted
in Vectashield mounting medium with 4,6-diamidino-2-phenylinodole
(DAPI; Vector Laboratories, Burlingame, CA, USA). Images were taken using
a fluorescence microscope with camera.

The in vivo AAVP-mediated TNF-a transcription detection by
real-time PCR
Human TNF-a mRNA was measured by reverse-transcriptase-PCR (RT-PCR)
with primer-probe sequences unique to human TNF-a inserted into RGD-A-
TNF-a. Total RNA was extracted from frozen tumor and normal tissues
(liver, kidney, heart, spleen and skeletal muscle) with RNeasy total RNA
kit (Qiagen, Valencia, CA, USA). First-strand complementary DNAs were
generated from the total RNA, and quantitative RT-PCR was performed.
PCR products were measured as fluorescent signal intensity after
standardization with a glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) internal control. The following sense and antisense primers and
probes for human TNF-a were used: sense primer: 50-TTCAGCTCTG-
CATCGTTTTG-30 ; antisense primer: 50-CTCAGCTTGAGGGTTTGCTACA-30 , and
Probe 50-FAM-TTCTCTTGGCGTCA GATCATCTTCTCGAAC-TAMARA-30 .20

The in vivo AAVP-mediated TNF-a expression by an enzyme-linked
immunosorbent assay (ELISA)
Levels of human TNF-a were assessed by ELISA.19,20 Total cell lysates from
peripheral blood, frozen tumor tissues and frozen normal tissues (liver,
kidney, heart, spleen and skeletal muscle) were prepared in lysis buffer.19
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The amount of protein was quantified using protein assay reagent
(Bio-Rad, Hercules, CA, USA). Total protein (100mg) was assayed for human
TNF-a by ELISA (Biosource, San Francisco, CA, USA).19,20

Measurement of apoptotic cells in tumor tissues by terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL) assay
We assessed the apoptotic status in tumor tissues from control and treated
mice at days 7 and 21 by TUNEL assay with an In Situ Cell Death Detection
Kit (Roche Diagnostic, Indianapolis, IN, USA). The tissue sections were
treated with proteinase K (10mgml� 1) for 20min. The sections were next
washed twice with PBS, labeled and stained with the TUNEL reaction
mixture (label plus enzyme solutions) for 60min at 37 1C and washed twice
with PBS. The slides were mounted in Vectashield mounting medium with
DAPI (Vector Laboratories). The apoptotic fluorescent cells were counted
under a fluorescent microscope, and the numbers were expressed as
the percentage of total cells±s.d. A negative control without enzyme
treatment and a positive control with DNase I treatment were also
performed.

Measurement of the cIAP1 and cIAP2 mRNA expression by
real-time RT-PCR
We assessed the mRNA expression levels of cIAP1 and cIAP2 in tumor
tissues from control and treated mice groups at days 7 and 21 by real-time
RT-PCR. The RT-PCR products were measured as fluorescent signal intensity
after standardization with a GAPDH internal control. The following primers
for cIAP1 and cIAP2 were used: sense primer for cIAP1: 50-TGACTGGCAGG
CAGAAATGA-30 ; antisense primer for cIAP1: 50-TTTGCCCGTTGAATCCGAT-30 ;
sense primer for cIAP2: 50-TTCAGTAAATGCCGCGAAGAT-30 ; antisense
primer for cIAP2: 50-TGGTTTGCATGTGCACTGGT-3.

Measurement of the activity of caspase 3 and caspase 9 by IF
We measured the activity of pro-apoptotic pathway components (caspase
3 and caspase 9) in the tumor tissues from control and treated mice at days
7 and 21. The sections were incubated with a concentration of 10 ngml� 1

of rat anti-mouse CD31 and a concentration of 2.5 ngml� 1 of rabbit anti-
caspase 3 or anti-caspase 9 antibodies (BD Biosciences), respectively,
overnight at 4 1C. These antibodies are only able to recognize the active
forms of caspase 3 and caspase 9. Sections were further incubated with a
1:200 dilution of anti-rabbit Alexa Fluor 647 and goat anti-rat Alexa Fluor
488 secondary antibodies for 45min in the dark. The slides were mounted
in Vectashield mounting medium with DAPI (Vector Laboratories).
Fluorescent cells were counted under a fluorescence microscope, and
the numbers were expressed as the percentage of total cells±s.d. A
negative control without primary antibody was also performed.

Assessment of cell proliferation by IF
We measured cell proliferation in tumor tissues from control and treated
mice using proliferating cell nuclear antigen (PCNA). Staining for PCNA on
sections was performed in the same manner and used to detect caspase 3
and caspase 9. Rabbit anti-PCNA antibody source (BD Biosciences) was
incubated at a concentration of 4 ngml� 1 overnight at 4 1C. Fluorescent
cells were counted under a fluorescence microscope, and the numbers
were expressed as the percentage of total cells±s.d. A negative control
without primary antibody was also performed.

Power calculation and statistical analysis
We used a s.d. of 200mm and a mean difference between control and
treatment groups of 400mm for tumor volume for the calculation of power
based on the two-sided, two-sample Student’s t-test. Using Po0.05, we
observed that n¼ 3 mice per group were adequate to achieve a power
(1-b) of 90%. The statistical analysis was also conducted to determine
significant differences among groups under study, with respect to tumor-
specific survival rate, tumor-free survival rate, tumor size, TNF-a expression
and apoptotic status and its components. All groups were compared using
analyses of variance and Tukey’s comparison post-tests (GraphPad Instat
software, La Jolla, CA, USA). The P-values of o0.05 were considered
statistically significant.

RESULTS
AAVP-TNF-a plus LCL161 enhances the inhibition of tumor growth
and delays development of treatment resistance
Tumor volumes in each group were measured and the average
diameter was calculated before, during and after treatment. Serial
blinded measurements (during and after treatment) of tumor
volumes were taken for 120 days (Figure 1 and Supplementary
Table S3). The initial tumor volumes (day 0) for all mice from each
group were B115±24 mm3. The reduction in tumor volume in
the group receiving AAVP-TNF-a plus LCL161 when compared
with the other three groups was statistically significant by day
10 after treatment (P¼ 0.0001). The AAVP-TNF-a plus LCL161
treatment group had a mean (±s.d.) tumor volume of
235.31±97.00mm3; the AAVP-TNF-a treatment group had a
mean tumor volume of 388.85±188.76mm3; the LCL161 treat-
ment group had a mean tumor volume of 673.94±118.20mm3;
and the control group had a mean tumor volume of
812.98±324.58mm3 (Figure 1 and Supplementary Table S3)
(day 10). Thus, tumor growth in the AAVP-TNF-a plus LCL161
treatment group was rapidly inhibited in comparison with that of
the AAVP-TNF-a-alone treatment group, the LCL161-alone treat-
ment group and control group (Figure 1 and Supplementary Table
S3). Antitumor activity was also seen in mice receiving either
AAVP-TNF-a alone or LCL161 alone; however, the magnitude of
the effect was significantly less than that associated with the
combination of the agents (Figure 1 and Supplementary Table S3).
In addition, mice in the group receiving combination therapy
showed regression of tumors from their baseline measurements
and a complete tumor-free response was seen in 3 of the 6 mice
(Figure 1). Although the mice receiving either AAVP-TNF-a alone
or LCL161 alone exhibited a decrease in the rate of tumor growth,
neither group showed evidence of tumor regression (Figure 1).
The development of treatment resistance was analyzed after

two cycles of treatment. Tumor growth in the mice receiving
the combination of AAVP-TNF-a and LCL161 continued to be
inhibited at a B71% reduction (from 175.96 ±173.48mm3 to
51.18±66.05mm3) in the final tumor volumes in the second cycle
(Supplementary Table S3). In contrast, tumor growth in animals
receiving AAVP-TNF-a alone was not inhibited (from 1306.42 to
1699.34mm3) in the second cycle (Supplementary Table S3). There
were no live mice in the LCL161-alone treatment group or the
control group after the first cycle. Thus, the combination of AAVP-
TNF-a plus LCL161 can prevent or delay the development of
resistance to treatment, because a repeat cycle again resulted in
tumor responses (Figure 1 and Supplementary Table S3).

Figure 1. Inhibition of M21 human melanoma xenografts in nude
mice treated with targeted adeno-associated virus bacteriophage-
tumor necrosis factor-a (AAVP-TNF-a) and/or LCL161. Tumor growth
inhibition in all four groups with AAVP-TNF-a plus LCL161; AAVP-
TNF-a plus sodium acetate-acetic acid (NaAc) Buffer; phosphate-
buffered saline (PBS) plus LCL161; and PBS plus NaAC Buffer
treatment from days 0 to 90. a: All mice dead in the control group; b:
all mice dead in the PBS plus LCL161 group.
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Treatment with AAVP-TNF-a plus LCL161 prolonged survival in
nude mice with human melanoma xenografts
We compared tumor-specific survival and tumor progression-free
survival on day 120 in each group. The tumor-specific survival
rate was statistically significant among groups (Po0.0001), 100%
for the AAVP-TNF-a plus LCL161 treatment group, 25% for the
AAVP-TNF-a-alone treatment group, 0% for the LCL161-alone
treatment group and 0% for the control group (Figure 2a).
One mouse with a small tumor was killed at day 82 in the
combination treatment group for a skin infection often seen in
nude mice. The necropsy confirmed the cause of death was ‘scaly
skin’ disease and not tumor progression. The median survival time
was day 59 for the AAVP-TNF-a-alone treatment group, day 45 for
the LCL161-alone treatment group and day 31 for the control
group (Figure 2a). The combination group did not reach median
survival.
The tumor-free complete response rate on day 120 was 50% for

the AAVP-TNF-a plus LCL161 treatment group, and was 0% for the
AAVP-TNF-a-alone treatment group, the LCL161-alone treatment
group and the control group (Po0.0001; Figure 2b).

Doses of AAVP-TNF-a alone, LCL161 alone and AAVP-TNF-a plus
LCL161 did not increase systemic toxicity
We assessed for toxicity in each group by examining their body
mass, eating status and mobility. The mice tolerated AAVP-TNF-a
and/or LCL161 treatment as demonstrated by no changes in any
of these parameters among the four groups (data not shown).

Synergistic effect of AAVP-TNF-a and LCL161 in M21 xenografted
nude mice
The additive or potentially synergistic activity of AAVP-TNF-a and
LCL161 was evaluated and quantified with CalcuSyn Software,
which is a mathematical and quantitative representation of a two-
drug pharmacologic interaction.33,34 The software generates a CI,
where a CI of 1 indicates an additive effect and a CI of o1
indicates the presence of synergistic activity. We used the drug
dose for AAVP-TNF-a and LCL161 from our tumor growth
inhibition experiments and generated CI values over a range of
fraction levels (Fa) from 0.05 to 0.90 (5–90% growth inhibition).
Synergistic activity of AAVP-TNF-a and LCL161 was observed that
resulted in combination indices under 0.8 at a fractional effect of
0.5 (50% tumor cell killing) and under 0.5 at a fractional effect of
0.75 (75% tumor cell killing; Figure 3). Thus, AAVP-TNF-a and
LCL161 act synergistically, with CI values o1 as determined with
CalcuSyn Software.

AAVP-specific trafficking to tumor vasculature, but not to normal
vasculature and normal tissues
The tumor tissues and normal tissues (heart, spleen, kidney, liver
and muscle) from each group were removed on days 7 and 21
after treatment. The presence of AAVP particles was determined
by IF. As expected, on days 7 and 21, AAVP particles were localized
to the tumor-associated vasculature only in mice treated with
AAVP-TNF-a (Figures 4a and c). Furthermore, AAVP particles were
not observed in any normal tissue vasculature (Figures 4b and d),
consistent with our previously reported results.19,20

AAVP-mediated TNF-a expression in tumor tissues
On days 7 and 21, the levels of TNF-a mRNA were significantly
increased in tumor tissues from groups treated with targeted
AAVP-TNF-a in comparison with groups lacking AAVP-TNF-a
treatment (Po0.01 or 0.001; Figures 5a-1 and a-2). We also
quantified TNF-a mRNA levels in normal tissues after treatment
with AAVP-TNF-a (Figures 5b-1, b-2, c-1 and c-2). Consistent with
the localization of AAVP, TNF-a was not detected in normal tissues
from mice receiving targeted AAVP-TNF-a.
We also measured levels of TNF-a protein in peripheral blood,

tumor and normal tissues by ELISA at days 7 and 21. Consistent
with the RT-PCR results, mice receiving targeted AAVP-TNF-a
exhibited significantly increased expression of TNF-a in tumor
tissues in comparison with those mice not receiving AAVP-TNF-a
(Po0.001; Figures 6a-1 and a-2), but not in peripheral blood and

Figure 2. Survival time of mice treated with adeno-associated virus bacteriophage-tumor necrosis factor-a (AAVP-TNF-a) and LCL161.
(a) Kaplan–Meier survival curve. The mice were treated with AAVP-TNF-a plus LCL161; AAVP-TNF-a plus sodium acetate-acetic acid (NaAc)
Buffer; phosphate-buffered saline (PBS) plus LCL161; and PBS plus NaAc Buffer and monitored over time for their survival. (b) Tumor-free
survival curve for treatment with AAVP-TNF-a plus LCL161 (blue), AAVP-TNF-a plus NaAc Buffer (red), PBS plus LCL161 (green) and PBS plus
NaAc Buffer (purple). Each day represents the number of mice that were tumor free at the indicated time point.

Figure 3. Synergistic effect of adeno-associated virus bacteriophage-
tumor necrosis factor-a (AAVP-TNF-a) and LCL161 in M21 xenograft
nude mice. The curve shows the Fraction Effect–Combination
Indices plot for the combination of AAVP-TNF-a and LCL161 with
the CalcuSyn Software. These results indicated that AAVP-TNF-a and
LCL161 were synergistic with CI values o1. Fractional effect: % CK
(tumor cell killing)¼ (Volume Control�Volume Treat)/Volume Control;
CI, combination index; CI o1: synergism is indicated.
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normal tissues, confirming the tumor-selective delivery of TNF-a
(Supplementary Figure S6B-1, S6B-2 and S6C).

Enhancement of tumor sensitivity to the induction of apoptosis
with combined AAVP-TNF-a and LCL161
The combination of AAVP-TNF-a and LCL161 resulted in an
increased proportion of apoptotic cells in the tumor tissues,
B41% on day 7 (Figures 7a and c) and 83% on day 21 (Figures 7b
and d), compared with only 10% on day 7 (Figures 7a and c) and
20% on day 21 (Figures 7b and d) for treatment with either AAVP-
TNF-a alone or LCL161 alone. Thus, the combination of AAVP-TNF-
a and LCL161 induced apoptosis within tumor tissues to a greater
degree than treatment with either AAVP-TNF-a or LCL161 alone
(Po0.01; Figures 7c and d), supporting our data for tumor
response and survival (Figures 1 and 2).

LCL161 mediates the degradation of cIAP1 and cIAP2
mRNA expression of cIAP1 and cIAP2 were examined in all four
groups. In mice receiving LCL161, cIAP1 and cIAP2 mRNA
expression levels were significantly decreased as compared with
the mice without LCL161 treatment on days 7 and 21 (Po0.01;

Figure 8). These results indicated that LCL161 can mediate the
degradation of cIAP1 and cIAP2 and induce apoptosis.

Activation of apoptotic pathways in response to expression of
caspase 3 and caspase 9 after therapy with a combination of
AAVP-TNF-a and LCL161
To characterize further the activation of apoptotic pathways as a
result of treatment with AAVP-TNF-a and LCL161, we performed a
series of IF experiments using antibodies that recognize caspase 3
and caspase 9. Only the active forms of caspase 3 and caspase 9
are recognized by these antibodies. Tumors treated with the
combination of targeted AAVP-TNF-a and LCL161 exhibited the
highest levels of active caspase 3, relative to either AAVP-TNF-a
alone or LCL161 alone, as well as controls on day 7 (Figures 9a
and c) and day 21 (Figures 9b and d).
The high-affinity binding of LCL161 to XIAP results in the

destruction of c IAP1 and c IAP2, a reaction that precipitates the
activation of noncanonical nuclear factor-kB signaling and
subsequent increased TNF-a production and further induction
of caspase 9.26-29 We observed that the levels of active caspase 9
in the tumors increased significantly after treatment with the
combination of targeted AAVP-TNF-a and LCL161, relative to

Figure 4. RGD-AAVP-TNF-a targeted specifically to tumor vasculature after systemic administration. Tumor and normal tissues (heart, spleen,
kidney, liver and muscle) from all groups were analyzed for AAVP particles by immmunofluorescence assay (IF). AAVP particles were stained
red with anti-bacteriophage antibody (Alexa Fluor 647), tumor vasculature was stained green with CD31 antibody (Alexa Fluor 488) and nuclei
were stained blue with 4,6-diamidino-2-phenylindole (DAPI). Scale bar¼ 50mM. Magnification � 200. The adeno-associated virus
bacteriophage-tumor necrosis factor-a (AAVP-TNF-a) selectively targeted tumor-associated vasculature in AAVP-TNF-a-treated groups and
was absent in nontargeted AAVP-TNF-a groups by day 7 (a) and day 21 (c) after injection; AAVP-TNF-a only selectively targeted tumor-
associated vasculature and was absent from normal tissues (heart, spleen, kidney, liver and muscle) in the AAVP-TNF-a-treated groups on day
7 (b) and day 21 (d) after injection.
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Figure 5. RGD-AAVP-TNF-a trafficking resulted in selective expression of human TNF-a mRNA in tumor tissue. Levels of human TNF-a mRNA
from tumor and normal tissues (heart, spleen, kidney, liver and muscle) from all groups were analyzed by TaqMan assay. The Y axis represents
the relative human TNF-amRNA levels after normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. All data are shown
as mean±s.d. (a1, a2) mRNA levels of human TNF-a in tumor tissues were significantly increased in targeted AAVP-TNF-a-treated groups in
comparison with the other groups on days 7 and 21 after injection (Po0.01 or Po0.001, respectively). (b1, b2, c1, c2), mRNA levels of human
TNF-a were detected only in tumors and absent in normal tissues from targeted AAVP-TNF-a-treated groups (AAVP-TNF-a alone and AAVP-
TNF-a plus LCL161) on day 7 (Po0.0001) (b1, b2) and day 21 after injection (Po0.0001) (c1, c2). H, heart; K, kidney; L, liver; M, muscle; S, spleen;
T, tumor.

Figure 6. RGD-AAVP-TNF-a trafficking resulted in selective human TNF-a expression in tumor tissue. The levels of human TNF-a protein from
tumor, normal tissues (heart, spleen, kidney, liver and muscle) and peripheral blood of all groups were evaluated by enzyme-linked
immunosorbent assay (ELISA). The Y axis represents human TNF-a in 100 mg of lysate or 50 ml of peripheral blood. All data are shown as
mean±s.d. (a1, a2) The level of human TNF-a in tumor tissues was significantly increased in targeted AAVP-TNF-a-treated groups compared
with other groups on days 7 and 21 after injection (Po0.001). (b1, b2) The expression of human TNF-a was detected only in tumors and
absent in normal tissues from targeted AAVP-TNF-a-treated groups (AAVP-TNF-a alone and AAVP-TNF-a plus LCL161) on days 7 and 21 after
injection (Po0.0001). (c) Human TNF-a was absent in peripheral blood from all four groups at pretreatment (day 0) and on days 7 and 21 after
treatment with targeted AAVP-TNF-a injected systemically.
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either AAVP-TNF-a alone or LCL161 alone or to control groups on
day 7 (Figures 10a and c) and day 21 (Figures 10b and d). Thus, the
combination of AAVP-TNF-a and LCL161 enhance tumor-specific
apoptosis through the activation of pathways in which caspase 3
and 9 participate.

Effect of the combination of targeted AAVP-TNF-a plus LCL161 on
cell proliferation
To identify alternative mechanisms causing the antitumor effect
seen with the combination of targeted AAVP-TNF-a and LCL161,
we also examined cell proliferation by IF with anti-PCNA antibody.
We found no differences in cell proliferation in any of the treated
groups compared with controls and no evidence of inhibition of
cell proliferation (P40.05; Supplementary Figure S2A–D). This
observation further supports an apoptotic mechanism rather than

an inhibition of proliferation as an explanation for the effects on
tumor growth that we observed.

DISCUSSION
In this study we used a tumor vasculature-targeted hybrid vector
for sustained expression of TNF-a along with chemotherapeutic
agent, LCL161, and tested whether the combination could
enhance tumor growth inhibition and augment the pro-apoptotic
activity of TNF-a. Recently, it was reported that breast cancer cell
growth was inhibited by the combination of TNF-a and LCL161.35

Our results further show that the combination therapy was
synergistic and resulted in enhanced tumor regression as well as
prolonged tumor-free survival compared with either drug alone.
We observed significant levels of TNF-a protein in tumor tissues
on day 7 after intravenous injection of AAVP-TNF-a. The observed

Figure 7. Apoptosis was induced and enhanced in tumor and tumor vasculature by the combination of adeno-associated virus
bacteriophage-tumor necrosis factor-a (AAVP-TNF-a) and LCL161. Apoptotic cell nuclei in tumor tissues from all groups were detected on days
7 and 21 after treatment. Apoptotic cells were stained red by TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling)
assay and nuclei were stained blue with 4,6-diamidino-2-phenylinodole (DAPI). Scale bar¼ 20 mM and 50mM. The apoptotic index was defined
as the average number of apoptotic cells per high power view counted from six sections from three mice at each time point. All data are
shown as mean±s.d. The number of apoptotic cells in tumor tissues was increased in treated groups compared with the control group on day
7 (a) and day 21 (b) after treatment. The combination of targeted AAVP-TNF-a plus LCL161 exhibited the greatest number of apoptotic cells
compared with either AAVP-TNF-a alone or LCL161 alone (magnification � 200). (c, d) The number of apoptotic cells in the tumor tissues was
quantified by apoptotic index. The apoptotic index in tumor tissues was increased significantly in the treatment groups compared with the
control group on days 7 and 21 after treatment (Po0.05). The combination of AAVP-TNF-a and LCL161 resulted in the highest apoptotic index
in comparison with either AAVP-TNF-a alone or LCL161 alone on days 7 and 21 after treatment (Po0.001). *Po0.05; **Po0.01.
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synergism with LCL161 is because of the fact that TNF-a increases
the vascular permeability leading to improved penetration of
LCL161 within the tumor tissues.36,37 Additionally, LCL161 inhibits
IAPs, not only facilitating the apoptotic activity of TNF-a but
also increasing the production of TNF-a by the activation of
noncanonical nuclear factor-kB signaling.26–30 This would
account for the increased levels of TNF-a seen in the com-
bination group than in the TNF-a-alone group. Also reported was
that LBW 242, a Smac mimetric, induces degradation of cIAPs and
TNF-a expression.38 Furthermore, by inhibiting XIAP, c IAP1 and
c IAP2, LCL161 prevents the development of resistance to
apoptotic pathways induced by TNF-a.31,32 This would explain
the observed resistance and relapse thereafter seen in the
TNF-a-alone therapy group during the second cycle of treat-
ment. This did not occur in the combination group. As many
cancer cells inhibit the natural TNF-a-mediated cell death
machinery of apoptosis by activating the IAPs, Smac inhibitor
LCL161 is the ideal agent to combine with our novel tumor-
targeted TNF-a therapy. One of the drawbacks of using TNF-a or
LCL161 alone was that the apoptotic effects of either agents on
the tumor tissues was not complete with no tumor-free survival.
The combination therapy increased the overall tumor-free survival
rate to 50%, thereby suggesting that the combination therapy not
only leads to complete regression of tumor but also prevents
recurrence. We observed 100% survival in the combination group
compared with 25% in either group alone, therefore suggesting
a survival advantage with lower toxicity in the combination
therapy. It is important to note that as all the mice in the
combination group (except one mouse that died because of a skin
condition unrelated to the tumor) were alive at the end of the

90-day period, further treatment could hypothetically achieve
100% tumor-free survival.
TNF-a demonstrates species preference for toxicity; therefore,

the evaluation of human TNF-a in a mouse model can under-
estimate the potential toxicities.39–41 However, in the current
study, we confirmed the tumor-selective trafficking of AAVP
particles and the absence of detectable TNF-a in any control
tissue. We also demonstrated the absence of systemic toxicity to
both AAVP-TNF-a and LCL161 in all of the four groups of mice.
Furthermore, as the Smac mimetics are not targeted whereas the
TNF-a vectors are, this combination is likely to be better tolerated
than current cancer therapies. The synergistic effect of the
combination therapy will also allow for lower doses to be used,
which will further reduce the side effects.
We learnt that the combination therapy predominantly acts by

inducing apoptosis and has no effect on proliferation. This was
confirmed by demonstrating elevated levels of caspase 3 and
caspase 9. Caspase 9 is an initiator caspase that cleaves inactive
pro-forms of effector caspases, thereby activating the effector
caspases. Caspase 3 is an effector caspase that, in turn, cleaves
other protein substrates within the cell to activate the apoptotic
process. Their levels were increased to a greater extent in the
combination group than in the TNF-a- and LCL161-alone groups,
thereby confirming that the combination group has synergistic
apoptotic effects. TNF-a induces the apoptosis of tumor tissues
including the tumor vascular endothelial cells, and thereby it can
potentially decrease vascular metastasis of tumor by disrupting
the tumor vasculature. To our knowledge, we are the first to
pioneer targeted gene therapy with chemotherapy. Tumor-
targeted p53 gene therapy enhancing the efficacy of conventional

Figure 8. mRNA expression levels of cellular inhibitor of apoptosis 1 and 2 (cIAP1 and cIAP2) were significantly decreased
by LCL161 treatment. mRNA levels of cIAP1 and cIAP2 from tumor tissues in all groups were analyzed by real-time reverse-transcriptase-
PCR (RT-PCR) assay. The Y axis represents the relative cIAP1 and cIAP2 mRNA levels after normalization to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA. All data are shown as meanþ s.d. mRNA levels of cIAP1 and cIAP2 in tumor tissues were significantly
decreased in receiving LCL161-treated groups in comparison without LCL161-treated groups on day 7 (a) and day 21 (b) after injection
(*Po0.01).
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chemotherapy or radiotherapy has been reported.42 A recent
phase 2 trial using TNF-a and chemotherapy has shown
that TNF-a can enhance the effectiveness of chemotherapy
significantly.43 The single-agent activity of Smac mimetics is
limited and combinations of Smac mimetics with TRAIL (TNF-
related apoptosis-inducing ligand) have also been reported to
have therapeutic potential for cancer treatment.44 Furthermore,
degradation of IAPs by Smac mimetics results in enhancing
TNF-a-induced apoptosis, as in the absence of the IAP complexes
detaching from the TNF receptor 1 favoring the formation of a
RIP1-dependent caspase 8 activating complex.45,46 Our studies
demonstrated the synergistic effect of the combination therapy of
TNF-a and IAPs inhibitor. Furthermore, our technique of delivering
TNF-a directly to the tumor vasculature will eliminate the systemic
side effects of TNF-a, and the addition of IAP inhibitors will

improve the efficacy and prevent the development of resistance
to TNF-a.
In summary, our results demonstrate that the combination of

targeted gene therapy with AAVP-TNF-a and oral administration
of the Smac mimetic, LCL161, has synergistic antitumor activity.
This activity results from the induction of apoptosis in the tumor
cells and the tumor-associated vasculature. Survival was pro-
longed significantly in all animals treated with the combination.
We conclude that combinatorial therapy with targeted AAVP-
TNF-a and LCL161 can enhance efficacy, and reduce toxicity, as
well as prevent and/or delay the development of resistance. We
believe that this novel strategy of targeted gene therapy with
AAVP-TNF-a and targeting IAPs with LCL161 will be of benefit to
patients with cancer. Further studies will advance this novel
approach to the clinic.

Figure 9. The combination of adeno-associated virus bacteriophage-tumor necrosis factor-a (AAVP-TNF-a) and LCL161 increases the
expression of active caspase 3 in tumor tissues. The active caspase 3 was analyzed in tumor sections from the treatment groups on days 7 and
21 after treatment by immmunofluorescence assay (IF). Active caspase 3 was stained red by an anti-caspase 3 antibody (Alexa Fluor 647),
blood vessels were stained green by an anti-CD31 antibody (Alexa Fluor 488) and nuclei were stained blue with 4,6-diamidino-2-
phenylinodole (DAPI). Scale bar¼ 50mM. (a) The expression of active caspase 3 in tumor tissues was increased in the treatment groups
compared with the control group on day 7 after treatment. The expression of active caspase 3 was the highest in the group receiving the
combination of targeted AAVP-TNF-a plus LCL161 in comparison with either AAVP-TNF-a alone or LCL161 alone (magnification � 200). (b) The
expression of active caspase 3 in tumor tissues was increased in the treated groups compared with the control group on day 21 after
treatment. The combination of AAVP-TNF-a and LCL161 resulted in the highest level of caspase 3, relative to that seen in tissues treated with
either AAVP-TNF-a alone or LCL161 alone (magnification � 200). (c, d) The expression of active caspase 3 in tumor tissues was quantified and
was increased significantly in the treated groups compared with the control group on day 7 (c) and day 21 (d) after treatment (Po 0.05 or
Po0.001, respectively). The levels of active caspase 3 was the highest in the group receiving the combination of targeted AAVP-TNF-a and
LCL161 in comparison with groups treated with either AAVP-TNF-a alone or LCL161 alone on day 7 (c) and day 21 (d) after treatment
(Po0.001). *P40.05; **Po0.05; ***Po0.01.
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