
Nanoparticle Delivered Vascular Disrupting Agents (VDAs): Use
of TNF-alpha conjugated Gold Nanoparticles for Multimodal
Cancer Therapy

Mithun M. Shenoi1, Isabelle Iltis2, Jeunghwan Choi3, Nathan A. Koonce5, Gregory J.
Metzger2, Robert J. Griffin5, and John C. Bischof1,3,4,*

1Department of Biomedical Engineering, University of Minnesota, Minneapolis, Minnesota
2Department of Radiology (CMRR), University of Minnesota, Minneapolis, Minnesota
3Department of Mechanical Engineering, University of Minnesota, Minneapolis, Minnesota
4Department of Urologic Surgery, University of Minnesota, Minneapolis, Minnesota
5Department of Radiation Oncology, University of Arkansas for Medical Sciences, Little Rock,
Arkansas

Abstract
Surgery, radiation and chemotherapy remain the mainstay of current cancer therapy. However,
treatment failure persists due to the inability to achieve complete local control of the tumor and
curtail metastatic spread. Vascular disrupting agents (VDAs) are a class of promising systemic
agents that are known to synergistically enhance radiation, chemotherapy or thermal treatments of
solid tumors. Unfortunately, there is still an unmet need for VDAs with more favorable safety
profiles and fewer side effects. Recent work has demonstrated that conjugating VDAs to other
molecules (polyethylene glycol, CNGRCG peptide) or nanoparticles (liposomes, gold) can reduce
toxicity of one prominent VDA (tumor necrosis factor alpha, TNF-α). In this report, we show the
potential of a gold conjugated TNF-α nanoparticle (NP-TNF) to improve multimodal cancer
therapies with VDAs. In a dorsal skin fold and hindlimb murine xenograft model of prostate
cancer, we found that NP-TNF disrupts endothelial barrier function and induces a significant
increase in vascular permeability within the first 1–2 hours followed by a dramatic 80% drop in
perfusion 2–6 hours after systemic administration. We also demonstrate that the tumor response to
the nanoparticle can be verified using dynamic contrast-enhanced magnetic resonance imaging
(MRI), a technique in clinical use. Additionally, multimodal treatment with thermal therapies at
the perfusion nadir in the sub- and supra- physiological temperature regimes increases tumor
volumetric destruction by over 60% and leads to significant tumor growth delays compared to
thermal therapy alone. Lastly, NP-TNF was found to enhance thermal therapy in the absence of
neutrophil recruitment, suggesting that immune/inflammatory regulation is not central to its power
as part of a multimodal approach. Our data demonstrate the potential of nanoparticle-conjugated
VDAs to significantly improve cancer therapy by preconditioning tumor vasculature to a
secondary insult in a targeted manner. We anticipate our work to direct investigations into more
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potent tumor vasculature specific combinations of VDAs and nanoparticles with the goal of
transitioning optimal regimens into clinical trials.
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CYT-6091

INTRODUCTION
Multimodal approaches to controlling solid tumors with radiation, chemotherapy and
surgery are now used on high-grade cancer, the most life threatening form of the disease 1, 2.
Nevertheless, the lack of definitive improvements in tumor control begs further
development. One promising approach involves the use of vascular disruptive agents
(VDAs) with focal and systemic multimodal treatments 3. For instance, numerous pre-
clinical studies have demonstrated the efficacy of combining VDAs with chemotherapy,
radiation, and focal thermal therapies and many of these approaches are now under clinical
evaluation 4, 5. Nevertheless, data from the clinical trials show minimal improvement in the
combination of VDAs with frontline therapies, i.e. chemotherapy and radiation, and
demonstrated dose limiting toxicities including systemic hypotension, cardiotoxicity,
reversible ataxia, vasovagal syncope, motor neuropathy, reversible confusion, tremor,
slurred speech and visual disturbance 3, 6–10. Hence, further work to realize the promise of
VDAs for multimodal treatments through increased efficacy and reduction in toxicity is
needed.

One approach to improving the clinical use of VDAs is to re-package them with other
molecules and/or using nanoparticle constructs to improve tumor specific delivery and
effect. As an example, one of the most prominent VDAs, tumor necrosis factor alpha (TNF-
α), was originally plagued by dose limiting toxicities, but non-systemic delivery in the form
of isolated limb perfusion (ILP) has been shown to be highly efficacious without dose
limiting toxicity when used with multimodal approaches 11, 12. Several approaches have
been tested previously to selectively deliver TNF-α to solid tumors with the goal of
improving the antitumor response and decreasing toxicity (Table 1). Thus, recent work has
re-focused on delivery of TNF-α in liposomal form (Preclinical), NGR- TNF-α (Phase 3),
and on a gold nanoparticle NP-TNF (Phase 1). In the case of NP-TNF a clinical trial
demonstrated 3-fold increase in maximum tolerated dose of TNF-α suggesting that this
nanoparticle formulation may be effective in future multimodal treatments 13.

In this report, we show the potential of the TNF-α gold nanoparticle (NP-TNF) to improve
VDA tumor specific action in combination with locally applied thermal therapy in prostate
cancer. Our results demonstrate: (1) a mechanism of action for and physiological response to
NP-TNF by the LNCaP prostate tumor model, (2) the ability to image this response with
contrast MRI, and (3) demonstration of significant enhancement in the absence of neutrophil
recruitment suggesting that this enhancement is related to the direct action of NP-TNF on
vascular stability and can occur without a major acute inflammatory response.

MATERIALS AND METHODS
Tumor Growth (DSFC and hindlimb preparations)

All animal protocols were reviewed and approved by the University of Minnesota and the
University of Arkansas Medical Sciences Institutional Animal Care and Use Committee. 6–
8 week old athymic male NU/J mice were obtained from the Jackson Laboratory (Bar
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Harbor, ME). Tumors were either grown in a dorsal skin fold chamber (DSFC) or the
hindlimb of the animals as previously described 5, 14, 15. Briefly, 1–2 million LNCaP Pro 5
cells suspended in 100 μl Matrigel (BD Biosciences, San Jose, CA) and diluted 3:1 in
serum-free medium were inoculated into the DSFC chamber window on both day 0 and day
4 following chamber implantation 14, 15. Thermal therapy experiments were performed
between day 12 and 14 following DSFC implantation, when tumor cells were found to cover
the entire chamber window as previously reported 5, 14, 15. In the hindlimb, 5 million LNCaP
Pro 5 cells suspended in 100 μl Matrigel (BD Biosciences, San Jose, CA) that had been
diluted 3:1 in serum-free medium were injected subcutaneously. All hindlimb experiments
were performed after 4 to 5 weeks, when the tumors reached a diameter of 6 to 8 mm.
Chamber implantation and inoculation in the hindlimb were performed under anesthesia
using an i.p. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg).

Nanoparticle Administration
The gold nanoparticle NP-TNF used in this study was manufactured as the drug CYT-6091
(CytImmune Sciences, Inc., Rockville, MD, USA). 5 μg of TNF-α in nanoparticle form was
diluted in 100 μl sterile water and injected via tail vein into the mice 4 hours prior to thermal
therapy. In experiments with control nanoparticles, AuPEG (PEGylated colloidal gold
nanoparticle without TNF-α, CytImmune Sciences, Inc.) were administered in the same
manner at an equivalent dose to injected NP-TNF based on total surface area of injected
particles. The 5 μg TNF-α dose and 4 hour time period were chosen based on previous work
with NP-TNF 14, 16.

Assessment of Tumor Vasculature
DSFC Tumor Vascular Permeability—TNF-α induced vascular permeability was
assessed as previously described 17. One hour after i.v. administration of NP-TNF (5 μg of
TNF-α), 0.04 ml of 20 mg/ml 70-kDa TxRed-labeled dextran was injected into the tail vein
of each animal. Images of the DSFC tumor vasculature were obtained at time 0, 15 minutes
and 30 minutes after TxRed-dextran injection using an Olympus IX71fluorescent
microscope (Olympus Inc., Tokyo, Japan) equipped with a 10X objective and an Olympus
DP72. Images were analyzed using ImageJ software (NIH, Bethesda, MD, USA).

Hindlimb Tumor Perfusion—At specific time points after NP-TNF injection, animals
were anesthetized by an i.p. injection of ketamine and xylazine at 100 and 10 mg/kg,
respectively, and the heart was exposed via a median sternotomy. 106 colored microspheres
(10 μm diameter, E-Z-Trac Ultraspheres, E-Z-Trac Inc., Los Angeles, CA) were injected
into the left ventricle under direct visualization. The anesthetized mice were sacrificed 2
minutes after microsphere injection 18, 19. Tumors were harvested, weighed, and microbeads
were isolated and counted according to the manufacturer’s instructions.

Histology and Immunohistochemistry—Animals were sacrificed 4 hours after NP-
TNF injection or at day 3 post DSFC cryosurgery immediately after vascular imaging. The
entire tumor tissue attached to the chamber was fixed in 10% buffered formalin (Sigma, St.
Louis, MO), embedded in paraffin, and sectioned at 4 μm intervals.

Tumor Accumulation of Nanoparticles—For visualizing nanoparticle accumulation
within the tumor, deparaffinized sections were washed in DI water, 0.02 M sodium citrate
(pH 3.5), and DI water in that order. Sections were silver enhanced using LI Silver®
(Nanoprobes, Inc., Yaphank, NY) and counter stained with hematoxylin and eosin (H&E).

Quantification of Inflammatory Cell (Neutrophil) Recruitment—
Immunohistochemistry detecting myeloperoxidase, MPO, (1:2000; A0398, DAKO,
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Glostrup, Denmark) was performed on deparaffinized sections using the Rabbit on Rodent-
HRP polymer kit (BioCare Medical, Concord, CA, USA) followed by 3,3′-
Diaminobenzidine (DAB) chromagen staining. Tissue sections were counterstained with
hematoxylin according to standard protocols, scanned using Aperio ScanScope (Axiovision
Technologies, Toronto, Ontario, Canada) and analyzed using Aperio ImageScope software.
On tumors obtained Day 3 post cryosurgery, digital annotation regions were applied around
the zones of central necrosis and the inflammatory bands to quantify the respective areas on
each section. The number of MPO positive cells in 5 representative regions within each
histological zone was counted using light microscopy at 40X magnification.

Quantification of Fibrin Deposition—Immunohistochemistry detecting fibrinogen
(1:2000; A0080, DAKO) was performed on deparaffinized sections using the Rabbit on
Rodent-HRP polymer kit (BioCare Medical) followed by 3,3′-Diaminobenzidine (DAB)
chromagen staining. Sections were counterstained, scanned and analyzed as described
above. For quantification of fibrinogen staining intensity, digital annotation regions were
applied to representative areas of each tumor section and pixels that exceeded threshold
limits were quantified (as a % of total) using Color Deconvolution v9 algorithm (Aperio,
Vista, CA).

Tumor Microvessel Analysis—Immunohistochemistry detecting endothelial cell marker
CD31 (1:25, Clone: SZ31, Dianova, Hamburg, Germany) was performed on deparaffinized
sections using Rat on Mouse AP-Polymer kit, BioCare Medical) followed by fast red
staining (Vulcan Fast Red chromagen kit 2, BioCare Medical). Sections were
counterstained, scanned and analyzed as described above. Digital annotation regions were
applied in representative areas of each tumor section and Microvessel analysis v1 algorithm
(Aperio, Vista, CA) was applied to count the number of vessels.

MRI Imaging of Vascular Permeability & Perfusion
Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE-MRI) was performed on
mice bearing hindlimb LNCaP tumors. Mice were imaged twice. The first scanning session
was performed before injection of NP-TNF (Pre-NP-TNF) to assess the tumor at baseline.
After allowing the mice to recover for 48 hours, mice were scanned a second time 4 hours
after NP-TNF injection (Post-NP-TNF). During the imaging experiment, mice were
anesthetized with isoflurane in O2/N2O (50/50), and Gadolinium-DTPA (Gd, 0.6 mmol/kg
i.p.) was used as the contrast agent. An i.p. injection of Gd was used in this study as the
typical use of the tail vein for intravenous injections typically resulted in failed contrast
delivery post NP-TNF. Animals were scanned using an RF volume coil (Millipede, Agilent,
Palo Alto) at a 9.4T magnet equipped with a Varian console. A multislice gradient echo
sequence was acquired at multiple flip angles (5 – 40°) to calculate T1 maps prior to Gd
injection (field-of-view 35 × 35 mm, matrix size = 128 × 128, TE = 1.43 ms, TR = 35 ms,
10 slices, 1 mm thickness, 8 averages). The same sequence, at a flip angle of 30°, was used
after Gd injection to acquire DCE-MRI data with a temporal resolution of 66 s for a total
acquisition time of approximately 90 min. Contrast enhancement curves from the DCE-MRI
acquisitions were obtained in tumor regions both Pre- and Post- NP-TNF administration for
all mice using a DICOM viewing software (OsiriX) 20. The mean and standard error of the
percent signal enhancement was determine over the time course of the DCE-MRI studies for
all tumors regions from all mice in order to compare the differences in contrast dynamics
Pre- and Post- NP-TNF administration.

For individual mice, parametric maps showing the integrated area under the Gd
concentration-time (AUGC) curves were generated to visualize the spatial accumulation of
Gd in both the tumors and skeletal muscle. The time course data were first converted to
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concentration using the the pre-contrast T1 maps 2122 followed by integration over the entire
time coarse on a pixel-wise basis in IDL (Exelis Visual Information Solutions, Boulder, CO,
USA). Regions of interest determined on the corresponding grey-scale images and
transferred to the AUGC maps were used to assess contrast uptake differences in both tumor
and muscle. For the muscle regions, large vessels and bones were avoided.

Multimodal Focal Thermal Therapy
Dorsal Skin Fold Chamber (DSFC) Thermal Therapy—Briefly, animals were
anesthetized, DSFC windows were removed and cryosurgery or thermal therapy was
imposed on the tumor. For cryosurgery, a 1 mm diameter brass extension tip fitted to a 5
mm cryoprobe (Endocare, Irvine, CA) was inserted into the center of the DSFC for 55
seconds (to attain tip temperatures of −85°C) followed by passive thawing at room
temperature. The tumor temperature was monitored throughout the procedure using an
infrared camera ThermoVision (FLIR Systems, Boston, USA) and thermocouples placed at
2, 3 and 4 mm radial positions around the DSFC center 14, 15, 23. For high temperature
thermal therapy, heating was initiated from the center of the DSFC using a 1 mm diameter
brass extension tip fitted to a temperature controlled soldering iron tip (RadioShack Digital
Soldering Station 64–053, RadioShack, Fort Worth, TX, USA). A tip temperature of 80°C
was obtained for these experiments. This allowed a radial heating front to develop from the
center of the DSFC tissue and the temperature to be monitored using infrared thermography
and thermocouples similar to the cryosurgery procedure. The soldering iron was switched
off when the thermocouple positioned 2 mm away from the center of the DSFC reached
45°C and the tissue was allowed to passively cool to room temperature. Total heating time
was less than 10 min.

Hindlimb Thermal Therapy—Cryosurgery was performed using a cryosurgical system
(Endocare, Inc., Irvine, CA, USA), as described previously, with a 1 mm probe tip
modification on a 3 mm tip cryoprobe 14. A small incision was first made in the center of the
hindlimb tumor with a 21-gauge needle to allow insertion of the probe tip without
deformation of the tumor. Freezing (at tip temperatures of −85°C) was performed
conservatively under infrared thermographic guidance until the 0°C isotherm reached the
visible edge of the tumor. The tumor was then passively thawed to room temperature. For
high-temperature thermal therapy, the 1 mm diameter brass extension tip was fitted to a
temperature controlled soldering iron tip (RadioShack Digital Soldering Station 64–053,
RadioShack, Fortworth, TX, USA) and inserted into the tumor after a small incision was
made with a 21-gauge needle. The soldering iron was switched on at the lowest temperature
(150°C) setting and the tumor was heated conservatively under infrared thermographic
guidance until the 40°C isotherm reached the visible edge of the tumor. The tip was then
removed and the tumor was passively cooled to room temperature.

Treatment Outcome Measures
DSFC Tumor Vascular Stasis—On days 1 and 3 following thermal therapy (with or
without nanoparticle administration), 0.1 ml of 10 mg/ml 70-kDa FITC-labeled dextran
(Sigma, St. Louis, MO) was injected into the tail vein of each animal. Intravital imaging of
tumor vasculature in the DSFC was performed using a Nikon inverted fluorescent
microscope equipped with a 20× objective (Nikon, Melville, NY) and silicon intensified
transmission camera (Hamamatsu, Bridgewater, NJ) as previously described 14, 15, 23. The
average radius at which patent blood vessels with blood flow were clearly visible defined
the region of vascular stasis and was measured at four perpendicular radial directions
relative to the chamber center. The stasis area was calculated as π × (average radius)2.
Vascular stasis areas measured in this manner were compared with histological
measurement of tumor necrosis areas (Supplementary Information, Figure S1).
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Hindlimb Tumor Growth Delay—Baseline tumor size in the hindlimb was measured
prior to thermal therapy (cryosurgery or HTT). Tumor growth is reported relative to the size
prior to thermal therapy. Tumor volumes were measured every 3 days for 30 days after
thermal therapy. Tumor dimensions were measured using calipers and volumes were
calculated and reported as 0.53 × width × length × height 14, 24.

Neutrophil Depletion
24 hours prior to NP-TNF injection, mice were injected intraperitoneally with 150 μg
purified RB6-8C5 rat monoclonal antibody (BD Pharmingen, Rockville, MD) in order to
systemically deplete granulocytes, especially neutrophils 25. Cryosurgery was performed 4
hours after NP-TNF injection as described above. Systemic depletion was confirmed in a
separate set of mice injected with the same dose of RB6-8C5 antibody. About 60–80 μl of
blood was collected by facial vein puncture from each mouse on day 1, 2, 3 and 4 after
antibody injection and analyzed using an automated cell counter to demonstrate neutrophil
depletion (Hemavet 950, Drew Scientific, Oxford, Connecticut, USA).

Statistics
Statistical significance was determined using the wilcoxon test in R statistical software 26. If
the difference was at the level of p<0.05, it was determined significant. Otherwise, the
difference between two measurements was not significant, i.e., p>0.05. Data are represented
as mean ± SE.

RESULTS
Systemic administration of NP-TNF induces vascular disruptive events in LNCaP tumor

Figure 1 demonstrates vascular permeability increase and perfusion drop due to NP-TNF
delivery to the tumor vasculature. For instance, fluorescence imaging in the DSFC
demonstrated a robust vascular leak of fluorescent dye from the tumor vasculature 1–1.5
hours after systemic administration of NP-TNF (5 μg TNF-α) (Figure 1A). As expected, the
intravascular fluorescence intensity of imaged tumor vessels diminished over time while
extravascular fluorescence increased. Further, in the hindlimb model 4 hours after systemic
injection of NP-TNF (5 μg TNF-α), tumor perfusion dropped to 19.8 ± 8.2% of controls (p
= 0.002) (Figure 1B) consistent with previous results for VDAs and NP-TNF 16, 27. This
drop in perfusion persisted up to 6 hours (16.1 ± 6.1%) after nanoparticle injection.
Increasing the dose of NP-TNF to 10 μg TNF-α, did not drop tumor perfusion further at 6
hours (19.9 ± 6.6%). As expected, partial recovery of tumor perfusion was obtained at 24
hours (59.2 ± 14.7%). The perfusion drop induced by NP-TNF at 4 hours was accompanied
by enhanced fibrinogen staining in DSFC tumors (Figure 1C). These results are in
agreement with regions of complete vascular stasis observed under light microscope within
DSFC LNCaP tumors 4 hours after NP-TNF systemic administration (data not shown).

Tumor localization of NP-TNF nanoparticles 4 hours after i.v. injection was confirmed on
H&E and silver co-stained sections for DSFC (Figure 1D) and hindlimb (data not shown)
LNCaP tumors. Nanoparticles were found in the vascular and perivascular regions with little
or no extravasation into the interstitial space. CD31 immuno-staining and silver co-staining
of these tumors confirmed that the nanoparticles were in close proximity and interacting
with the tumor endothelium (Figure 1E). Consistent with an endothelial response, CD31
stained tumor sections showed dilated microvessels in the NP-TNF treated group compared
to control (Figure 1F, G). A microvessel analysis algorithm was used to quantify the change
in tumor vessel size 4 hours after systemic administration of NP-TNF. Over 5000 vessels
were analyzed in each group and a significant increase in vessel lumen area was obtained in
the NP-TNF group (41.10 ± 0.94 μm2) compared to control (36.03 ± 0.94 μm2, p<0.001).
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These results are similar to previous results reported by our group, i.e. TNF-α increases
diameter of tumor blood vessels 5.

DCE-MRI detects NP-TNF induced vascular changes in LNCaP tumors
Figure 2A shows an axial view of a typical mouse bearing LNCaP tumors after Gd injection
and Figure 2B shows the percent change in signal intensity following Gd injection averaged
over all tumors from both the Pre-NP-TNF and Post-NP-TNF experiments. In the tumor,
contrast uptake is enhanced after NP-TNF administration (Post-NP-TNF) compared to the
uptake measured before NP-TNF administration (Pre-NP-TNF). A similar effect was also
observed in the muscle, however to a lesser degree (data not shown). Figure 2C and 2D
shows AUGC maps Pre- and Post- NP-TNF, respectively, where the accumulation of Gd is
4 times higher in the Post-NP-TNF tumor. Interestingly, the accumulation of Gd also
increased in muscle Post-NP-TNF, however the percent AUGC increase was 3 fold higher in
the tumor and less than 2-fold higher in the muscle.

Combination of NP-TNF with thermal therapy increases LNCaP tumor destruction
compared to thermal therapy alone

To demonstrate the potential of NP-TNF in multimodal cancer treatment, we injected mice
with the nanoparticle 4 hours prior to two different types of thermal therapy – cryosurgery
and high-temperature thermal therapy (HTT) – in DSFC (Figure 3A) and hindlimb LNCaP
tumor models. In the DSFC, mice injected with NP-TNF yielded an 80% increase in tumor
injury (vascular stasis) compared to cryosurgery alone and AuPEG + cryosurgery treated
groups at Day 1 and Day 3 (Figure 3B). NP-TNF administration reduced the thermal
threshold of injury from −8.0 ± 1.9°C and −7.3 ± 2.0°C, in the control and AuPEG groups
respectively, to 8.3 ± 1.0°C (Figure 3B). This enhancement of cryosurgery by combination
with NP-TNF was also demonstrated in LNCaP tumors grown subcutaneously in the
hindlimb. Specifically, in mice injected with NP-TNF prior to cryosurgery, the volume of
tumors regressed significantly to 50 ± 5.6% of the starting volume within 6 days of
treatment (Figure 3C). The volume of tumors in mice treated with AuPEG + cryosurgery
regressed to a lesser extent to 73 ± 8.9% whereas no regression was seen in cryosurgery
alone group. At Day 30 after cryosurgery, the relative tumor volumes of cryosurgery alone
and AuPEG + cryosurgery alone groups were not statistically different from each other. NP-
TNF combined with cryosurgery group had the lowest relative tumor volumes.

Similar to cryosurgery, thermal injury by HTT in DSFC LNCaP tumors was also assessed
by vascular stasis measurements. Thermal response during the course of HTT was
characterized within the DSFC (data not shown) and temperatures >50°C were obtained in
the tumor within 2 mm of the probe tip. Mice injected with NP-TNF yielded a 61% increase
in tumor injury (vascular stasis) compared to HTT alone and AuPEG + HTT treated groups
at Day 1 and Day 3. As in cryosurgery, NP-TNF administration reduced the thermal
threshold of injury from 40 ± 1.2°C and 42 ± 1.0°C, in the HHT alone and AuPEG + HTT
groups respectively, to 36 ± 1.0°C in the NP-TNF group (Figure 3B). The same enhanced
treatment response trend was observed in hindlimb LNCaP tumors. Over the course of 30
days following treatment, the NP-TNF + HTT treated mice exhibited a much greater tumor
growth delay compared to the other groups (Figure 3C). At Day 30 after treatment, the
relative tumor volumes of control, HTT alone and AuPEG + HTT groups were not
statistically different from each other. However, the NP-TNF + HTT relative tumor volumes
were significantly lower than the other groups. No animal deaths occured in any treatment
group.
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Vascular disruptive events of NP-TNF are independent of the neutrophil inflammatory
response within tumors

Based on our previously published results, we hypothesized that increased recruitment of
neutrophils is essential for the enhanced cryosurgical lesion due to nanoparticle
preconditioning 15, 23. To elucidate the role of the inflammatory cell response, we first
investigated the recruitment of neutrophils to DSFC LNCaP tumor tissue during the 4 hour
period after NP-TNF administration by myeloperoxidase staining. No significant differences
were observed between neutrophil numbers in control tumors compared to tumors in mice
injected with AuPEG or NP-TNF after 4 hours (Figure S2A). Next, we tested the functional
role for neutrophils by systemic depletion of neutrophils prior to multimodal therapy with
NP-TNF and cryosurgery. Systemically circulating neutrophils were diminished to 11.2 ±
3.5% of baseline values at 24 hours after i.p. injection of anti-Ly6G (RB6-8C5) antibody
(Figure S2B). Cryosurgery was then performed in neutrophil-depleted mice 4 hours after
NP-TNF injection.

First, we analyzed neutrophil recruitment in the cryosurgical lesion at Day 3 following
DSFC LNCaP tumor cryosurgery (Figures 4A–C). Tumors in mice treated with cryosurgery
alone showed the characteristic histologic zones associated with cryosurgical injury i.e. a
central necrotic zone adjacent and concentric to the cryoprobe tract surrounded by a band of
inflammatory infiltrate and viable tumor tissue (Figure 4A). In mice treated with NP-TNF
and cryosurgery the lesion was markedly different with a large central necrotic zone
surrounded by a thin band of inflammatory infiltrate and viable tumor tissue (Figure 4B).
The number of neutrophils present in the inflammatory band in this group was not
statistically different compared to the cryosurgery alone group. In mice treated with NP-
TNF and cryosurgery following systemic neutrophil depletion, a similar trend was seen with
a large central necrotic zone surrounding the cryoprobe tract but with only a thin
inflammatory band at the boundary of viable tumor tissue (Figure 4C). Finally, we
demonstrated that systemic neutrophil depletion did not reduce NP-TNF mediated
enhancement of cryosurgical injury (vascular stasis) at Day 1 or Day 3 after therapy (Figure
4D). This was confirmed by measuring the histological area of necrosis which correlated
well with the vascular stasis area measurements (Figure 4D).

DISCUSSION
With several vascular disruptive agents (VDAs) entering Phase 2/3 clinical trials in recent
times there is tremendous interest within the research and clinical community in
understanding their interaction with traditional cancer therapies – surgery, chemotherapy
and radiation - in order to develop new multimodal therapies 28. In addition, several
nanoparticles delivering small molecule chemotherapeutics, proteins and nucleic acids have
received FDA approval or are in clinical trials for cancer therapy 29. A limited number of
these nanoparticle formulations are being investigated in combination with thermal
therapies 30. Promisingly, Phase 2 and 3 clinical trials are in progress to demonstrate clinical
efficacy of multimodal therapy using thermally sensitive liposomes containing doxorubicin
(ThermoDox®) and radiofrequency ablation for the treatment of hepatocellular carcinoma
and colorectal liver metastases 31. NP-TNF (i.e. CYT-6091), the TNF-α conjugated gold
nanoparticle that we have used in our experiments is one of the first VDA conjugated
nanoparticles to have completed a Phase 1 clinical trial 13.

The mechanism of nanoparticle preconditioning by VDA conjugated gold nanoparticles rely
upon the size, PEG coating, and VDA ligand as recently reviewed 30. For instance, smaller
20 nm PEGylated gold nanoparticles will passively load (enhanced permeability and
retention effect) and diffuse more deeply into the tumor interstitium versus larger 100 nm
nanoparticles) as recently shown 32. Interestingly, the presence of the VDA appears to arrest
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this diffusion and localizes the nanoparticle in and around the tumor endothelial cells as
shown here by CD31 and silver co-staining and previously in histology 33. Localization of
the nanoparticles to the tumor endothelium is expected as TNF-α present on NP-TNF
nanoparticles acts as a ligand for TNFR1 receptors present in abundance on tumor
endothelial cells 34. Classical VDA response includes profound vascular disruption in
tumors including vascular permeability changes, perfusion drop, endothelial injury and
stasis 35. These changes are so powerfully anti-tumor that despite systemic toxicity, TNF-α
is still used in isolated limb perfusion to treat various cancers 12. Farma et al have previously
demonstrated that intravenously administered NP-TNF induces vascular hyperpermeability
in vivo in a TNF-α-sensitive MC38 tumor cell line 17. In this work, we found that NP-TNF
leads to many of the same classic VDA responses such as disruption of endothelial barrier
function and a concurrent significant increase in vascular permeability within the first 1–2
hours followed by a dramatic 80% drop in perfusion 2–6 hours after systemic
administration. In addition, we have shown an increase in the deposition of fibrinogen 4
hours after the injection of NP-TNF suggesting optimal conditions have been created to
augment or sustain vascular stasis through thrombosis. Furthermore, NP-TNF alone has
been shown previously to increase endothelial cell death alone (another hallmark of a VDA
response) 16, 23. Finally, all of these VDA related mechanisms, which are enhanced by
nanoparticle delivery, are occurring within the context of reduced systemic toxicity as
indicated by a greater than three-fold increase in maximum tolerated dose in a recent clinical
trial 13.

Due to the importance of establishing VDA nanoparticle response non-invasively and for
timing subsequent multimodal therapies that leverage the pre-conditioned vascular
environment we demonstrate here for the first time that nanoparticle preconditioning of the
vasculature can be measured using an MRI approach available clinically. Endothelial barrier
disruption and tumor hyperpermeability evidenced by fluorescence imaging in DSFC tumor
is demonstrated by MRI in the hindlimb model with the total contrast uptake being much
higher in the tumors after injection of NP-TNF. Our data also appear to capture the
decreased perfusion in NP-TNF treated tumors. For instance, slower uptake of contrast in
the early phase of the dynamic contrast enhancement curves (Figure 2B, between 10 to 20
minutes) likely reflects the difference in tumor perfusion. Further studies are warranted to
confirm this effect. Interestingly, despite the reduced toxicity of NP-TNF demonstrated in
previous studies, the contrast enhancement data using MRI revealed that there is a non-
negligible systemic effect, at least in muscle. We performed these studies on a dedicated,
ultrahigh field (9.4T) research system, therefore potentially benefitting from a higher signal-
to-noise ratio compared to clinical field strengths, however we anticipate that the VDA
effects will be easily detected at clinical fields of 1.5T and 3.0T 36. Because of the tumor
model and contrast injection strategies used in this study, the contrast kinetics observed in
mice (occurring over 90 minutes) are strikingly slower than in the human prostate (occurring
over 5 minutes). That is, a standard clinical DCE-MRI imaging protocol with a duration of 5
minutes will most likely be a sensitive and practical method to evaluate the effectiveness of
NP-TNF administration in clinical trials. The ability to spatially resolve the effects NP-TNF
with DCE-MRI would be important to optimally design and employ patient-tailored
therapeutic strategies as well as monitor off-target effects away from the tumor36.

The multimodal data presented here show that NP-TNF preconditioning of the vasculature
can enhance cryosurgery and high-temperature thermal therapy in a preclinical prostate
cancer model in both 2D DSFC and 3D hindlimb tumor. We also observed that the gold
nanoparticle without VDA (AuPEG) did not affect the thermal therapy outcome implying
that the postulated antiangiogenic properties of gold nanoparticles do not play a role in the
timeframes used in this study 37. Importantly, there were no deaths in any of the animal
groups using NP-TNF although previous work with native TNF administration at the same
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dose followed by thermal therapy is lethal to a large percentage of the animals as previously
shown 14, 24. Thus, thermal thresholds of injury were reduced in a safer manner for both heat
and cold thermal therapies by VDA conjugated nanoparticle delivery vs. VDA alone. In the
2D DSFC model, NP-TNF preconditioning led to an 80% increase in the treated tumor
volume by cryosurgery while a 61% increase was obtained with HTT. Importantly, the
thermal thresholds measured within the DSFC with and without NP-TNF should be
considered in a relative rather than absolute sense since tumors in the DSFC are destroyed
more easily than hindlimb or in vitro tumors 38–42. Thus, a further test with the hindlimb
system was undertaken and despite the conservative thermal threshold protocols (edge of
tumor = iceball edge or 40°C for HTT) a significant therapeutic benefit (tumor growth
delay) was still realized.

Finally, our data demonstrate that the acute inflammatory response (i.e. neutrophil
recruitment) does not influence nanoparticle enhancement of thermal destruction of the
tumor. The role of TNF-α in recruiting leukocytes to the tumor endothelium is well
established 43. In addition, the role of inflammatory cells especially neutrophils in
determining the maximum extent of the cryosurgical lesion is well documented 44. Previous
data from our lab showed an increased recruitment of inflammatory infiltrate into DSFC
LNCaP tumors 4 hours after topical administration of 200 ng native TNF-α 15. This was
accompanied by significantly higher recruitment of neutrophils in the inflammatory zone of
the Day 3 cryolesion with TNF-α plus cryosurgery compared to cryosurgery alone 15.
However, our experiments show that systemically delivered NP-TNF neither induces an
increased recruitment of inflammatory infiltrate to the tumor after 4 hours nor in the Day 3
cryolesion following multimodal therapy. This led to the question whether neutrophils were
merely “bystanders” in our previous experiments with topical administration of native TNF-
α having played no functional role in determining the extent of the cryolesion. Multimodal
therapy following systemic depletion of neutrophils supported this theory as the size of the
cryolesion was unaffected by the reduction in circulating neutrophil numbers. The reason for
these differences in responses of native TNF-α and NP-TNF to neutrophil recruitment is
unclear. We speculate that this is likely due to the differences in delivery method (topical
versus intravenous) and the effective dose of TNF-α interacting with the tumor tissue i.e.
200 ng of native TNF-α administered topically yields a much higher effective local dose of
TNF-α when compared to 5 μg of nanoparticle bound TNF-α delivered systemically. Of
note, our results are focused on the acute phase of the inflammatory response and do not
account for the role of macrophages and other immune cells that could potentially play an
important role in determining the extent of the thermal lesion 45.

CONCLUSIONS
In summary, we have demonstrated the ability of a gold nanoparticle conjugated VDA
(TNF-α) to significantly enhance both cryotherapy and hyperthermic therapy without
evidence of systemic toxicity measured here as mortality. We also characterized the
mechanisms responsible for these improved outcomes as related to tumor-specific vascular
disruptive effects of the nanoparticle, i.e. increase in vascular permeability within the first
1–2 hours followed by a significant drop in perfusion 2–6 hours after systemic
administration. In addition, we showed the ability of DCE-MRI to register these vascular
changes induced within the tumor. Lastly, in contrast to locally administered VDAs, our
systemically delivered nanoparticle data suggests that neutrophil dependent inflammatory
response is not important in multimodal thermal therapy enhancement with NP-TNF.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Vascular effects of NP-TNF on LNCaP tumors. (A) Effect of NP-TNF on tumor vascular
hyperpermeability. TxRed-labeled dextran was intravenously injected 1 hour after NP-TNF
administration. (B) Microsphere accumulation data demonstrating the effect of NP-TNF
pretreatment on hindlimb LNCaP tumor perfusion (*, p < 0.01, compared to 0 hours). Data
presented as mean ± SE. (C) Fibrinogen stained sections of DSFC LNCaP tumors with and
without NP-TNF pretreatment. Silver staining of (D) H&E section and (E) CD31-stained
section of DSFC LNCaP tumors showing localization of NP-TNF to the tumor vasculature.
Black areas/specks indicated by arrows are silver precipitates on the gold nanoparticles.
CD31 stained sections of (F) control tumor and (G) NP-TNF treated tumor demonstrating
increase in microvessel size of DSFC LNCaP tumors following NP-TNF treatment.
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Figure 2.
Imaging vascular effects of NP-TNF using DCE-MRI. (A) Axial view of a mouse after NP-
TNF and gadolinium injection. Representative tumor ROIs (broken green curves) used to
generate the dynamic curves in (B) are shown for the two tumors in this example image. (B)
Dynamic curves of the percent change in signal intensity (S.I.) over the time course of the
DCE-MRI acquisition obtained in all tumors (n=10) before and after NP-TNF administration
(mean ± SEM). AUGC maps from Pre-NP-TNF (C) and Post-NP-TNF (D) experiments are
shown from the same mouse. The tumor and muscle ROIs (broken white curves) in (C) and
(D) show regions used to compare contrast accumulation. The muscle ROIs are noticeably
different as there were unavoidable variations in animal positioning between the two studies
which were several days apart. The muscle regions needed to be drawn avoiding major
vessels and bone in each case.
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Figure 3.
Multimodal cancer therapy using NP-TNF. (A) Schematic depicting the DSFC tumor model
and assessment of vascular stasis following thermal therapy. (B) Thermal and vascular stasis
(radial) thresholds obtained following thermal therapy with and without nanoparticle
pretreatment in LNCaP DSFC tumors. Data are mean ± SEM. (C) Tumor growth delay
following thermal therapy with and without nanoparticle pretreatment in hindlimb LNCaP
tumor model. Insets depict infrared images obtained during thermal therapy. Data are mean
± SEM.
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Figure 4.
NP-TNF and acute inflammatory response. Myeloperoxidase (MPO) stained DSFC sections
following (A) Cryosurgery only, (B) Cryosurgery + NP-TNF, and (C) Cryosurgery + NP-
TNF after systemic neutrophil depletion. The red dashed line indicates the prominent edge
of the inflammatory band. The white dashed line indicates the edge of viable tumor. (D)
Comparison of Day 3 stasis areas measured by vascular imaging (FITC) and histology of the
three groups (*, p < 0.05). Data are mean ± SEM.
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