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Abstract

Triolimus is a multi-drug loaded polymeric micelle containing paclitaxel (PTX), 17-
allylamino-17-demethoxygeldanamycin (17-AAG), and rapamycin (RAP). In this study, we
examined the radiosensitizing effect of Triolimus /n vitroand /n vivo. Radiosensitizing effects of
Triolimus on A549 cells were dose dependent and at 2 nM, Triolimus showed significant
radiosensitization even at low radiation doses (2 Gy). By sensitivity enhancement ratio (SER),
PTX alone, dual drug combinations, and Triolimus treatment at 2 nM had radiosensitizing effects
with potency as follows: PTX alone (PTX) > PTX and RAP (P/R) > Triolimus (TRIO) > PTX and
17-AAG (P/17) > 17-AAG and RAP (17/R). In vivo, fractionated radiation of 15 Gy preceded by
infusion of PTX alone, dual drug combinations, or an intermediate dose of Triolimus (Int. TRIO:
PTX/17-AAG/RAP at 15/15/7.5 mg/kg) strongly inhibited A549 tumor growth. Notably,
pretreatment with high dose of Triolimus (High TRIO: PTX/17-AAG/RAP at 60/60/30 mg/kg)
before the fractionated radiation led to tumor control for up to 24 weeks. An enhanced
radiosensitizing effect was observed without an increase in acute toxicity compared to PTX alone
or radiation alone. These results suggest that further investigations of Triolimus in combination
with radiation therapy are merited.
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1. INTRODUCTION

Drug combinations with various anticancer mechanisms are effective in overcoming tumor
heterogeneity, reducing chemoresistance, and obtaining additive or synergistic anticancer
efficacy [1]. Previous studies demonstrated the efficacy of a multi-drug loaded micellar
system called “Triolimus” that contains PTX, 17-AAG and RAP in a poly(ethylene glycol)-
block-poly(d,I-lactic acid) (PEG-b-PLA) micelle. Triolimus exhibits enhanced aqueous
solubility of each drug, synergistic cytotoxicity, and potent tumor growth inhibition in
xenograft models [2-10].

Radiosensitizing effects of PTX, 17-AAG, and RAP have been reported. PTX
radiosensitizes cancer cells by inhibiting cell cycle progression at a radiosensitive phase
(G2/M) [11, 12]. 17-AAG augments radiosensitization by inhibiting heat shock protein
(Hsp) 90 function [13-17]. Lastly, RAP radiosensitizes cancer cells by inhibiting mTOR,
which is downstream of the PI3K-Akt survival pathway [18, 19]. Based on these
observations, we hypothesized that Triolimus may exhibit potent radiosensitization effects
and identify it as a promising candidate for chemoradiotherapy. To test this hypothesis, we
studied the effects of PTX alone, dual drug combinations, and Triolimus on clonogenic
survival and radiosensitization of A549 cells as well as the anticancer effects of these drug
combinations in an A549 xenograft mouse model. Immunohistochemical analysis of
proliferative activity, apoptosis and protein expression was performed. Hematologic and
tissue microscopic analyses were conducted to evaluate the toxicity of PTX alone, dual drug
combinations, and Triolimus.

2. MATERIALS AND METHODS

2.1. Materials

PEG-b-PLA with Mw of PEG = 4000 g/mol and PLA = 2200 g/mol was purchased from
Advanced Polymer Materials Inc. (Montreal, CAN). PTX, 17-AAG, and RAP were
purchased from LC Laboratories (Woburn, MA). A549 human lung adenocarcinoma cell
line was purchased from ATCC (Manassas, VA). Crystal violet was purchased from Sigma-
Aldrich (St. Louis, MO). All other reagents were obtained from Thermo Fisher Scientific
Inc. (Fairlawn, NJ) and were of analytical grade.

2.2. Methods

2.2.1. Preparation and characterization of drug-loaded PEG-b-PLA micelles—
PTX, 17-AAG and RAP loaded PEG-b-PLA micelles were prepared by freeze-drying from a
tert-butanol-water mixture [20]: 105.0 mg of PEG-b-PLA (PEG average Mn ~4000 g/mol,
PLA average Mn ~2200 g/mol) and 6.0 mg of PTX, 6.0 mg of 17-AAG, and 3.0 mg of RAP
were dissolved in 1.0 mL of tert-butanol at 60 °C, followed by addition of 1.0 mL of pre-
warmed double-distilled water at 60 °C with vigorous mixing. The mixture was allowed to
freeze in dry ice/ethanol cooling bath at -70 °C for 2 h. Lyophilization was then performed
on a VirTis AdVantage Pro freeze dryer (SP Scientific, Gardiner, NY) at —20 °C shelf inlet
temperature for 72 h at 100 pBar throughout the experiment. Single drug (PTX) and dual
drug (P/17, P/R, and 17/R) loaded PEG-b-PLA micelles were similarly prepared. The
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freeze-dried samples were stored at —20 °C until use. Before use, the lyophilized cake was
rehydrated with 1.0 mL of 0.9% saline solution at 60 °C, centrifuged at 13,000 rpm for 5
min, and filtered through 0.22 um regenerated cellulose filter.

Z-average diameter and polydispersity index (PDI) of drug-loaded PEG-b-PLA micelles at
25 °C were measured using a Zetasizer Nano-ZS (Malvern Instruments, UK) at a fixed angle
of 173 °. Prior to measurement, drug-loaded PEG-b-PLA micelles were diluted 50-fold in
physiological saline.

The drug content of PEG-b-PLA micelles was quantified by a reverse-phase Shimadzu
Prominence HPLC system (Shimadzu, Japan). Ten pL of drug-loaded PEG-b-PLA micelle
solution were dissolved in 990 pL of acetonitrile. Ten L of the dissolved solution were
injected into a Zorbax RX-C8 analytical column (4.6 mm x250 mm, particle size 5 um,
Agilent) at a flow rate of 1.0 mL/min, a run time of 20 minutes, and a column oven
temperature of 40 °C. The separation of PTX, 17-AAG, and RAP was achieved with a
mobile phase consisting of 55% of acetonitrile, and 45% of water containing 0.1%
phosphoric acid and 1% methanol under isocratic conditions. PTX, 17-AAG, and RAP were
detected at 227, 333, and 279 nm, respectively. Retention times of PTX, 17-AAG, and RAP
were 3, 4, and 11 minutes, respectively.

2.2.2. In vitro clonogenic assay—Ab549 cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. A549 cells were
maintained at 37 °C under an atmosphere of 5% CO, in a humidified incubator.

The clonogenic assay procedure was similar to previously described methods [21] with
certain modifications. Briefly, a feeder layer of A549 cells was prepared by radiation at 30
Gy by using a 137Cs irradiator (JL Shepherd Model 109 Irradiator, JL Shepherd &
Associates, CA). The feeder layer and non-irradiated A549 cells were seeded on 6-well
plates to a total of 2500 cells/well. After seeding, cells were incubated overnight. Then,
A549 cells were pretreated by Triolimus at 1 to 3 nM, or PTX, P/17, P/R, and 17/R at 2 nM.
Subsequently, cells were subjected to ionizing radiation (0-8 Gy). The medium was
refreshed seven days after radiation and incubated for another three days. Following
incubation, the medium was removed and cells were washed once with PBS. A549 cells
were then stained with a 0.5% crystal violet/methanol solution for 15 min at 37 °C, and
colonies were counted using a cutoff of 50 aggregated cells. Plating efficiency (PE) was
calculated as (colony count)/ (inoculated non-irradiated cell number). From the calculated
value of PE, the clonogenic survival rate of A549 cells was defined as (PE / PE of non-
treatment). The survival fraction (SF) was calculated as (PE) / (PE at 0 Gy) of each
treatment. A fitting curve was applied for the SF with a linear-quadratic equation:
SF=exp(aD+BD?), where D is irradiation dose [21]. From the curve-fitting equation, the
radiation dose necessary to kill 50% of cells in each treatment group was calculated to
evaluate the sensitizer enhancement ratio (SER), defined as the radiation dose resulting in
50% cell kill without drug / radiation dose resulting in 50% cell kill with drug.

2.2.3. In vivo anticancer efficacy of drug-loaded PEG-b-PLA micelles with or
without radiation—All animal experiments were approved by the Institutional Animal

Macromol Biosci. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tomoda et al.

Page 4

Care and Use Committee and conducted in accordance with institutional and NIH guidance.
Female athymic nude mice ages 6-8 weeks were purchased from Harlan Laboratories
(Madison, WI). A549 cells were harvested from sub-confluent cultures after trypsinization.
Mice were anesthetized with 1.5% isoflurane/oxygen; this state was maintained with 1%
isoflurane/oxygen. Mice were subcutaneously inoculated with A549 cells on the right side of
the lower back (100 pL, 2x106 cells/animal). Tumor volume was calculated as 0.5xaxb?
with “a” as the larger diameter of the tumor and “b” as the smaller diameter of the tumor.
After reaching a tumor volume of approximately 150 mm3, mice were randomized into 14
groups (n=4) as follows: 1. PTX at 60 mg/kg with radiation (PTX+XRT). 2. PTX at 60
mg/kg. 3. PTX/17-AAG (60/60 mg/kg) with radiation (P/17+XRT). 4. PTX/17-AAG (60/60
mg/kg; P/17). 5. PTX/RAP (60/30 mg/kg) with radiation (P/R+XRT). 6. PTX/RAP (60/30
mg/kg; P/R). 7. 17-AAG/RAP (60/30 mg/kg) with radiation (17/R+XRT). 8. 17-AAG/RAP
(60/30 mg/kg; 17/R). 9. High dose Triolimus (PTX/17-AAG/RAP at 60/60/30 mg/kg) with
radiation (High TRIO+XRT). 10. High dose Triolimus (PTX/17-AAG/RAP at 60/60/30
mg/kg; High TRIO). 11. Intermediate dose Triolimus (PTX/17-AAG/RAP at 15/15/7.5
mg/kg) with radiation (Int. TRIO+XRT). 12. Intermediate dose Triolimus (PTX/17-
AAG/RAP at 15/15/7.5 mg/kg; Int. TRIO). 13. Vehicle (empty PEG-b-PLA micelle at 105
mg/kg) with XRT (Vehicle+XRT). 14. Vehicle (empty PEG-b-PLA micelle at 105 mg/kg)
(Vehicle). For each dose, 200 pL/20 g mice body weight was intravenously administered to
anesthetized nude mice. For combined drug treatment and radiation groups, drug-loaded
PEG-b-PLA micelles were administered prior to radiation; mice were then subjected to 5
days of 3 Gy/day radiation. Mice body weights and tumor diameters were determined with a
portable scale and a digital caliper (Fisher Scientific, Pittsburgh, PA), respectively. All mice
used for this study were euthanized either when tumor volume reached 400% of the initial
tumor volume or on day 85.

2.2.4. Hematologic analysis to assess toxicity—PTX (60 mg/kg), P/17 (60/60 mg/
kg), P/R (60/30 mg/kg), 17/R (60/30 mg/kg), High TRIO (PTX/17-AAG/RAP: 60/60/30 mg/
kg), Int. TRIO (PTX/17-AAG/RAP: 12/12/6 mg/kg), Low TRIO (PTX/17-AAG/RAP:
2.4/2.4/1.2 mg/kg), and vehicle control (PEG-PLA only:105 mg/kg) were intravenously
injected into A549 tumor-bearing female athymic nude mice. Animals were euthanized 24
hours post-injection. For the evaluation of Triolimus followed by XRT treatment group,
High TRIO was intravenously injected on day 1, followed by fractionated radiation of 3 Gy
for five days. At day six, animals were euthanized (TRIO + XRT group). The control group
received a vehicle injection followed by XRT treatment (Mehicle + XRT group). Whole
blood was collected in both lithium heparin and K,EDTA coated tubes just before
euthanization. Whole blood in lithium heparin coated tubes was centrifuged at 3,000 rpm for
5 min to separate plasma for comprehensive metabolic panel. Whole blood in a K,EDTA
coated tube was used for complete blood count (CBC). CBC and comprehensive metabolic
panels were conducted by the Clinical Pathology Laboratory of School of Veterinary
Medicine at the University of Wisconsin, Madison, WI.

Histologic and Immunohistochemical Analysis:

Tumor and normal tissue was fixed for 24 hours in 10% neutral buffered formalin,
dehydrated through graded ethyl alcohols, paraffin-embedded, cut at 5 pm, and mounted on
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charged glass slides. H&E stained sections of the tumor and normal tissue including heart,
lung, liver, kidney, spleen, and brain were prepared according to standard procedure. Tissue
necrosis was assessed by light microscopy as percent total tumor area. Normal tissue
sections were assessed for morphologic evidence of organ toxicity by an observer blinded to
treatment. Immunostaining for Ki-67, cleaved caspase-3, Akt, phospho-Akt, and Hsp70 was
carried out on a Roche Ventana Medical System Discovery XT Automated platform using
proprietary Ventana-Roche reagents except for DaVinci Antibody Diluent and Cat-
Hematoxylin (Biocare Medical). The slides were deparaffinized, and heat-induced epitope
retrieval was performed in the form of “cell conditioning” using CC1 Buffer (EDTA buffer)
for approximately 44 minutes. For Ki-67 detection, slides were then incubated with anti-
human Ki-67 antibody (rabbit monoclonal, US Biological), 1:100, 28 minutes at 37°C,
rinsed, and incubated with OmniMap anti-rabbit HRP for 12 minutes. For cleaved caspase-3,
slides were incubated with anti-human cleaved caspase-3 antibody (rabbit polyclonal, Cell
Signaling Technology), 1:400, 28 minutes at 37°C, rinsed and incubated with OmniMap
anti-rabbit HRP for 12 minutes. For Akt, slides were incubated with anti-human Akt
antibody (rabbit monoclonal, Cell Signaling Technology), 1:400, 16 minutes at 37°C, rinsed
and incubated with OmniMap anti-rabbit HRP for 8 minutes. For phospho-Akt, slides were
incubated with anti-human phospho-Akt antibody (rabbit monoclonal, Cell Signaling
Technology), 1:50, 4 hour at 20°C, rinsed and incubated with UltraMap anti-rabbit HRP for
12 minutes. For HSP70, slides were incubated with HSP70 antibody (mouse monoclonal,
Abcam), 1:3200, 28 minutes at 37°C, rinsed and incubated with UltraMap anti-mouse HRP
for 12 minutes. The slides were then rinsed, incubated with ChromoDAB detection reagent,
rinsed again and counterstained with Biocare Medical’s Cat-Hematoxylin diluted 1:5 in
distilled water. Immunohistochemical staining was assessed as follows: for Ki-67
enumeration, four representative 400X fields per replicate tumor were quantified using
ImmunoRatio software [22]; the average of four measurements per replicate was taken. For
cleaved caspase, positive cells were enumerated manually in four representative 400X viable
tumor fields using light microscopy, and an average of four measurements per replicate was
taken. Cytoplasmic Akt, pAKT and HSP70 immunoreactivity were assessed semi-
quantitatively by light microscopy as negative (<1% cells positive), focal (1-25% cells
positive) or diffuse (>25% cells positive) and weak, moderate or strong based on the
intensity of staining. All morphologic and immunohistochemical assessments were
performed by a pathologist blinded to treatment groups.

2.2.5. Statistical analysis—Statistical analysis was performed using Student’s t-tests.
Differences were deemed statistically significant if the two-tailed p-value was less than 0.05.

3. RESULTS

3.1. Physicochemical evaluation of drug-loaded PEG-b-PLA micelles

Particle size and PDI of Triolimus, PTX, P/17, P/R, 17/R, and the Vehicle control are
summarized in Table 1. PEG-b-PLA micelles solubilizing PTX alone or multiple drugs had
an average Z-diameter of ca. 35 nm with a PDI of 0.12, irrespective of contents. Drug
loading slightly increased particle size and decreased PDI. All drugs loaded in PEG-b-PLA
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micelles had high aqueous solubility, even multi-drug formulations. These results
correspond to previous reports [8, 9].

3.2. Clonogenic assay in vitro

The effect Triolimus on clonogenic survival of A549 cells is shown in Fig.1A. The
inhibitory effect of Triolimus was dose-dependent (1 nM: 0.92+0.13, 2 nM: 0.51+0.07), and
Ab549 cells did not survive after exposure to 3 nM of Triolimus. The effect of Triolimus on
radiosensitization is shown in Fig.1B. Similar to clonogenic survival results, the
radiosensitizing effect of Triolimus was dose-dependent. Interestingly, Triolimus had a
significant radiosensitizing effect as low as 1 nM when combined with 2 Gy of radiation.
This effect was augmented at 2 nM (The SER value at 1 and 2 nM: 1.58 and 2.23,
respectively). These results suggest that Triolimus is a potent radiosensitizer.

Subsequently, the effects of drug combinations on clonogenic survival of A549 cells were
evaluated by using single (PTX) and dual (P/17, P/R, and 17/R) loaded PEG-b-PLA micelles
as well as Triolimus (TRIO) at a fixed concentration of 2 nM (Fig. 2A). Interestingly, the
most effective drug combination that inhibited clonogenic survival was P/R, followed by
PTX, TRIO, P/17, and 17/R with the following clonogenic survival rate:0.10+0.06,
0.16+0.15, 0.51+0.07, 0.60+0.11, and 1.04+0.09, respectively. A similar trend was observed
in radiosensitization studies (Fig.2B). A549 cells were especially susceptible to P/R
treatment with 8 Gy of ionizing radiation. However, the SER value revealed that the
strongest radiosensitizing effect was obtained by treatment with PTX (3.34), followed by
P/R (2.95), TRIO (2.23), P/17 (1.62), and 17/R (1.44). 17-AAG and RAP had
radiosensitizing effects at 5 nM in our preliminary study, with 17-AAG being the more
effective radiosensitizer (data not shown). In contrast, when RAP or 17-AAG were treated in
combination with PTX, the combination of PTX and RAP was more potent than PTX with
17-AAG. Moreover, 17/R did not significantly inhibit clonogenic survival of A549 cells, and
was the least radiosensitizing therapy examined.

3.3. Antitumor efficacy in vivo

Figure 3 shows the effect of PTX with or without radiation on tumor growth in an A549
xenograft model. Compared to the vehicle control group, radiation alone and PTX alone
slightly inhibited tumor growth. PTX combined with radiation treatment further delayed
tumor growth. This result corresponds to a previous report describing the radiosensitizing
effects of Genexol-PM [12].

Figure 4A shows the effect of P/17 with or without radiation on A549 tumor growth.
Although P/17 combined with radiation enhanced tumor growth delay, its radiosensitizing
effect was less potent than the combination of PTX and radiation. We hypothesized that an
Hsp 90 inhibitor would potentiate apoptosis induced by G,/M arrest and radiation. However,
according to our results, this combination was not particularly effective for
radiosensitization. P/R with radiation treatment was also more potent than P/17 combined
with radiation (Fig. 4B). Without radiation, P/R treatment itself also suppressed tumor
growth. However, compared to PTX with radiation treatment, the combination with RAP did
not prolong the tumor growth delay. In contrast, 17/R with radiation treatment dramatically
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inhibited tumor growth (Fig. 4C), despite /n vitro study results showing less effective
radiosensitization than other single, dual and Triolimus treatment (Fig. 2B, Table 2).

Figure 5A shows the effect of Int. TRIO (15/15/7.5 mg/kg of PTX, 17-AAG, and RAP,
respectively) with or without radiation on tumor growth delay in the A549 xenograft model.
Triolimus combined with radiation treatment augmented tumor growth delay. Interestingly,
delay of tumor growth was observed at a very low dose, with an effect similar to P/17 with
radiation. High TRIO (60/60/30 mg/kg of PTX, 17-AAG, and RAP, respectively) with
radiation treatment led to tumor control (Fig. 5B). This tumor control lasted for up to 24
weeks, during which time no local recurrences were observed. Thus, High TRIO was
confirmed to be a potent radiosensitizer /n vivo.

3.4. Histologic and immunohistochemical analysis of tumor growth

The percent of tumor necrosis is shown in Fig. 6. For single and dual drug treated groups,
the amount of necrosis was similar between PTX, P/R and 17/R. Compared to those three
treatments, relatively less necrosis was observed in the P/17 treated group (Fig. 6A). Percent
necrosis decreased with increasing drug concentrations in the Triolimus group (Fig. 6B).
The addition of radiation in the TRIO + XRT treatment group did not increase the amount of
necrosis (Fig. 6C). Necrosis was augmented in the Triolimus treatment group; this effect was
sustained for 6 days. The level of necrosis was similar between TRIO day 6 and TRIO +
XRT, suggesting that the induction of necrosis is caused by Triolimus administration.

Ki-67 proliferative index of single drug, dual drug, and Triolimus treatment groups are
shown in Fig. 7. PTX and P/17 treatments enhanced tumor proliferation. Both P/R and 17/R
treatment led to Ki-67 indices similar to vehicle treatment. Results from the Triolimus
treatment group indicate that lower drug concentrations exert a more effective
antiproliferative effect (Fig. 7B). A dramatic reduction in Ki-67 index was observed from the
vehicle + XRT treated group (Fig. 7C). TRIO group did not induce antiproliferative effect on
day one; however, Ki-67 values on day six were relatively low. Thus, it appears that the
antiproliferative effects of high dose Triolimus treatment are not immediate but occur over
time. The lowest Ki-67 values were observed in the TRIO + XRT group (Fig. 7C) indicating
that the combination of Triolimus and radiation potently inhibits tumor cell proliferation.

Levels of cleaved caspase 3 as a measure of apoptosis are shown in Fig. 8. The greatest
cleaved caspase 3 levels were observed in the P/R treatment group. Although Triolimus (Fig.
8B) and TRIO + XRT treatment (Fig. 8C) slightly augmented the level of cleaved caspase 3,
these effects were much less than the effect of P/R treatment.

Immunohistochemical staining for AKT, phosphorylated AKT (pAKT) and HSP70 was
performed with the appropriate controls. The results were marginally different between the
treatment groups, suggesting that the individual differences in protein expression might be
below the resolution of qualitative immunohistochemistry. Moderate, diffuse expression of
AKT was seen in the vehicle groups as well as in PTX, Low TRIO, Int. TRIO, High TRIO,
TRIO + XRT, and TRIO day 6 tumors (Table 3). Interestingly in P/17, P/R, and 17/R, AKT
expression was mostly weak. Expression of pAKT was essentially negative in 17/R groups
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and variably focal in other treatment groups without significant individual differences.
HSP70 showed strong diffuse immunostaining in all groups (data not shown).

3. 5. Hematologic, metabolic and histologic assessment of drug toxicity

Histologic sections of mouse heart, lungs, liver, spleen, kidneys and brain were examined
under a light microscope to morphologically assess organ toxicity. Most tissues revealed no
significant pathologic abnormalities. There was very focal mild lymphocytic interstitial
inflammation in the lungs of six animals (two in the Vehicle group, one in the Int. TRIO
group, two in the Low TRIO group and one in the P/17 group). Twenty-three animals
showed minimal non-specific periportal chronic inflammation, including six animals in the
Vehicle group and two in the Vehicle + XRT group. These changes are of uncertain
significance but given that they are minimal and present in a large number of control
animals, they are unlikely to be treatment related.

Comprehensive metabolic and hematologic analyses following dosing with Vehicle, PTX,
dual drug combinations, TRIO, and TRIO + XRT are summarized in Table 4. In contrast to
the previous report [10], PTX treatment significantly reduced white blood cell counts.
Statistically significant reduction in hemoglobin was observed in Int. TRIO group.
Statistically significant reductions in white blood cell count were observed in Low TRIO and
P/R treatment groups. Moreover, statistically significant reductions in red blood cell count
were also observed in P/R treatment group. Statistically significant reductions in white blood
cell count were seen in TRIO + XRT and Vehicle + XRT groups. However, this effect was
no longer evident in the TRIO group on day six. This suggests that the marked reduction of
white blood cell count is likely caused by radiation. The effects on red blood cells also
appear to be mainly caused by radiation since statistically significant reductions in red blood
cell counts, hemoglobin, and hematocrit were observed in the Vehicle + XRT treatment
group. Slight reductions in red blood cell count, hemoglobin and hematocrit were also
observed in the TRIO + XRT treatment group indicating that the adverse effect of radiation
was not increased by combining it with Triolimus. Kidney finction was assessed by
measurements of plasma electrolytes, creatinine and blood urea nitrogen. Almost all
treatment groups except P/17 and 17/R had statistically significant increases in urea
nitrogen. Significant differences in creatinine levels were not observed in any treatment
group. Also, some of electrolyte levels were statistically increased after drug or XRT
treatment, specifically sodium levels in both P/17 and 17/R treated groups and chloride
levels in the P/R treated group. These results suggest that drug and/or XRT treatment may
slightly perturb renal function or may result in slight dehydration.

Liver function was assessed by measuring glucose, total protein, albumin, globulin, AST,
ALT, alkaline phosphatase, and total bilirubin levels. No significant differences were
observed in glucose, albumin, ALT, or alkaline phosphatase levels in any group. Total
bilirubin was undetectable in each sample. However, total protein level in High TRIO, Low
TRIO, and TRIO + XRT treatment groups, globulin level in the TRIO + XRT treatment
group, and AST levels in High TRIO and Int. TRIO treatment groups were significantly
increased. Thus, it appears that Triolimus with or without XRT treatment may impact liver
function.
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Significantly increased calcium levels in High TRIO, PTX, and P/17 treated groups were
noted. The significance of hypercalcemia in this setting is uncertain and requires further
investigation.

Significant difference of total CO2 level in Int. TRIO, PTX, P/R, Vehicle + XRT, and TRIO
day 6 treatment group, and anion gap in TRIO day 6 group were also noted, potentially
suggesting altered pulmonary function.

Statistically significant alterations in plasma glucose levels were not observed. Cholesterol
levels significantly increased in Low TRIO, PTX, 17/R, and TRIO + XRT treated groups.
Triglyceride levels in the P/R treatment group were significantly increased.

4. DISCUSSION

The radiosensitizing effects of Triolimus, PEG-b-PLA micelles containing PTX, 17AAG,
and RAP were evaluated in this study. Multi-drug loaded PEG-b-PLA micelles were
prepared by a simple freeze-drying method [20]. In general, polymeric micelles are prepared
by solvent evaporation methods [8-10]. The conventional method requires preparation of
polymeric micelles at every point of use, whereas freeze-drying allows for simple
manufacture, long-term storage, and straightforward preparation when necessary. Drug
loading analysis evidenced that PTX, 17AAG, and RAP were successfully encapsulated in
PEG-b-PLA micelles individually or in combination. Loading multiple drugs did not
significantly affect the particle size or PDI of PEG-b-PLA micelles. Although multiple drug
loading is expected to cause competition at encapsulation sites within the core of polymeric
micelles, corresponding to previous reports, nearly 100% loading efficiency of each drug
was achieved in Triolimus [8, 9]. Whereas PTX alone-loaded PEG-b-PLA micelles
precipitated 6 hours after rehydration in physiological saline, Triolimus and dual drug-
loaded PEG-b-PLA micelles did not precipitate at room temperature up to 24 hours after
reconstitution. This result suggests that multiple drug loading introduces an interaction that
allows for stabilization within the micellar core [8]. Thus, Triolimus prepared by
lyophilization is ideal for preclinical and clinical studies due to simple preparation and
stability of physicochemical properties, i.e. particle size, PDI, and drug loading ratio.

Triolimus inhibited clonogenic survival of A549 cells in a dose-dependent manner.
Triolimus effectively inhibited clonogenic survival, even at concentrations as low as 2 nM
(Fig.1A). However, both PTX and P/R treatments had an even greater inhibitory effect on
clonogenic survival and radiosensitization at 2 nM (Fig. 2A, 2B). Comparing P/R and 17/R,
the SER value of P/R was more than 2 times higher than that of 17/R, despite the similar
molar ratio of RAP in each formulation. Thus, the radiosensitizing effect of PTX seems to
be much higher than that of 17-AAG. Similarly, between PTX and P/R, the
radiosensitization effect of PTX alone seems to be greater than that of P/R treatment. These
observations are entirely consistent with the well established clinical efficacy of paclitaxel in
combination with radiation therapy. Comparing Triolimus and P/17, the addition of RAP to
PTX and 17-AAG in Triolimus greatly enhanced its radiosensitizing potency despite a slight
decrease in PTX and 17-AAG molar ratios. In Triolimus, the radiosensitizing effects of these
three drugs appear to achieve synergy in vitro.
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The fact that PTX + XRT treatment delayed tumor growth confirms a previous report on
Genexol-PM + XRT. The radiosensitizing effect of PTX loaded PEG-b-PLA micelles was
substantial. Dual drug combinations P/17 and P/R + XRT had a similar tumor growth delay
effect (Fig. 4A, 4B). Int. TRIO (PTX/17-AAG/RAP: 15/15/7.5 mg/kg) + XRT treatment
prolonged tumor growth relative to Vehicle control group to a lesser extent than PTX + XRT
(Fig.5A). However, High TRIO (PTX/17-AAG/RAP: 60/60/30 mg/kg) + XRT treatment
greatly reduced tumor growth, an effect that lasted up to 24 weeks (Fig.5B).

Previous research suggested that dual or triple drug loading PEG-b-PLA micelles induces
prolonged drug release compared to each single drug loaded PEG-b-PLA micelles /n vitro,
probably due to drug-drug interaction and stabilization in the core of micelle [8]. Moreover,
an /n vivo pharmacokinetic study confirmed that dual drug loading of PTX and 17-AAG or
17-AAG and RAP or Triolimus increases plasma concentration of PTX or RAP compared to
single drug administration. Also 17-AAG metabolism was suppressed by dual administration
with RAP, probably due to competition of CYP3A4-mediated metabolism of 17-AAG and
RAP [9]. These factors likely potentiate drug accumulation at tumors and augment
radiosensitizing effects.

The mechanisms underlying the tumor control observed with High TRIO and radiation were
explored immunohistochemically. Single drug, dual drug, and Triolimus treatment results in
significant tumor necrosis in vivo (Fig 6A, B). Although radiation alone, at the doses
employed, did not increase tumor necrosis, the combination of radiation and Triolimus
maintained the pro-therapeutic effects of drug treatment on enhanced tumor necrosis (Fig
6C). In contrast to necrosis, drug treatment appeared to have a very modest impact on tumor
cell proliferation judged by Ki-67 indices (Fig 7A, B). In fact, paclitaxel and the P/17
combination appeared to increase tumor cell proliferation (Fig 7A). In contrast to drug
treatment, radiation therapy profoundly inhibited tumor cell proliferation (Fig 7C). Here
again, the combination of radiation and Triolimus maintained the pro-therapeutic impact of
radiation on cancer cell proliferation. Taken together, these observations suggest the
combination of Triolimus and radiation appears to result in the favorable tumor necrosis
observed with drug treatment alone and the favorable anti-proliferative effects of radiation
alone. This pro-therapeutic duality may underpin the observed in vivo efficacy of High
TRIO plus radiation.

Myelosuppression, a dose-limiting toxicity of taxanes, was observed in PTX and P/R treated
groups. However, significant myelosuppression was not observed in the Triolimus treated
group. This may be attributable to the stability of drug-loaded polymeric micelles. PTX
precipitated from PEG-b-PLA micelles a mere six hours after preparation, while no
precipitation was observed in Triolimus samples after 24 hours. The release of PTX from
Triolimus follows first-order kinetics [8]. Thus, the gradual release of PTX and the stability
of Triolimus might minimize myelosuppression and contribute to accumulation at the tumor
site via the EPR effect. XRT treatment dramatically decreased white blood cell counts. In
this study, myelosuppression was not enhanced by the addition of Triolimus to XRT.

Analysis of body chemistries demonstrated, unsurprisingly, that Triolimus treatment affects
normal organ function. However, in general these alterations were comparable to PTX alone
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and dual drug treated groups. Previous pharmacokinetic study confirmed that AUC of each
drug increased by dual drug or Triolimus administration, while no significant difference in
terms of MRT and ty/, compared to single drug administration were observed [9]. Thus,
Triolimus treatment would not augment toxicity of incorporated drug. Moreover, testing the
TRIO group on day six revealed that changes in body chemistries and complete blood counts
were short-lived; all values except those for CO2, anion gap and urea nitrogen were not
significantly different from those in the vehicle treated group. A previous study revealed no
significant metabolic toxicity in renal or liver function 11 days after the first injection of
Triolimus injected on day 0, 4, and 8 [10].

A single injection of Triolimus followed by a short fractionated radiation course (3 Gy qd x
5d), induced dramatic tumor regression. As with all radiosensitizing cytotoxins the addition
of Triolimus to radiation may also enhance toxicity. The data presented here highlight a
promising therapeutic index and strongly suggest further investigations of Triolimus as a
radiosensitizer are merited.

CONCLUSION

A simple freeze drying method permits preparation of Triolimus with high drug loading
ratio. The promise of Triolimus as a novel radiosensitizer was demonstrated in this study
both /n vitroand in vivo. Although further studies are required to clarify mechanisms of
radiosensitization, combined modality therapies incorporating radiation therapy and
Triolimus may prove useful regimens for cancer treatment.
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Fig. 1.

Fig.1A: Effect of Triolimus concentration on A549 clonogenic survival (*: P<0.05)

Fig. 1B: Effects of Triolimus on radiosensitivity (black circle: no treatment, open circle: 1
nM, open square: 2 nM) (*: P<0.0005, **: P<0.001, ***: P<0.05)
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Fig. 2.

Fig. 2A: Effect of PTX alone, dual drug combinations, and Triolimus at 2 nM on A549
clonogenic survival (*: P<0.001, **: P<0.01, ***: P<0.05)

Fig. 2B: Effects of PTX alone, dual drug combinations, and Triolimus on radiosensitivity at
2 nM (black circle: no treatment, open circle: PTX, open square: Triolimus, open diamond:
P/17, open triangle: P/R, open inverse triangle: 17/R (*: P<0.01, **: P<0.05)
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Fig. 3.
Effect of PTX-loaded PEG-b-PLA micelles (60 mg/kg) and radiation on tumor growth in an

Ab549 xenograft mouse model (black triangle: \ehicle, open triangle: Vehicle + XRT, black
square: PTX, open square: PTX + XRT, N=4).
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Fig. 4.

Fig. 4(A): Effect of P/17-loaded PEG-b-PLA micelles (60/60 mg/kg) and radiation on tumor
growth in an A549 xenograft mouse model (black triangle: Vehicle, open triangle: Vehicle +
XRT, black square: P/17, open square: P/17 + XRT, N=4)

Fig. 4(B): Effect of P/R-loaded PEG-b-PLA micelles (60/30 mg/kg) and radiation on tumor

growth in an A549 xenograft mouse model (black triangle: Vehicle, open triangle: Vehicle +
XRT, black diamond: P/R, open diamond: P/R + XRT, N=4).

Fig. 4(C): Effect of 17/R-loaded PEG-b-PLA micelles (60/30 mg/kg) and radiation on tumor
growth in an A549 xenograft mouse model (black triangle: Vehicle, open triangle: Vehicle +
XRT, black inverse triangle: 17/R, open inverse triangle: 17/R + XRT, N=4).
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Fig. 5(A): Effect of Triolimus (P/17/R=15/15/7.5 mg/kg) and radiation on tumor growth in
an Ab49 xenograft mouse model (black triangle: Vehicle, open triangle: Vehicle + XRT,
black circle: Triolimus, open circle: Triolimus + XRT, N=4).

Fig. 5(B): Effect of Triolimus (P/17/R=60/60/30 mg/kg) and radiation on tumor growth in an
Ab549 xenograft mouse model (black triangle: \ehicle, open triangle: Vehicle + XRT, black
circle: Triolimus, open circle: Triolimus + XRT, N=4).
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Ratio of necrosis in tumors treated by (A) single or dual drug combinations, (B) Triolimus,

(C) Triolimus followed by XRT.
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Fig. 7.
Enumerated Ki-67 in tumor treated by (A) single or dual drug combination, (B) Triolimus,

(C) Triolimus followed by XRT.
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Fig. 8.
Enumerated cleaved caspase-3 in tumor treated by (A) single or dual drug combinations, (B)

Triolimus, (C) Triolimus followed by XRT.
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Table 1

Size, PDI, and drug loading of PEG-b-PLA micelles

Particle size[nm] PDI Loading [mg/mL]

Triolimus 34+1 0.12+0.01 PTX 6.4+0.1

17-AAG  6.3+0.2

RAP 3.740.1

PTX/17-AAG 33+1 0.11+0.01 PTX 6.4+0.3

17-AAG  6.240.3

PTX/RAP 35.1+0.4 0.118+0.003 PTX 6.2+0.2

RAP 3.6£0.3

17-AAG/RAP 35.1+0.3 0.11+0.01 17-AAG  5.8+0.2

RAP 3.240.1

PTX 34+1 0.109+0.005 PTX 6.4+0.3
Vehicle 33.9+0.5 0.131+0.002

Macromol Biosci. Author manuscript; available in PMC 2018 January 01.

Page 23



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Tomoda et al.

Molar ratio of drugs at a concentration of 2 nM and the SER values of each micelle

Table 2

[nM]

Drug
PTX 17-AAG RAP SER
Triolimus 0.7 1.0 0.3 2.23
PTX 2.0 3.34
PTX/17TAAG 0.8 1.2 1.62
PTX/RAP 14 0.6 2.95
17AAG/RAP 15 0.5 1.44
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Table 3

Expression of AKT and pAKT in treatment group (positive/total cases). Mod=moderate.
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Study group AKT pAKT
\ehicle 8/8, diffuse mod 7/8, weak(5), mod(2)
PTX 4/4 diffuse, mod 0/4
P/17 4/4 diffuse, weak 4/4 focal weak(3), mod(1)
P/R 4/4 diffuse weak(3), mod(1l)  4/4 focal weak(3), mod(1)
17/R 4/4 diffuse weak(3), mod(1) 0/4
Low TRIO 4/4 diffuse, mod 3/4 focal mod(1), weak(2)
Int. TRIO 4/4 diffuse, mod 4/4 focal mod(3), weak(1)
High TRIO 4/4 diffuse, mod 2/4 focal mod(1), weak(1)
TRIO day 6 4/4 diffuse, mod 3/4 focal mod
Vehicle + XRT  4/4 diffuse mod(2), strong(2) 2/4 focal mod
TRIO + XRT 4/4 diffuse, mod 3/4 focal mod(2), weak(1)
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