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Abstract

Interstitial fluid pressure (IFP) is elevated in tumors and high IFP, a negative cancer 

prognosticator, is known to limit the uptake and efficacy of anti-tumor therapeutics. Approaches 

that alter the tumor microenvironment and enhance uptake of therapeutics are collectively referred 

to as tumor “priming”. Here we show that the cytotoxic biological therapy Apo2L/TRAIL can 

prime the tumor microenvironment and significantly lower IFP in three different human tumor 

xenograft models (Colo205, MiaPaca-2 and a patient gastrointestinal adenocarcinoma tumor 

xenograft). We found that a single dose of Apo2L/TRAIL resulted in a wave of apoptosis which 

reached a maximum at 8 hrs post-treatment. Apoptotic debris subsequently disappeared concurrent 

with an increase in macrophage infiltration. By 24 hrs post-treatment, treated tumors appeared less 
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condensed with widening of the stromal areas which increased at 48 and 72 hrs. Analysis of tumor 

vasculature demonstrated a significant increase in overall vessel size at 48 and 72 hrs although the 

number of vessels did not change. Notably, IFP was significantly reduced in these tumors by 48 

hrs after Apo2L/TRAIL treatment. Administration of gemcitabine at this time resulted in increased 

tumor uptake of both gemcitabine and liposomal gemcitabine and significantly improved anti-

tumor efficacy of liposomal gemcitabine. These results suggest that Apo2L/TRAIL has potential 

as a tumor priming agent and provides a rationale for developing a sequencing schema for 

combination therapy such that an initial dose of Apo2L/TRAIL would precede administration of 

gemcitabine or other therapies.
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1. Introduction

Therapeutic resistance of a tumor is often thought of as the outcome of dysregulated 

intrinsic signaling pathways that promote tumor cell survival or inhibit apoptosis. However, 

resistance can also be the result of microenvironmental factors which hinder delivery of drug 

(see review [1]). In part, this situation is due to immature, abnormally permeable vasculature 

which allows increased fluid and serum protein accumulation in the tumor 

microenvironment (TME) giving rise to elevated interstitial fluid pressure (IFP; [2, 3]). High 

IFP greatly reduces movement of therapeutics from capillaries into the tumors in 

comparison to normal tissues [4, 5]. This problem is compounded by the increased solid 

stress caused by proliferating tumor and stromal cells, as well as increased, often stiffer [6], 

extracellular matrix (ECM) produced by these cells [7]. Solid stress often collapses blood 

vessels and lymphatics, creating regions of hypoxia and preventing lymphatic drainage [8]. 

Overall, the reduction in functional vasculature and the increased IFP impedes transport of 

drugs out of the remaining perfused capillaries (reviewed in [1, 9, 10]). Additionally, the 

elevated IFP results in directional flow of fluid out of the tumor thereby reducing retention 

of drugs which are delivered [11, 12]. It has been shown that the use of some cytotoxic 

therapies can, by inducing apoptosis of tumor cells, lead to decompression of blood vessels 

(e.g. diphtheria toxin -[13] or paclitaxel [14]) and lowering of IFP (e.g. taxanes [15, 16]) as 

well as improved drug delivery [17]. This and other approaches to priming the abnormal 

tumor microenvironment for improved drug delivery, including vascular normalization [18, 

19] and stromal depletion [20, 21], have recently been reviewed by Khawar et al [22].
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Apo2L/TRAIL (tumor necrosis factor related apoptosis inducing ligand) is a recombinant 

form of TRAIL (TNF related apoptosis inducing ligand) and is a promising cytotoxic 

therapy that selectively targets malignant cells while sparing normal cells [23–25].TRAIL 

induces apoptosis through binding to the cell surface death receptors, DR4 and DR5, and 

activating the extrinsic apoptotic pathway. Thus it is an alternative approach to inducing 

apoptosis compared to traditional chemotherapies and radiation that work through the p53 

dependent intrinsic pathway [25]. Many tumor cell lines [25] and patient tumor xenografts 

[26–28] are sensitive to killing by Apo2L/TRAIL. The mechanism(s) underlying the lack of 

toxicity to normal cells has still not been clarified, although multiple possibilities have been 

proposed including expression of decoy receptors (This, in conjunction with the observed 

lack of toxicity to normal cells, formed the basis for developing Apo2L/TRAIL and 

agonistic antibodies to DR4 and DR5 for clinical use [25, 29]). However, despite the 

preclinical antitumor activity of rhApo2L/TRAIL (dulanermin) and the fact that it showed 

no toxicity at the doses used in a Phase I trials (summarized in [30]), there was also no 

significant additional benefit in a randomized controlled Phase II trial comparing standard of 

care with and without dulanermin [30, 31]. In preclinical models Apo2L/TRAIL has shown 

added benefit in combination with a great variety of other therapies and a large number of 

tumor-specific mechanisms of these interactions have been identified (reviewed in [32]). 

However, whether Apo2L/TRAIL can reduce solid stress in the TME and the potential 

effect of Apo2L/TRAIL induced tumor cell apoptosis on tumor IFP has not been 

investigated. Based on the cytotoxic effects of Apo2L/TRAIL in sensitive tumors and the 

recent suggestion by Marcucci and Corti [33] that so-called “promoter” drugs could improve 

the subsequent uptake of “effector” drugs, we wondered if Apo2L/TRAIL could be used as a 

promoter drug to improve the efficacy of subsequently administered chemotherapy.

Here we show that a single dose of Apo2L/TRAIL induced apoptosis in both colon and 

pancreatic human xenograft tumors and resulted in a significant decrease in IFP by 48 hrs. 

In a patient gastrointestinal (GI) tumor xenograft, this was accompanied by an increase in 

vessel size and number of perfused tumor vessels. We administered gemcitabine (free and 

liposomal) at 48 hrs following Apo2L/TRAIL and observed improved uptake of both free 

and liposomal gemcitabine as well as a significant improvement of the anti-tumor efficacy 

of the liposomal formulation. These results support the conclusion that Apo2L/TRAIL can 

decompress the tumor and reduce IFP leading to improved uptake and anti-tumor efficacy of 

subsequently administered chemotherapy and thus providing a rationale for sequential 

administration of Apo2L/TRAIL followed by chemotherapy for improved drug delivery and 

therapeutic benefit.

2. Materials and Methods

2.1. Animal Models

CB17 SCID mice were housed in the AALAC accredited Laboratory Animal Resource and 

experiments carried out in accordance with RPCI Animal Care and Use Committee 

approved protocols. Colo205, a human colon adenocarcinoma, and MiaPaCa-2, a human 

pancreatic adenocarcinoma, were obtained from ATTC. An Apo2L/TRAIL resistant 

Colo205 cell line (Colo205 R) was generated by continuously exposing cells to 250ng/ml of 
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Apo2L/TRAIL for several weeks (sensitivity to Apo2L/TRAIL was less than 10% compared 

to >80% killing of the wild type). Cell line tumors were generated by subcutaneous injection 

of 1 × 106 cells. The patient tumor xenograft was established by engrafting de-identified 

patient tumor tissue obtained through the Pathology Resource Network at RPCI 

subcutaneously into SCID mice. (For details, see [27]). Tumor volume was determined 

using the formula volume= width2 × length/2.

2.2. Experimental Design

Apo2L/TRAIL was provided by Genentech, Inc; gemcitabine (Eli Lilly) was acquired from 

the pharmacy at RPCI. To investigate the histology of tumors following a single dose of 

Apo2L/TRAIL (average tumor size approximately 200mm3), mice were injected i.p. with 

1000µg Apo2L/TRAIL and tumors recovered at specified time points. Previously, we have 

treated tumor bearing mice with 500µg recombinant human Apo2L/TRAIL daily for two or 

more weeks with no signs of toxicity ([26, 27, 34]. The half-life of Apo2L/TRAIL in rodents 

is 3–5 min [35]. To visualize hypoxia, mice were injected, one hour prior to sacrifice, with 

60mg/kg pimonidazole i.p. (Hypoxyprobe, NPI, Burlington, MA). Tumors were fixed in 

10% formalin or zinc fixative and paraffin embedded. IFP was measured 48 hrs after 

administration of Apo2L/TRAIL or gemcitabine (75mg/kg or near MTD (maximum 

tolerated dose) of 140mg/kg [36]). For efficacy experiments, free gemcitabine was 

administered at 75 mg/kg and liposomal gemcitabine at 15 mg/kg based on preliminary 

experiments in which liposomal gemcitabine at 60mg/kg dose showed toxicity. Note that the 

dose for liposomal gemcitabine is less than that for free gemcitabine since free gemcitabine 

is eliminated much faster from blood as compared to liposomal formulation, the levels drop 

rapidly and thus overall free gemcitabine has less systemic toxicity than the liposomal 

formulation For drug content analysis after administration of gemcitabine, tumors were 

obtained from 3–5 mice at each of the indicated time points. For analysis after 

administration of liposomal gemcitabine, tumors were obtained from 2–3 mice/ time points.

2.3. Immunohistochemistry (IHC)

Antibodies used were: mouse anti-cleaved cytokeratin 18 (clone M30, Alexis 

Biochemicals), rat anti-mouse F4/80 (MCA497R, Serotec), MAb1 clone 4.3.11.31for 

hypoxyprobe adducts (Hypoxyprobe-1, NPI, Burlington, MA); rat anti-mouse CD31 

(#553370 Pharmingen; zinc fixation) and visualized with biotinylated secondary antibodies, 

ABC-RTU and DAB (Vector Laboratories Inc).

2.4. Tumor interstitial fluid pressure (IFP)

IFP was measured as reported earlier [37, 38] using a wing-tip needle catheter fitted with a 

23½ gauge needle is coupled to a micro pressure transducer (Millar Instruments, Model 

SPR-524 via a saline filled catheter). The analog output of the transducer is converted to 

digital signal (Data Translation Model DT9816 converter), fed to a digital amplifier (Millar 

Pressure Control Unit Model PCU-2000) connected to a computer. Data was acquired and 

plotted using a program developed in the laboratory using DT Measure Foundry (Version 

4.0.7 Data Translation). Pressure data was collected at a sampling rate of 1 kHz and 

averaged over 1 second. IFP was measured every few millimeters along the entry path and 
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averaged. The instrument was calibrated using a water column manometer from 0 to 30 cm 

of water. Several readings were obtained from each tumor.

2.5. Analysis of Blood Vessel Morphology

Four control, untreated mice and, at each time time point, 2 treated mice were sacrificed for 

analysis (see Fig 3I). CD31 stained slides were scanned into a ScanScope XT (Aperio) and 

images of areas with viable tumor were captured at 5× (2–6 images /section). CD31(+) 

stained vessels were identified and profiles were filled in Photoshop. Area quantification 

was accomplished using ImageJ: 1) each image was split into its three RGB colors and the 

blue was selected for quantification, 2) the threshold was adjusted to maximally colorize the 

filled areas and minimize background and 3) using ImageJ, we performed “Particle analysis” 

to enumerate the vessel sillhouettes using a minimal size of 10 px2. This was done for each 

of several images taken from each slide and the average vessel number and size recorded.

2.6. Liposomes

Liposomal gemcitabine (L-Gem) was prepared using distearolyphosphatidylcholine (DSPC), 

cholesterol (Chol) and PEG 5000-distearolyphosphatidylethanolamine (PEG 5000-DSPE) 

using a remote loading method. Briefly, the above lipids in chloroform solution were mixed 

in the molar ratio 1:0.5:0.05 (DSPC:Chol:PEG-DSPE molar ratio). The mixed lipid solution 

was dried in a rotary evaporator, taken up in a mixture of benzene and methanol (8:2 v/v), 

frozen in liquid nitrogen and lyophilized overnight. Residual solvents after overnight 

lyophilization are close to zero. The lyophilized lipid mixture was dispersed in 300mM 

ammonium sulfate, vortexed vigorously and subjected to three freeze/thaw cycles. The lipid 

dispersion was then extruded stepwise through polycarbonate membrane filters of 

decreasing pore sizes starting with 1µm followed by 0.8, 0.4 and finally through 0.1µm. A 

10ml Thermobarrel Lipex extruder (Northern Lipids Inc. Vancouver B.C. Canada), heated to 

50°C using a circulating water bath, was used for liposome extrusion. The liposomes were 

extruded through each of the filters between 6 to 8 times to ensure correct size. The two 

basic properties of the gemcitabine liposomes that we examined were size, by dynamic laser 

scattering (DLS), and loading efficiency. The size of the final liposome preparation was 

measured by dynamic laser scattering (DLS) using a Nicomp Model 370 Particle Sizer and 

was found to be approximately 103nm. Ammonium sulfate in the external medium of the 

liposome preparation was removed by overnight dialysis in HEPES buffered saline pH7.4. 

Dry gemcitabine was then added to the liposomes and the mixture shaken until it was 

completely dissolved. The liposomal gemcitabine preparation was then incubated in a water 

bath at 60°C for one hour and then chilled in an ice bath. The gemcitabine liposomes used in 

this study were not further purified after loading because the loading efficiency was close to 

93–95%. The liposomes were stored at in a refrigerator 4°C until used. Fluorescent 

liposomes were prepared as above except that a fluorescent dye (below) was incorporated 

within the lipid bilayer. The membrane dye 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine-5,5'-disulfonic acid (DiIC18(5)-DS; Invitrogen) was added 

to the lipid mixture at 0.1% of the total lipid molar concentration. This dye with two 

covalently linked, long C18 acyl chains, the same length as the primary lipid used, 

incorporates in the lipid bilayer. The lipids were dispersed in HEPES buffer saline (pH 7.4) 

and extruded to a final size of 100nm diameter. DiIC18(5)-DS was selected based on 

Hylander et al. Page 5

J Control Release. Author manuscript; available in PMC 2016 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



absence of autofluorescence from biological tissue at the dye excitation and emission 

wavelengths of 650 and 670 nm [39].

2.7. Fluorescent liposomes-quantification of perfusion and uptake

Fluorescent liposomes (200µl) were injected via the tail vein, tumors recovered 24 hrs later 

and embedded in OCT. Sections (0.8µm) were viewed using a Nikon eclipse Ti inverted 

fluorescence microscope with a Cy5 filter cube. Fluorescence micrographs were taken using 

a SPOT camera (Model RTke, Diagnostic Instruments, Inc.). The number of perfused blood 

vessels in each field of view (FOV) at 20× was determined using ImageJ with the threshold 

intensity set at 200 to 255 for the 8bit monochrome images to obtain binary images of the 

micrographs. The number of perfused vessels was then determined using particle analyses 

defining a particle by setting the minimum and maximum pixel counts at 5 and 5000 

respectively. Total tumor uptake of liposomes was determined as the sum total of the 

product of pixel intensity (between 5 and 255) and the number of pixels. Between 4 and 8 

FOVs per tumor section and two tumors each from a control untreated group and an Apo2L/

TRAIL treated group were analyzed.

2.8. Pharmacokinetics of gemcitabine and liposomal gemcitabine uptake

Gemcitabine and its metabolite dFdU were analyzed by LC-MS/MS. Briefly, mouse tissue 

and plasma samples were homogenized in PBS and extracted with ice cold acetonitrile 

containing the internal standard colofarabine 2.5ng/ml. The extracts were dried and taken up 

in HPLC mobile phase A (below). LC-MS/MS analysis was performed in positive ion mode 

using a Thermo Scientific Surveyor MS Pump Plus and Thermo Scientific TSQ Quantum 

Ultra fitted with Atlantis™ dC18 5 µm, 2.1 × 150 mm column at 30°C. Mobile phase A 

consisted of 2% acetonitrile 0.5% formic acid and mobile phase B was 98% acetonitrile 

0.5% formic acid and initial gradient was 1% B and increasing to 100% B at 7.5 minutes. 

Using the LC-MS/MS method used at RPCI for evaluation of clinical samples, two 

calibration curves were prepared with a range of 0.5ng/ml to 1000ng/ml and duplicate 

quality controls were run at 3 concentrations (7.5, 75ng/ml and 750ng/ml). Overall average 

precision of the gemcitabine calibrators was 6.89% with % accuracy ranging from 94.5% to 

107.9%. Gemcitabine quality controls had an average precision of 1.36% with % accuracy 

ranging from 94% to 101%. Gemcitabine for calibration was obtained from Toronto 

Research Chemicals (Cat# G305000, Lot# 17-ANR-123-1).

2.9. Statistics

Statistical analysis was performed with the Student t test or Anova (Sigma Plot, Systat 

Software, or GraphPad Prism). Data is plotted with the mean and standard error. A p< 0.05 

was considered significant.

3. Results

3.1. A single dose of Apo2L/TRAIL induces changes in the tumor microenvironment

To investigate the effects of a single dose of Apo2L/TRAIL, we administered 1000µg 

Apo2L/TRAIL to mice bearing the Apo2L/TRAIL sensitive human cell line xenograft 

Colo205 [23]. Tumors were recovered at 2, 8, 24 and 48 hrs after treatment and examined 
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histologically. In untreated tumors (Fig 1A), dense clusters of tumor cells were surrounded 

by thin areas of compact stroma and contained many mitotic figures Apo2L/TRAIL induced 

apoptosis in these tumors so that by 2 hrs post-treatment (Fig 1B), apoptotic bodies were 

apparent in localized foci. By 8 hrs Fig 1C), the tumors contained widespread regions of 

apoptotic debris and appeared less compact with widened stromal regions; residual debris 

was still seen 24 hrs post-treatment (Fig 1D). However by 48 hrs (Fig 1E), debris was no 

longer apparent, tumors appeared less compact and vessels appeared enlarged. IHC 

confirmed that the number of apoptotic cells peaked at 8 hrs after treatment (Fig 1F–I). The 

number of labeled cells in 3 representative fields was counted and is shown graphically. 

Infiltration of the tumors by macrophages also peaked at 8 hrs after treatment (Fig 1J–M) 

suggesting that macrophages are responsible for clearing the debris.

3.2. A single dose of Apo2L/TRAIL reduces interstitial fluid pressure

To determine whether Apo2L/TRAIL affected IFP, we measured IFP in the tumors of 

control, untreated mice and compared levels to tumors of treated mice 48 hrs post-treatment 

when maximal changes in the TME were observed histologically. Measurements were not 

made on the same tumor before and after treatment because this technique is invasive and 

disrupts the tumor microenvironment In the Apo2L/TRAIL sensitive Colo205 tumors, we 

saw a significant drop in IFP (p< 0.01), Fig 2A). In contrast, tumors from a resistant clone 

did not undergo a similar drop in IFP (Fig 2B). An Apo2L/TRAIL sensitive pancreatic 

adenocarcinoma cell line, MiaPaCa-2 [40] also underwent a significant drop in IFP (p< 

0.0001, Fig 2C). Previously, we have found that some patients’ GI tumor xenografts are 

sensitive to Apo2L/TRAIL [26, 27]. Therefore, we tested a patient GI tumor xenograft 

(PDX #14244) and observed a significant drop in IFP at 48 hrs after Apo2L/TRAIL in this 

tumor also (Fig 2D, p< 0.01).

3.3. Apo2L/TRAIL induced changes in the tumor microenvironment

The kinetics of apoptosis in patient xenograft PDX #14244 were similar to those observed in 

Colo205 (Fig 3). Tumors were recovered from four control mice (0 hr) and two mice each at 

4, 8, 24, 48 and 72 hrs following a single dose of Apo2L/TRAIL. The untreated tumors (Fig 

3A) were surrounded by a connective tissue capsule and consisted of glands separated by 

stroma. At 4 hrs (Fig 3B), areas of apoptotic cells were seen in the periphery and became 

more widespread at 8 hrs (Fig 3C). This peak of apoptosis correlated with a high degree of 

infiltration by macrophages (F4/80+ cells) which were especially dense in areas of obvious 

apoptosis (Fig S-1). Apoptotic debris was removed by 48 hrs, at which time blood vessels 

containing RBCs could be identified within the interior of the tumor (Fig 3D, arrow).

To quantify the changes in the vasculature, we analyzed the vessels in these tumors. 

Sections of zinc fixed tumors were stained with anti-CD31, photographed and the vessel 

outlines were filled manually using Adobe Photoshop. Using ImageJ, the images were 

converted to black and white profiles. Representative fields from stained sections of 

untreated control tumors vs. 48 hrs post-treatment tumors (Fig 3 E, G) and the vessel 

profiles derived from each section are shown (Fig 3 F, H). The images of vessel profiles 

were analyzed for total vessel count and average vessel size; multiple (3–5) different 5× 

fields were averaged per section. While the total number of CD31(+) vessels did not change 
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(data not shown), the average vessel size increased. At 48 hours, 1 of 2, and by 72 hours, 2 

of 2, tumors contained vessels which were increased in size over those in the four control 

tumors (Fig 3I). Because CD31(+) staining alone is not indicator of vessel patency, as we 

have previously reported (Xu eat., 2007), we next asked how Apo2L/TRAIL pretreatment 

would alter the distribution of NIR dye labelled liposomes. We injected mice with liposomes 

containing fluorescent DiIC18 (5)-DS at 48 hrs post-Apo2L/TRAIL treatment. The 

advantage of using this dye is the negligible autofluorescence in the near infrared (670nm). 

Representative images of liposomal uptake are shown (S-2-A-control, B-Apo2L/TRAIL 

primed). Apo2L/TRAIL primed tumors had both increased numbers of perfused vessels 

(S-4C) and increased total uptake of liposomes (S-4D). That this increase in average vessel 

size and increased patency is related to increased functionality is supported by a significant 

reduction in tumor hypoxia. Untreated tumors were uniformly hypoxic (Fig 4A) whereas at 

48 and 72 hrs post-treatment, tumors were extremely heterogeneous with many areas which 

did not stain (Fig 4B, C).

3.4. Gemcitabine uptake is increased after a single dose of Apo2L/TRAIL

To determine whether the decompression of tumor vessels and concomitant decrease in IFP 

could improve uptake of subsequently administered therapeutics, we compared gemcitabine 

uptake in control and Apo2L/TRAIL primed mice. Tumor bearing mice received 

gemcitabine either 30 min or 48 hrs after the priming dose of Apo2L/TRAIL. At several 

time intervals after gemcitabine administration (0.5 hr, 1 hr, 2 hrs and 6 hrs), tumors were 

recovered for pharmacological analysis. When gemcitabine was given 30 min after Apo2L/

TRAIL, there was no difference in gemcitabine uptake in the tumors of untreated and pre-

treated mice (Fig 5A). However, when gemcitabine was administered at 48 hrs after Apo2L/

TRAIL, the uptake peaked at 1 hour and remained slightly higher through the remainder of 

the 6 hrs (Fig 5B). Apo2L/TRAIL priming resulted in a 35% increase in gemcitabine uptake 

compared to concurrent administration Fig 5C.

3.5. Apo2L/TRAIL priming enhances efficacy of gemcitabine

We next asked whether tumor priming and the increased gemcitabine uptake would result in 

improved efficacy. Mice with PDX #14244 were divided into four groups which received 

either: (1) saline, (2) a single dose of Apo2L/TRAIL on day 1, (3) 3 doses of gemcitabine 

(75 mg/kg) on days 3, 5, and 7, or (4) Apo2L/TRAIL on day 1 followed by 3 doses of 

gemcitabine on days 3, 5, and 7. Tumor growth was monitored for 10 days during which the 

controls, Apo2L/TRAIL alone or gemcitabine alone treated mice showed continued tumor 

growth. In comparison, tumors in mice which received sequential combination therapy 

showed a trend to slower growth, although the difference is not statistically significant. (Fig 

5 D, Fig S-3). The lack of anti-tumor efficacy in the group which received a single dose of 

Apo2L/TRAIL underscores the observation that although PDX #14244 is Apo2L/TRAIL 

sensitive, daily dosing is needed to significantly control tumor growth [34]. Interestingly, 

gemcitabine treatment alone (either moderate-75 mg/kg or high-140 mg/kg dose) did not 

lower IFP (Fig S-4) providing additional rationale for initiating combination therapy with 

Apo2L/TRAIL.
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3.6. Apo2L/TRAIL priming significantly improves the efficacy of liposomal gemcitabine

We wondered whether the enhanced effect of combination therapy could be improved by 

using liposomal gemcitabine which has a longer half-life (reported half-life ~13 hrs; [41]) 

than free gemcitabine (half-life between 8.5 and 17 min; [41, 42]). We next analyzed 

Liposomal-gem uptake in mice bearing PDX #14244 tumors and saw increased gemcitabine 

uptake when liposomes were administered 48 hrs after priming (Fig 6A and Fig. 6B, 

calculated AUC). Finally, we treated mice with Apo2L/TRAIL alone, liposomal 

gemcitabine alone, or a combination strategy in which tumors were primed with Apo2L/

TRAIL and then treated with liposomal gemcitabine (15 mg/kg) 48 hrs later (2 cycles given 

7 days apart). As seen in Fig 6C, the combination strategy resulted in a significant 

improvement in tumor control in comparison to either single agent alone (p< 0.01). Again, 

the once weekly dosing with Apo2L/TRAIL used here is not sufficient to control tumor 

growth [34].

4. Discussion

4.1 Apo2L/TRAIL as a promotor drug to prime the TME

Targeting the death receptors DR4 and DR5 with either Apo2L/TRAIL or agonistic 

antibodies is a promising approach for treating patients with malignant disease for several 

reasons: 1) these death receptors activate the extrinsic apoptotic pathway as opposed to 

traditional therapies which work by p53 mediated activation of the intrinsic apoptotic 

pathway and 2) dose-limiting toxicity to normal tissue has not occurred in initial clinical 

trials (e.g. [43]). However, at the doses used, neither the ligand nor the antibodies have 

shown significant clinical efficacy [30]. Since strategies combining Apo2L/TRAIL (or DR 

targeting antibodies) will likely involve combination with other reagents, understanding the 

mechanisms of interaction will allow us to design rationale schedules for administration of 

these combinations. Recently, Marcucci and Corti have discussed the concept of “promoter 

drugs” that are able to increase the uptake and penetration of other anti-tumor “effector 

drugs” [33]. There are reports that cytotoxic therapies can decompress the tumor 

microenvironment [13], lower IFP and improve drug delivery [15] and thus the idea of 

priming the tumor microenvironment with cytotoxic therapies is promising [22]. Here, we 

present data showing that Apo2L/TRAIL, in addition to being an effector drug, can prime a 

tumor, inducing apoptosis to decompress the microenvironment and resulting in lowered IFP 

at 48 hrs post-treatment. When gemcitabine was administered at this time, uptake of free 

gemcitabine was increased by approximately 35% and we observed a trend towards 

improved efficacy. When we repeated the experiment with a liposomal formulation of 

gemcitabine, not only were we able to use a substantially lower dose of gemcitabine, but 

uptake was improved by 45% over a 24 hr period and the antitumor efficacy was 

significantly improved over L-gem alone. We did not examine whether empty liposomes, 

i.e., without gemcitabine, reduced tumor size since it is documented in the literature that 

empty liposomes do not influence growth of primary tumors ([44]). This enhanced uptake of 

liposomal gemcitabine after tumor priming is comparable to what has been reported earlier 

by Lu et al 2007 ([14] in which a 43% increase in uptake of liposomal doxorubicin occurred 

following priming of FaDu head and neck tumors with paclitaxel. Additionally, we have 
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shown previously that tumor priming by mild systemic heating leads to increased tumor 

vessel perfusion and subsequent uptake of liposomal doxorubicin [45].

In the protocol that we used for these efficacy studies, we administered Apo2L/TRAIL first 

to reduce solid stress and lower the IFP allowing reperfusion of compressed vessels (as 

shown by increased number of patent vessels and uptake of dye containing liposomes) to 

facilitate gemcitabine uptake. Many tumors, however, are resistant to DR4 and DR5 

targeting reagents. In this regard, a variety of agents are able to sensitize many resistant 

tumors to Apo2L/TRAIL [25, 32]; for instance, chemotherapies (e.g. gemcitabine) can 

sensitize tumors by downregulation of FLIP [46] or upregulation of DR5 and/or p53 [47]. A 

recent pre-clinical study of combination therapy using the glioblastoma cell line D54 

concluded that administering doxorubicin 18 hrs prior to an anti-DR5 agonistic antibody 

resulted in greater than 2-fold upregulation of DR5 on the cell surface and significantly 

increased apoptosis. In the glioblastoma experiments, however, increased apoptosis was not 

seen when anti-DR5 antibody was administered first, or simultaneously [48]. Thus, it might 

be possible in the case of an Apo2L/TRAIL resistant tumor to first sensitize the tumor to 

Apo2L/TRAIL. Additionally, we found that it takes 48–72 hrs to see the reduction in IFP 

which follows. This reduced IFP may be a predictive biomarker for the activity of Apo2L/

TRAIL which facilitates gemcitabine uptake. Optimizing the interval between Apo2L/

TRAIL and administration of the second therapy seems to be important in terms of allowing 

sufficient time for clearance of the apoptotic debris induced by the priming agent. Therefore, 

we expect that a treatment protocol could be optimized to take advantage of the priming 

action in which an initial dose of Apo2L/TRAIL could improve chemotherapy uptake, 

which in turn could increase DR5 expression and increase the sensitivity of the tumor to the 

next dose of Apo2L/TRAIL. Since Apo2L/TRAIL did not show systemic toxicity in clinical 

trials, it would be logical to begin combination therapy with a single dose of Apo2L/TRAIL. 

If a tumor is sensitive to Apo2L/TRAIL, this would result in better accumulation of the 

second therapeutic directly in the tumor and improved efficacy. As treatment progressed, the 

sensitizing effects of the second therapeutic would therefore be enhanced. It might also be 

possible to combine Apo2L/TRAIL with other approaches to reducing IFP, for example 

enzymatic digestion of hyaluronan which caused a reduction in IFP [49] leading to increased 

vessel functionality, uptake of chemotherapy and improved anti-tumor efficacy [21] or 

normalization of vessels with anti-angiogenic therapies [2, 50]. We have also shown that IFP 

can be reduced by mild hyperthermia treatment 4–6 hrs after exposure and this is maintained 

for at least 24 hrs resulting in decreased hypoxia and significantly improved response to 

radiation therapy [37] when radiation is administered 24h post-heating. Optimal interdose 

interval has been reported using PBPK/PD modelling for combined paclitaxel and liposomal 

doxorubicin [51] and this interval was identified as 24h post-paclitaxel dosing. The interdose 

interval of 48h in this study was based upon analyses of tumor histology and IFP at different 

times after Apo2L/TRAIL dosing. It is possible that PBPK/PD modeling for Apo2L/TRAIL 

and liposomal gemcitabine may suggest an optimal interval that is different from the one we 

report here and this possibility is worth pursuing in the future.

The further observation that the PDX #14244 was essentially completely hypoxic before 

treatment as shown by Hypoxyprobe localization by IHC is striking. In addition to 

improving delivery of chemotherapy, therefore, Apo2L/TRAIL treatment can also lead to 
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reduced hypoxia in these tumors concomitant with reducing IFP. It is known that tumors 

develop mechanisms to survive hypoxic microenvironments and these mechanisms 

contribute to the ability of tumor cells to survive chemotherapy (see reviews [52, 53]) so this 

reduction in hypoxia may very well be an additional factor contributing to increased 

response to chemotherapy.

In summary, our results demonstrate a previously unappreciated aspect of the response of 

tumors to Apo2L/TRAIL treatment which, by direct killing of tumor cells, can reduce solid 

stress, reduce IFP and condition a tumor prior to administration of chemotherapy. These 

results support the further development of combination therapy and provide a rationale for a 

dosing strategy in which Apo2L/TRAIL is given initially and after a 48–72 hr interval to 

allow clearance of debris, followed by chemotherapy. Further studies examining any 

changes to liposomal gemcitabine biodistribution following Apo2L/TRAIL pretreatment 

will be needed before adopting this strategy for tumor priming.
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Fig. 1. 
Kinetics of apoptosis induced in human Colo205 xenografts by a single Apo2L/TRAIL 

treatment. (A–E) H&E sections post-treatment: (A) Control, tumors are compact with 

mitotic figures (arrows); (B) at 2 hrs foci of apoptosis are seen (arrows); (C) at 8 hrs 

widespread areas of apoptotic bodies and cellular debris are evident (arrows) and stromal 

areas are wider (arrowhead); (D) at 24 hrs debris remnants are seen (arrow) and (E) at 48 hrs 

post-treatment, the debris is cleared and the tumor microenvironment appears less compact 

(arrowhead). (F–I) IHC for apoptotic cells (cleaved cytokeratin18+ cells); bar graph 
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indicates average number of cells in 3 fields. (J–M) IHC for macrophages (F4/80+ cells); 

bar graph indicates average number of cells in three fields. Bar= 50µm
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Fig. 2. 
IFP in xenograft tumors 48 hrs after Apo2L/TRAIL. (A) Colo205: IFP is significantly 

reduced, p<0.005, (B) Colo205 Apo2L/TRAIL resistant clone: IFP is not significantly 

different, (C) MiaPaCa-2: IFP is significantly significantly reduced, p< 0.0001, (D) Patient 

tumor xenograft: IFP is significantly reduced, p< 0.005.

Hylander et al. Page 17

J Control Release. Author manuscript; available in PMC 2016 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Priming of a patient tumor xenograft (PDX 14244) by Apo2L/TRAIL. (A–D) H&E stained 

sections of the periphery of tumors at selected times post-treatment. (A) Control tumor is 

surrounded by a connective tissue capsule (✱) and contains well-differentiated glandular 

structures. (B) At 4 hrs apoptotic bodies are seen in the periphery (arrow) (C) At 8 hrs the 

number of apoptotic cells is increased (arrow). (D) At 48 hrs cellular debris is reduced and 

blood vessels appear more open (arrow). Bar= 25 µm. (E–J) Analysis of vascular changes in 

a patient xenograft following Apo2L/TRAIL. Representative sections of (E) a control tumor 
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and (G) a tumor 48 hrs after Apo2L/TRAIL stained with anti-CD31 to visualize blood 

vessels Bar= 200µm. (F, H) Profiles of vessels in E & G. (J) Vessel sizes in four control and 

2 treated tumors from each timepoint were analyzed; each point is an average of pixels2/5× 

fields for several fields/slide
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Fig. 4. 
Hypoxia in PDX #14244 is reduced following a single treatment with Apo2L/TRAIL. (A) 
Control tumors are homogeneously hypoxic (hypoxyprobe-brown). (B, C) At 48 and 72 hrs 

following a single dose of Apo2L/TRAIL, tumors have areas of reduced hypoxia. Bar = 

200µm.
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Fig. 5. 
Tumor priming with Apo2L/TRAIL 48 hrs prior to administration of free gemcitabine 

increased gemcitabine uptake. Gemcitabine was administered either (A) 30 min or (B) 48 

hrs after Apo2L/TRAIL. (Error bars shown in one direction; n= 3–5). (C) Comparison of 

gemcitabine uptake (area under the curve, AUC) in these two protocols shows a 33% 

enhancement when gemcitabine was administered 48 hours after tumor priming with 

Apo2L/TRAIL. (D) Efficacy of combination therapy: Apo2L/TRAIL (large shaded arrow) 

was given on day 1 and gemcitabine was started 48 hrs later and given on days 3, 5, and 7 

(small hatched arrows) to groups as indicated in the legend. (PDX 14244, n= 5, average= 

heavy dashed line).
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Fig. 6. 
A single dose of Apo2L/TRAIL increases liposomal gemcitabine (L-gem) uptake in tumors 

(PDX 14244) pre-treated with Apo2L/TRAIL. (A) Graph of gemcitabine uptake (error bars 

one direction only, n=2–3). (B) Comparison of total L-gem uptake (AUC) by tumors in (A) 

shows a 45% increase in Apo2L/TRAIL treated tumors over a 24 hr period. (C) Treatment 

of tumor bearing mice with Apo2L/TRAIL and L-gem, either alone or in combination 

(Apo2L/TRAIL d1 and d7 (dark gray arrows), L-gem on d3 and d9 (light gray arrows). The 

tumors in the group which received the combination sequentially were significantly smaller 

than tumors in the other groups (n=5, ** p< 0.01).
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