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Purpose To investigate the antitumor effect of nabpaclitaxel an albumin stabilized nanoparticle

formulation of paclitaxel on pediatric solid tumor models

Experimental Design A panel of three rhabdomyosarcoma one osteosarcoma and seven neuroblas

toma cell lines were exposed to increasing concentrations of nabpaclitaxel in vitro Cell viability was

evaluated using the Alamar Blue Assay Antitumor effect was further assessed in vivo in NODSCID xenograft

and metastatic neuroblastoma mouse models Tumor sections were analyzed by immunohistochemistry for

cleaved caspase3 and phosphohistone H3 Plasma and intratumoral paclitaxel concentrations were

measured by liquid chromatography mass spectrometry Ratio of intratumoral and plasma concentration

was compared between nabpaclitaxel and paclitaxel treatment groups

Results Nabpaclitaxel displayed significant cytotoxicity against most pediatric solid tumor cell lines in

vitro in a dose dependent manner In vivo nabpaclitaxel showed antitumor activity in both rhabdomyo

sarcoma RH4 and RD and neuroblastoma SKNBE2 and CHLA20 xenograft models In the SKNBE

2 metastatic model nabpaclitaxel treatment significantly extended animal survival compared with

control P < 001 Nabpaclitaxel treatment induced tumor cell cycle arrest and apoptosis in vivo In the

RH4 model increased local relapsefree intervals were observed with nabpaclitaxel treatment 377 ± 32

days comparing with paclitaxel 136 ± 207 days Local relapsed tumors following paclitaxel treatment

proved to be paclitaxelresistant and remained responsive to nabpaclitaxel Mechanistically a higher

tumorplasma paclitaxel drug ratio in favor of nabpaclitaxel was observed

Condusions Nabpaclitaxel showed significant antitumor activity against all pediatric solid tumors

associated with an enhanced drug intratumor delivery Furthermore testing of nabpaclitaxel in pediatric

solidtumor patient population is under development Clin Cancer Res 1921 597283 ©2013 AACR

Introduction

Solid tumors make up about 60 of all pediatric cancers

1 The most common types of solid tumors in children

include brain tumors neuroblastoma rhabdomyosarco

ma Wilms tumor and osteosarcoma Although significant

progress has been made during the last decades in the

treatment and prognosis of pediatric malignancies high

mortality is still prevalent in patients with advanced unre

sectable or highgrade disease 2 Rhabdomyosarcoma is

the most common pediatric soft tissue sarcoma and the

third most common extracranial solid tumor in children
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following neuroblastoma and Wilms tumor with an annu
al incidence of 4 to 7 cases per million children under the

age of 16 years 3 4 Multimodal treatment has signifi

cantly improved survival to approximately 70 Although

a majority of patients achieve a complete remission with

primary therapy a substantial number still experience

recurrences with poor prognosis 5 In addition at least

15 children with rhabdomyosarcoma present with met
astatic disease The Intergroup Rhabdomyosarcoma Study

Group IRSG and their prognosis has not improved sig

nificantly in the last 15 years 6
Neuroblastoma is the most common extracranial child

hood malignancy It accounts for 8 to 10 of all pediatric

malignancy and is responsible for 15 of all childhood

cancer related deaths 7 Despite intensive treatment pro
tocols including megatherapy with hematopoietic stem

cell transplantation and immunotherapy the prognosis of

patients with this malignancy remains poor Disease free

survival is only about 30 for metastatic disease compared

with 95 for localized tumors 8 9
Paclitaxel originally isolated from Taxus brevifolia Pacific

yew is a cytotoxic microtubule stabilizing agent that
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Translational Relevance

Paditaxel has been used widely for the treatment of

adult solid tumors but it has shown minimal activity in

pediatric solid tumors Here we evaluated a novel

solvent free formulation of paditaxel nabpaditaxel in

pediatric solid tumor models Nabpaditaxel is effective

against both rhabdomyosarcoma and neuroblastoma in

predinical models We also showed that nabpaclitaxel is

more active than paditaxel in all tumor models tested

Paditaxelrelapsed tumors developed resistance against

paditaxel treatment but those tumors remained respon

sive to nabpaclitaxel treatment Mechanistically elevat

ed intratumor and correspondingly lower plasma pac
litaxel levels were observed with nabpaditaxel com
pared with paditaxel resulting in higher tumorplasma

paditaxel drug ratio for nabpaditaxel Therefore this

predinical study supports further testing of nabpacli
taxel in pediatric solidtumor patient population

stabilizes microtubules and as a result interferes with the

normal breakdown of microtubules during cell division and

lead to mitotic arrest 10 This mitotic arrest triggers the

mitotic spindle checkpoint and results in apoptosis 10
Paditaxel has also been shown to mediate apoptosis

through pathways that maybe independent of gross micro

tubule dysfunction 1113 Paditaxel is widely used in the

treatment of various malignancies including ovarian can

cer breast cancer non small cell lung carcinoma NSCLC
bladder cancer head and neck cancer and a wide range of

other malignancies 10 14 However due to its very low

aqueous solubility conventional paditaxel like Taxol uses a

Cremophor ELethanol vehicle as the solvent The Cremo

phor EL containing paditaxel formulation can cause severe

allergic hypersensitivity and anaphylactic reactions in ani

mals and humans which limited its application in patients

with pediatric cancer 1517 Although paditaxel were

reactive to several neuroblastoma cell lines in vitro it dis

played little efficacy in vivo in nude mice 18 In a phase I

trial in children with refractory solid tumors severe acute

neurologic and allergic toxicity was encountered with 3
hour paditaxel infusion after premedication dexametha

sone dexchlorpheniramine with one treatment related

death occurred 19 For reasons that are still unclear

taxanes showed minimal activity in treating solid tumors

in children in several clinical trials 2022
Nabpaditaxel also known as ABI007 Abraxane Cel

gene Corporation is a novel solvent free 130 nm protein

stabilized formulation of paditaxel that was developed to

reduce the toxicity of solvent based paditaxel known as

Taxol refs 23 24 In human adult tumor models nab

paditaxel is effective in inducing regression of implanted

human malignant carcinomas and prolonging survival in

tumorbearing mice 25 Clinically nabpaclitaxel is

approved globally for the treatment of metastatic breast

cancer MBC and is also recently approved in the United

States for the first line treatment of locally advanced or

metastatic NSCLC in combination with carboplatin in

patients who are not candidates for curative surgery or

radiotherapy As limited pediatric data are currently avail

able in this study we tested the antitumor activity of nab

paditaxel against different pediatric solid tumor models to

support the development of earlyphase clinical trials in

pediatric patients

Materials and Methods

Materials and reagents

Nabpaclitaxel Celgene Corporation was supplied as

a lyophilized powder and stored at room temperature

until reconstitution Nabpaclitaxel was reconstituted fol

lowing the package insert with 20 mL 09 saline to 5

mgmL stock solution The dosing solutions were pre

pared by diluting the stock solution with 09 saline to

the desired concentration Paditaxel was dissolved in

dimethyl sulfoxide DMSO Sigma Aldrich to 25 mgmL
stock solution The dosing solutions were prepared by

diluting the stock solution with 09 saline to the desired

concentration

The Annexin VFITC Early Apoptosis Detection Kit was

purchased from Cell Signaling Technology Inc The cleaved

caspase3 Asp175 antibody was obtained from Cell Sig

nalingTechnology Inc The antihistone H3 phospho S10
antibody was purchased from Abcam Inc

Cell culture

RH4 RH30 and RD rhabdomyosarcoma cells and KHOS
osteosarcoma cells were gifts from Dr David Malkin The
Hospital for Sick Children Toronto Canada LAN5 SK

NBE2 BE2C and SHSY5Y neuroblastoma cells were

kindly provided by Dr Herman Yeger The Hospital for

Sick Children CHLA15 CHLA20 and CHLA90 were

obtained from the Childrens Oncology Group Cell Culture

and Xenograft Repository under a signed and approved

Material Transfer Agreement RH4 RH30 and RD rhabdo

myosarcoma cells were cultured in Dulbeccos modified

Eagle medium supplemented with 10 FBS CHLA15
CHLA20 and CHLA90 neuroblastoma cells were cultured

in Iscoves modified Dulbeccos medium supplemented with

3 mmolL Lglutamine insulin and transferin 5 ugmL each

and 5 ngmL selenous acid ITS Culture Supplement Col

laborative Biomedical Products and 20 FBS complete

medium LAN5 SKNBE2 BE2C and SHSY5Y neu
roblastoma cells were cultured in a minimum essential

medium with 10 FBS KHOS osteosarcoma cells were

cultured in Eagles minimumessential medium supplemen

ted with 10 FBS

Test animals

Female NO DS CID nonobese diabeticsevere combined

immunodeficient mice 4 to 6week old were obtained

from Charles River Laboratories Animals were housed in

the animal facility of the Hospital for Sick Children These

studies were conducted under the Hospital for Sick Chil

dren Animal Care Committee approval
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Cell viability assay

Cells were seeded into 24well tissue culture plates at a

density of 200000 cells per well in culture medium and

incubated for 24 hours at 37°C before starting drug treat

ment Cells were exposed to increasing concentrations of

nabpaditaxel for 72 hours The viability of proliferating

cells in the control and treated media were measured with

the Alamar Blue Assay according to manufacturers protocol

Trek Diagnostics Systems Inc Briefly Alamar Blue was

diluted 1 to 10 in the cell culture media and the fluorescent

color change was monitored after 3 hours Colorimetrical

evaluation of cell proliferation was conducted using a

SpectraMax Gemini spectrophotometer with 540 nm as

excitation wavelength and 590 nm as emission wavelength

and values expressed as relative fluorescence units Cell

viability was measured in triplicate and calculated relative

to control nontreated cells

Immunofluorescence analysis of apoptosis

Annexin V was used to detect apoptosis with the Annexin

VFITC Early Apoptosis Detection Kit Cell Signaling Tech

nology Inc Cells were cultured 2 x 105 cells on cover

slips overnight before the treatment with nabpaditaxel for

48 hours For apoptosis staining with annexin Vfluores

cein is othiocyanate FITC after incubated with annexin V
FITC according to manufacturers protocol the cells were

washed and fixed in 2 formaldehyde before visualization

under a fluorescence microscope using a dual filter set for

FITCAnnexin V green and DAPI nuclei staining blue

Xenograft development

The antitumor activity of nabpaditaxelpaditaxel was

investigated in vivo against subcutaneous rhabdomyosarco

ma RH4 and RH30 and neuroblastoma SKNBE2 and

CHLA20 using NODSCID tumor xenografts Briefly

tumor cells were washed three times with Hanks Balanced

Salt Solution HBSS before injection Mice were given a

subcutaneous injection of 1 x 106 tumor cells Tumor

growth was measured weekly in two dimensions using a

digital caliper and tumor volume was calculated as width2 x

length x 05 Once the tumor diameter reached 05 cm
mice were randomized into treatment groups with 7 to ten

animals in each group Nabpaditaxel was administered

either at low dose metronomic LDM administration three

different doses of 2 5 or 10 mgkg iv daily consecutively

for over 3 weeks or cytotoxic dose 50 mgkg iv weekly
until tumor volume reached approximately 15 cm3 Pacli

taxel was administered intravenously at 20 or 30 mgkg

weekly Control mice received saline

Tumor volume mouse body weight and signs of animal

distress were evaluated twice or three times a week for any

potential drug toxicity Animals were sacrificed once the

tumor size reached 15 cm3
In tumor rechallenge experiments when RH4relapsed

tumors from paditaxel treatment reached 05 cm in diam

eter we randomized these animals into two treatment

groups n = 3 nabpaditaxel and paditaxel For nab

paditaxelrelapsed tumors we randomized animals into

two groups n = 3 nabpaditaxel treatment and saline

control Drugs were given with the same schedule and

dosage as above Tumor growth and animal body weight

were monitored

The anti metastatic activity of nabpaditaxel was further

investigated in SKNBE2 neuroblastoma metastatic mod
els Tumor cells were injected intravenously into the lateral

tail vein 26 gauge needle 1 x 106 cells in 100 iL total

volume Mice were randomized into two groups control

and nabpaditaxel 50 mgkg iv weekly with 10 mice in

each group and treatments started 14 days after inoculation

until the event of endpoint The event of endpoint was

defined according to our animal committee guidelines as

mice in severe clinical condition such as loss of 20 of

body weight body temperature lower than 32°C orsigns of

stress The survival time of control and nabpaditaxel treat

ment groups was compared and statistically analyzed

Immunohistochemistry staining

To assess the effect of nabpaditaxel on inducing cell

cycle arrest and apoptosis in vivo SKNBE2 subcutaneous

xenografts treated with nabpaclitaxel or DMSOpaditaxel

were harvested at the end of study and analyzed by immu
nohistochemistry IHC for the apoptotic marker cleaved

caspase3 and mitotic marker phosphohistone H3
RH4 xenografts were harvested and analyzed by IHC for

phosphohistone H3 Briefly formalinfixed paraffin

embedded tissues were cut into 5 iimthick sections and

immunostained with the polydonal antibodies against

cleaved caspase3 150 Cell Signaling Technology

9661 and histone H3 phospho S10 12000 Abcam
ab5716 Heat induced epitope retrieval was conducted

and the ImmPRESS Anti Rabbit Ig Peroxidase Reagent Kit

Vector Laboratories MP7401 was used for detection

followed by DAB and hematoxylin staining

LCMS plasmaintratumor concentration

Plasma and intratumor drug concentration was studied

after single or repeated drug administration In RH4 xeno

graft model bloodtumor samples were collected 24 hours

after the first dosage of nabpaditaxel 50 mgkg or

paditaxel 30 mgkg In the SKNBE2 xenograft model

paditaxel 20 mgkg and nabpaclitaxel 50 mgkg were

administered on day 1 8 and 15 LDM nabpaditaxel 10
mgkg was administered daily from day 1 to day 15

Twentyfour hours after the last dosage of nabpaditax

elpaditaxel blood and tumor samples were collected and

analyzed for paditaxel concentration by liquid chroma

tographytandem mass spectrometry LCMSMS The

system consisted of HPLC Agilent 1200 reverse phase

column Phenomenex Kinetex XBC18 26 u 100A 50 x

30 mm and mass spectrometer Sciex 4000 The ana

lytes were eluted by gradient flow The mobile phase A was

01 formic acid in water and mobile phase B was 01
formic acid in acetonitrile The mobile phase ratio was

65 A and 35 B till 25 minutes gradual increase to

100 B till 35 minutes 100 B till 55 minutes and

finally return to initial condition ie 65 A and 35 till
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10 minutes The run time was 10 minutes and the flow rate

was 300 4min Samples were ionized by electrospray

ionization in positive polarity mode and acquisition was

done by multiple reaction monitoring Following mass

transitions were monitored paclitaxel M + H 8545

2861 mz docetaxel M + H 8085 5272 mz Ratio of

intratumoral versus plasma concentration was calculated

and compared between nabpaclitaxel and DMSObased

paclitaxel treatment groups

Statistical analysis

Data from different experiments were presented as mean

± SD For statistical analysis Student t test for independent

means was used A P value of < 005 was considered

significant To compare the effects of different treatments

on tumor growth in vivo oneway ANOVA with Dunnett

multiple comparison test was used Mann Whitney U test

was used in tumor rechallenge experiments for the statistical

evaluation of significant differences in growth patterns

between two study groups Survival curve comparisons were

conducted using GraphPad Prism software for Kaplan

Meier survival analysis

Results

In vitro cytotoxicity of nabpaditaxel against pediatric

tumor cell lines

To determine the efficacy of nabpaclitaxel against a wide

panel of pediatric cancer cells lines three rhabdomyosar

coma RH4 RH30 and RD seven neuroblastoma cell lines

CHLA20 CHLA15 CHLA90 LAN5 SKNBE2 BE2
C and SHSY5Y and one osteosarcoma cell line KHOS
were tested for viability with Alamar Blue assays after

exposing cells to increasing concentrations of nabpaclitaxel

in vitro for 72 hours As shown in Fig 1A the cell viability of

three rhabdomyosarcoma cell lines were reduced following

increasing dose of nabpaclitaxel treatment IC50 values

were calculated and ranged from 056 to 468 nmolL
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Figure 1 Effects of nabpaclitaxel on pediatric tumor cell lines in vitro Alamar Blue assays were conducted after exposing tumor cells to increasing

concentrations of nabpaclitaxel in vitro for 72 hours Cell
viability was plotted

with GraphPad Prism software on three rhabdomyosarcoma cell lines RH4
RH30 and RD A the osteosarcoma cell line KHOS B and seven neuroblastoma cell lines CHLA20 CHLA15 CHLA90 LAN 5 SKNBE2 BE2C and

SHSY5Y C D neuroblastoma cell lines were treated with the same concentration of
paclitaxel

in vitro Cell
viability was compared between

paclitaxel
and nabpaclitaxel E cell apoptosis was analyzed by annexin VFITC fluorescence staining RH4 cells were treated with 12 60 or 120 nmolL

nabpaclitaxel in vitro for 48 hours followed by annexin VFITC staining Untreated cells are shown for comparison control
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Limited response was observed with osteosarcoma cell line

KHOS Fig 1B
For the seven neuroblastoma cell lines nabpaclitaxel

exhibited dose dependent cytotoxicity in vitro as measured

by cell viability Fig 1C Different cell lines displayed

variable sensitivity for nabpaclitaxel Among all these cell

lines CHLA20 has the highest IC50 36 nmolL whereas

LAN 5 and SKNBE2 have the lowest EC50 Furthermore

when neuroblastoma cell lines were treated for 72 hours in

vitro all the tested cell lines showed more sensitivity to nab

paclitaxel than to paclitaxel dissolved in the solvent DMSO
Fig 1D suggesting that paclitaxel in albumin bound
formulation in solution more readily available for tumor

cell uptake

Nabpaditaxelinduced apoptosis in

rhabdomyosarcoma cells

We further assessed cell apoptosis after in vitro drug

treatment Rhabdomyosarcoma RH4 cells were incubated

with increasing concentrations of nabpaclitaxel for 48

hours and analyzed for apoptosis with annexin VFITC
Annexin VFITCconjugated protein binds to cell surfaces

expressing phosphatidylserine an early apoptosis marker

Increased apoptotic RH4 cells as shown by annexin V
FITCpositive staining was observed following nabpacli

taxel treatment Fig 1E With the higher concentration of

nabpaclitaxel 60 or 120 nmolL most cells detached

from the coveslips but almost all the remaining cells

showed annexin VFITCpositive staining

In vivo antitumor activity of nabpaditaxel against

rhabdomyosarcoma

The in vivo antitumor activity of nabpaclitaxel was

evaluated in multiple pediatric tumor xenografts In

rhabdomyosarcoma models mice bearing RH4 and RD

xenografts were treated intravenously with nabpaclitaxel

50 mgkg and paclitaxel 30 mgkg The 50 mgkg
weekly dose of nabpaclitaxel is estimated to be compa
rable with human maximum tolerated dose MTD 150

mgm2 weekly based on the calculation from US Food

and Drug Administration dose conversion guidelines

The 30 mgkg dose of paclitaxel is the MTD in mice

26 and it is comparable with the highest dosage in

adult patients too

Both nabpaclitaxel and DMSOpaclitaxel treatments sig

nificantly inhibited RH4 tumor growth with tumor regres

sion observed after the second dosage on day 8 Fig 2A
However animals treated with paclitaxel showed lower

body weight compared with nabpaclitaxel and control

animals Fig 2B and 1 of 7 mice in paditaxel group died

on day 10 Especially during the first week after paclitaxel

administration all mice showed signs of inappetence

hunched posture dry feces and significant body weight

loss Necropsy of the dead animal showed that both cecum

and colon were distended with hard stools Our results

showed that paclitaxel even at a lower dose had higher

toxicity compared with nabpaclitaxel In the RH4 model

increased local relapsefree intervals were observed with

nabpaclitaxel treatment 377 ± 32 days comparing to

paclitaxel 136 ± 207 days
In RD xenograft model both paclitaxel and nabpacli

taxel treatment significantly inhibited tumor growth but

tumor shrinkage was only observed in nabpaclitaxeltrea

ted tumors Fig 2C

Efficacy of nabpaditaxel in paditaxelresistant or

relapsed rhabdomyosarcoma xenografts

In RH4 xenografts either paclitaxel or nabpaclitaxel was

administered on day 1 8 and is Complete regression was

observed in paclitaxeltreated mice after day 31 Fig 2D
However all paclitaxeltreated animals showed tumor

relapse after 11 to 15 days On day 52 when paclitaxel

relapsed tumors reached 05 cm in diameter we random
ized animals into two treatment groups nabpaditaxel and

paclitaxel Drugs were given on day 52 59 and 66 with the

same schedule and dosage as above As shown in Fig 2D
relapse RH4 xenografts were drug resistant against paclitax

el but remained sensitive to nabpaclitaxel treatment

Tumor regression was observed in all relapsed tumors

which were treated again with nabpaclitaxel P < 005
Mann Whitney U test

Complete regression was observed in nabpaclitaxel

treated mice after day 29 Fig 2E Six of 7 animals devel

oped relapsed tumor after 37 to 42 days On day 75 when

nabpaclitaxelrelapsed tumors reached 05 cm in diameter

we randomized animals into two groups nabpaclitaxel

treatment and saline control Nabpaclitaxel or saline was

given on day 75 82 and 87 with the same schedule and

dosage as above As seen in Fig 2E when we treated those

relapsed RH4 tumors with nabpaclitaxel 50 mgkg week

ly again refractory tumors remained responsive to nab

paclitaxel We observed significant difference between nab

paclitaxel rechallenge and control tumor volumes P< 005
Mann Whitney U test

In RD xenograft model paclitaxel 30 mgkg weekly or

nabpaclitaxel 50 mgkg weekly was administered on day

1 and 8 Tumor regression was observed with nabpaclitaxel

treatment Comparing with control animals paclitaxel

treatment was able to slow the growth of RD tumors but

those tumors grew progressively with no signs of tumor

regression On day 15 when we replaced the paclitaxel drug

treatment with nabpaclitaxel 50 mgkg weekly those

tumors regressed rapidly after the first dosage of nabpac
litaxel Fig 2C

Antitumor effects of nabpaditaxel with different

regimens in neuroblastoma models

We further compared different schedules and doses of

nabpaclitaxel LDM and standard MTD schedule in neu
roblastoma xenograft models Subcutaneous mouse xeno

graft tumors SKNBE2 and CHLA20 were treated with

either vehicle alone nabpaclitaxel at 2 5 and 10 mgkg
daily or 50 mgkg weekly Control mice received saline

Increasing doses of nabpaclitaxel at 2 5 10 mgkg iv daily

clearly showed greater tumor growth inhibition with SKN
BE2 in a dose dependent manner Fig 3A The 2 mgkgd
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Figure 2 Effects of nabpaclitaxel on the growth of rhabdomyosarcoma xenografts Small arrows indicate time points of drug administration A in RH4

xenografts when xenograft tumors reached above 05 cm in diameter mice were randomized into 3 groups control nabpaclitaxel treatment and

paclitaxel treatment with 7 animals in each group Paclitaxel or nabpaclitaxel was administered on day 18 and 15 at the dose of 30 and 50 mgkg
respectively Tumor volumewas measured and calculated aswidth2 x length x 05 Complete regression was observed in both paclitaxel andnabpaclitaxeltreatedRH4 tumors B animal body weight was measured in RH4 model to monitor the potential drug toxicity C tumor growth was assessed in RD

xenograft model with paclitaxelnabpaclitaxel treatment In the nabpaclitaxel treatment group n = 10 tumorbearing mice received nabpaclitaxel

50 mgkg weekly treatment In the paclitaxel treatment group n = 10 as tumor sizes reached the endpoint after 2 week paclitaxel treatment in the

paclitaxel group we randomized those mice into two groups with 5 animals in each group on day 15 one group of animals continued receiving 30 mgkg
of paclitaxel tumor growth curve shown in red and the other group received 50 mgkg of nabpaclitaxel instead shown in orange curve D on day 52 when

relapsed tumors from paclitaxel treatment reached 05 cm in diameter we randomized these animals into two treatment groups nabpaclitaxel and

paclitaxel Drugs were given on day 52 59 and 66 with the same schedule and dosage as above Tumor growth was monitored in this paclitaxelrelapsed

tumor model E in the nabpaclitaxelrelapsed tumor model on day 75 when relapsed tumors from nabpaclitaxel treatment reached 05 cm in diameter we

randomized animals into two groups nabpaclitaxel treatment and saline control Drugs were given on day 75 82 and 87 with the same schedule and

dosage as above

dosage showed no significant effect on tumor growth
whereas the 5 and 10 mgkg daily doses significantly inhib

ited tumor growth P < 005 oneway ANOVA The stron

gest antitumor activity was observed with nabpaclitaxel at

50 mgkg iv weekly In CHLA20 xenograft model nab

paclitaxel at 50 mgkg iv weekly showed similar antitumor

activity compared with LDM therapy at 10 mgkg daily

Fig 3B
The animal survival from nabpaclitaxel treatment was

further investigated in SKNBE2 metastatic models

Tumorbearing mice were treated with control vehicle or

nabpaclitaxel 50 mgkg iv weekly with all treatments

starting 14 days after tumor cell inoculation As shown

in Fig 3C nabpaditaxel treatment significantly prolonged

animal survival compared with the control group median

survival of 59 days for nabpaclitaxel group vs 32 days for

control group P < 001 Nabpaclitaxel treatment signifi

cantly increased body weight in these mice Fig 3D com
pared with control

Plasma and tumor paditaxel concentrations following

nabpaclitaxel treatment

Plasma and intratumor drug concentration was measured

after single or repeated drug administration details in

Materials and Methods section Twentyfour hours after

the last dose blood and tumor samples were collected and

analyzed for paclitaxel concentration by LCMS In both

tumor models nabpaclitaxel treatment displayed lower

plasma paclitaxel concentrations compared with DMSO
paclitaxel whereas the intratumor paclitaxel concentrations

were higher with nabpaclitaxel groups Fig 4A and B As a

consequence nabpaclitaxel had a higher tumorplasma
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Figure 3 Antitumor effects of nabpaclitaxel with different regimens in neuroblastoma models A subcutaneous mouse xenograft tumors SKNBE2 were

established and animals were randomized into five groups Each treatment group n = 7 received either standard MTD of nabpaclitaxel 50 mgkg weekly or

LDM nabpaclitaxel 25 or 10 mgkg daily Control mice received saline Tumor volume was plotted as shown B tumor growth was also evaluated in

CHLA20 xenograft model Tumor bearing mice with 10 animals in each group were treated with either standard MTD of nabpaclitaxel 50 mgkg weekly or

LDM nabpaclitaxel 10 mgkg daily C the animal survival from nabpaclitaxel treatment was further investigated in SKNBE2 metastatic models

Tumor bearing mice were treated with control vehicle or nabpaclitaxel 50 mgkg iv weekly with all treatments starting 14 days after tumor cell inoculation

Kaplan Meier survival curves for nabpaclitaxel treatment and control animals are presented D animal body weight was monitored in SKNBE2 metastatic

models withwithout nabpaclitaxel treatment

paclitaxel ratio compared with DMSOpaclitaxel 24 hours

after drug administration

Nabpaditaxelinduced cell apoptosis and cellcyde

arrest

To determine whether the antitumor activity of nabpac
litaxel was the result of tumor cells apoptosis and cell cycle

arrest SKNBE2 xenografts treated with different dosages

of nabpaclitaxel were harvested at the end of study and

analyzed by IHC for the apoptotic marker cleaved caspase

3 and mitotic marker phosphohistone H3 Correspond

ing with results of tumor growth inhibition nabpaclitaxel

treatment significantly increased apoptotic cell population

in a dose dependent manner compared with control tumors

Fig 5A Similarly nabpaclitaxel treatment also increased

phosphohistone H3 positive cells in a dose dependent

manner Fig 5B suggesting that the suppression of tumor

growth was attributed to the induction of apoptosis and cell

cyde arrest by nabpaclitaxel

In a separate experiment RH4 xenografts were harvested

48 hours after administering nabpaditaxel 50 mgkg iv
orpaclitaxel 30 mgkg iv and tumor sections were stained

for phosphohistone H3 by IHC Significant increased pop
ulation of phosphohistone H3 positive cells were observed

after nabpaditaxel and paclitaxel treatment Fig 5C Com
bining with similar findings in neuroblastoma xenografts it

was conduded that nabpaclitaxel and paclitaxel treatment

induced G2M cellcycle arrest in tumors in vivo
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Figure 4 Plasma and intratumor paclitaxel concentrations following nabpaclitaxel treatment Mice bearing human rhabdomyosarcoma RH4 and

neuroblastoma SKNBE2 xenografts were intravenously administered different dosages of
paclitaxel 20 mgkg weekly or 30 mgkg weekly or nab

paclitaxel 10 mgkgd for 5 consecutive days or 50 mgkg weekly Twentyfour hours after the last dose blood and tumor samples were

collected and analyzed for
paclitaxel

concentration by LCMS Plasma and intratumor concentrations were plotted
in graphs for both RH4 A and

SKNBE2 B models Ratio of intratumoral and plasma concentration was calculated and compared between nabpaclitaxel and DMSObased

paclitaxel treatment groups

Discussion

Paclitaxel has been approved worldwide for the treatment

of adult solid tumors including breast ovarian lung

prostate esophageal gastric cancer etc 27 Conventional

formulation of paditaxel is inconvenient and associated

with significant and poorly predictable side effects largely

due to the pharmaceutical vehicle Cremophor EL In this

study we assessed a novel formulation of paclitaxel pre

pared by highpressure homogenization of paclitaxel in the

presence of human serum albumin which results in a

nanopartide colloidal suspension

Clinical studies showed that nabpaclitaxel has several

advantages over solvent based paclitaxel These included

ability to dose at higher levels of paclitaxel MTD of

300 mgm2 for nabpaclitaxel every 3 weeks versus 175

mgm2 for conventional paclitaxel elimination or dim
inution of premedication requirements for solvent relat

ed hypersensitivity reaction shorter infusion durations

and elimination of the need for specialized IV infusion

apparatus to accommodate corrosive effects of solvent

23 28
Furthermore a recent phase III trial in patients with MBC

compared nabpaclitaxel with paclitaxel Nabpaclitaxel

resulted in significantly higher response rates and time to

tumor progression than paclitaxel There was no incidence

of grade 34 hypersensitivity reactions in the group of

patients treated with nabpaclitaxel despite the absence of

premedication Toxicity data showed that nabpaclitaxel

resulted in less grade four neutropenia than paclitaxel and

although the incidence of grade 3 sensory neuropathy was

higher with nabpaclitaxel the time until the neuropathy

decreased to grade 2 was significantly less with nabpacli

taxel compared with paclitaxel 29
Our results have shown that nabpaclitaxel is effective

against both rhabdomyosarcoma and neuroblastoma in

predinical models We also showed that nabpaclitaxel is

more active than paclitaxel in all tumor models tested

With this new formulation we were able to administer

50 mgkg of nabpaclitaxel to testing animals a much

higher dosage compared with paclitaxel 30 mgkg No

mortality and significant body weight loss were observed

in nabpaclitaxeltreated animals Toxicity studies carried

out by Abraxis BioScience compared the effects of single

and repeated doses of nabpaclitaxel and Taxol in a

number of animal species In all cases the MTD of

nabpaclitaxel was higher than for Taxol 26 These data
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suggested that nabpaditaxel were less toxic than Taxol

and our results showed that nabpaditaxel was better

tolerated than DMSOpaditaxel

Figure 5 Nabpaclitaxelinduced

cell apoptosis and cell cycle

arrest in SKNBE2 and RH4

tumors SKNBE2 xenografts

treated with different dosages of

nabpaclitaxel were harvested at

the end of study and analyzed by

I HC for the cleaved caspase3 A
and phosphohistone H3 B C
in a separate experiment RH4

xenografts were harvested 48

hours after administering nab

paclitaxel 50 mgkg iv or

paclitaxel 30 mgkg iv and

tumor sections were stained for

phosphohistone H3 by IHC

We also showed that in tumorbearing mice in vivo

increased intratumor and correspondingly lower plasma

paditaxel levels were observed with nabpaditaxel compared
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with DMSOpaclitaxel resulting in higher tumorplasma

paclitaxel drug ratio for nabpaclitaxel A higher intratu

moral concentration produces a greater cytotoxic effect as

tumor cell death is proportional to drug concentration

The lower plasma drug concentration may limit total

body exposure to the cytotoxic agent resulting in reduced

systemic toxicity Nabpaclitaxel the 130 nm nanoparti

de formulation albumin bound paclitaxel uses the nat

ural properties of albumin to reversibly bind paclitaxel

transport it across the endothelial cell and concentrate in

tumors The underlying mechanism is reported to involve

an endothelial cell surface albumin receptor gp60 and

an albumin binding protein expressed by tumor cells and

secreted into the tumor interstitium secreted protein

acidic and rich in cysteine SPARC gp60 is believed

to mediate transcytosis of the albumin nanoparticles

through endothelial cells and binding to SPARC pur

portedly leads to drug accumulation in tumor tissues and

thereby enhances the therapeutic efficacy of nabpacli

taxel compared with the paclitaxelfree drug 30 31
Additional retention of the nanoparticles in the tumor

interstitium is believed to be due to the aberrant tumor

angiogenesis and compromised clearance via lymphatics

This socalled enhanced permeability and retention

effect results in an important intratumoral drug accu

mulation that is even higher than that observed in plasma

and normal tissues 32 33 Clinically nabpaclitaxel has

been shown to enhance the binding of paclitaxel to

albumin microtubules and cells and increase the tissue

availability of paclitaxel when compared with solvent

based paclitaxel as the albumin bound paclitaxel is not

trapped in the plasma compartment by Cremophor EL

micelles 23 34 35 The results from this study were

consistent with previous data in that nabpaclitaxel had

lower plasma concentration faster tissue distribution

and higer tumor accumulation compared with a solvent

based paclitaxel 25 Recent publication by Cossimo and

colleagues showed that some oncogene transformed cells

seem to use macropinocytosis to transport extracellular

protein into the cell 36 which potentially contributes

to the uptake of albumin associated nabpaclitaxel by

some tumor cells

As with other chemotherapeutic drugs resistance is

commonly seen with paclitaxel treatment Different mec
hanisms of paclitaxel resistance haven been reported

including overexpression of multidrug resistance MDR
1 gene 37 molecular alterations in the target molecule

13tubulin ref 38 changes in apoptotic regulatory and

mitosis checkpoint proteins 39 and changes in lipid

composition and potentially the overexpression of inter

leukin6 40 Recent studies with arraybased technology

have shown that paclitaxel resistance is associated with

simultaneous changes in numerous genes 41 42 It is

likely that multiple intracellular and extracellular path

ways are involved in the paclitaxelresistant phenotype

Certain types of nanoparticles were found to be able to

overcome multidrug resistance mediated by the Pglyco

protein Pgp efflux system localized at the cancerous cell

membrane The drug export transporter Pgp can remove a

large range of drugs from the cell and upregulation of Pgp
makes it possible for cancer cells to become completely

resistant to some of the drugs intensively used in the clinic

notably taxanes anthracyclines epipodophylotoxins and

Vinca alkaloids 43 Pgp reversion by nanoparticles was

explained by a local delivery of the drug in high concen

tration close to the cell membrane Such high local micro

concentration of cytotoxic drugs was able to saturate Pgp
44 In this study we observed that paclitaxelrelapsed

tumors developed resistance against paclitaxel treatment

whereas those tumors are responsive to nabpaclitaxel

treatment We believe that the superior efficacy of nab

paclitaxel versus paclitaxel in the series of rechallenging

experiments most possibly derived from the higher intra

tumor drug distribution and improved antitumor activity

by nabpaclitaxel as shown in the in vitro cytotoxicity

study Fig 1 and xenograft study Fig 2A As the Pgp
expression in RH4 tumors remained undetectable before

and after paclitaxel treatment data not shown it is

possible that other drug export transporters such as BCRP

ABCG2 and other MDR Proteins are involved in pacli

taxel resistance in RH4 cell lines Interestingly nabpacli

taxelrelapsed tumors remained sensitivity to nabpacli

taxel treatment All tumors shrank after 1 week treatment

This finding suggests that nabpaclitaxel is less likely to

trigger drug resistance compared with paclitaxel Further

more studies are required to uncover the less susceptibility

of nabpaclitaxel to drug resistance mechanisms

Overall this study showed improved antitumor activity

of nabpaclitaxel against pediatric solid tumors both in vitro

and in vivo Results of this nondinical study support further

testing of nabpaclitaxel in clinical studies with pediatric

solidtumor patient population
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