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Abstract

Background—Nanoparticle albumin-bound paclitaxel (nab-paclitaxel, Abraxane®) is FDA 

approved for the treatment of several adult cancers. Antimitotic agents are essential components 

for curative therapy of pediatric solid tumors, although taxanes have shown limited activity. 

Because of the novel formulation, nab-paclitaxel was evaluated against a limited series of 

Pediatric Preclinical Testing Program (PPTP) solid tumors.

Procedures—Nab-paclitaxel was tested against a limited subset of PPTP solid tumor xenograft 

models at a dose of 50 mg/kg using a q4dx3 schedule intravenously.

Results—Nab-paclitaxel was well tolerated in vivo, producing maximum weight loss of 

approximately 10% with recovery to baseline weight in the week following the third dose. All 20 
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xenograft models tested were considered evaluable for efficacy. Nab-paclitaxel induced 

statistically significant differences in event-free survival (EFS) distribution compared to control in 

19 of 20 (95%) of the solid tumors. Objective responses were observed in 12 of 20 (60%) solid 

tumor xenografts. Complete responses (CR) or maintained CR were observed in 5 of 8 Ewing 

sarcoma models and 6 of 8 rhabdomyosarcomas. There were no objective regressions in either 

neuroblastoma (n=2) or osteosarcoma (n=2) xenograft panels. At the dose tested, systemic 

exposures of nab-paclitaxel in mice were somewhat greater than those tolerated in humans.

Conclusions—The high level of activity observed against the rhabdomyosarcoma and Ewing 

sarcoma PPTP preclinical models makes nab-paclitaxel an interesting agent to consider for 

pediatric evaluation.
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INTRODUCTION

Paclitaxel is an antimitotic natural product extracted from the Pacific yew (Taxus brevifolia) 

[1], and it stabilizes tubulin by preventing depolymerization [2,3]. Stabilization of 

microtubules inhibits dynamic reorganization of microtubule networks that are essential for 

interphase and mitotic cellular functions [4], resulting in cell death. Paclitaxel has broad 

spectrum activity against human cancers including breast, ovarian and non-small cell lung 

cancer [5]. However, in addition to toxicities associated with the effect of antimitotic agents 

on proliferating tissues, the formulation of paclitaxel is also of concern. Because paclitaxel 

is a hydrophobic molecule, the original formulation required use of polyoxyethylated castor 

oil (Cremophor EL) and ethanol [6]. Cremophor EL leaches plasticizers from DEHP 

infusion sets and can cause severe or fatal hypersensitivity reactions [7–13]. As a 

consequence, patients have to be premedicated with corticosteroids and antihistamines to 

reduce the risk of hypersensitivity reactions. Additionally, Cremophor EL may cause 

neutropenia [13,14] and prolonged peripheral neuropathy associated with axonal swelling 

and degeneration, vesicular degeneration and demyelination [15–17]. In addition, the 

ethanol in the formulation, while not a significant problem in adults, can be a serious 

concern in children. Acute central nervous system toxicities following conventional 

paclitaxel administration to pediatric cancer patients could be correlated at least in part with 

the ethanol exposure [7].

Nanoparticle-albumin binding is a drug delivery technology that uses the biochemical 

properties of albumin to increase drug delivery to tumors through albumin initiated 

transcytosis. Albumin-bound drugs cross the endothelial cells into the interstitial space 

through binding to a cell surface glycoprotein (gp60) receptor that induces caveolin-1 and 

results in invagination of the endothelial cell membrane, trapping plasma constituents in 

structures known as caveolae. Accumulation of albumin in tumor tissue is thought to result 

from secretion of the albumin-binding protein SPARC (secreted protein, acidic and rich in 

cysteine). Hydrophobic molecules are non-covalently bound to albumin using a proprietary 

process that does not alter either component. The first commercial product using this 

technology, nab-paclitaxel (ABI-007, Abraxane®), is a solvent-free, 130 nM albumin 
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particle form of paclitaxel. Consequently, high-level expression of caveolin-1 or SPARC 

have been proposed as potential biomarkers for tumor response of nab-paclitaxel [1,3].

A Phase 3 clinical trial directly compared the antitumour activity and tolerability of nab-

paclitaxel with those of paclitaxel in women with measurable metastatic breast cancer [18]. 

Patients received 3-week cycles of either nab-paclitaxel 260 mg/m2 i.v. over 30 min without 

premedication with corticosteroids or antihistamines (n = 229), or paclitaxel 175 mg/m2 i.v. 

over 3 h (n = 225). Both the objective response rates (33% versus 19%, p = 0.001) and the 

median time to progression (23.0 versus 16.9 weeks, p = 0.006) significantly favored nab-

paclitaxel over paclitaxel. Of importance, no severe hypersensitivity reactions occurred in 

the nab-paclitaxel group, despite the shorter administration time and the absence of 

premedication. Nab-paclitaxel also showed significantly higher objective response rates 

compared to paclitaxel for non-small cell lung cancer (NSCLC) [19], and the addition of 

nab-paclitaxel to gemcitabine resulted in significantly improved overall survival for patients 

with advanced pancreatic cancer [20]. Nab-paclitaxel also shows promise for treatment of 

metastatic melanoma [21]. A report also indicated that patients who previously had 

hypersensitivity reactions to Cremophor-formulated paclitaxel could be treated safely with 

nab-paclitaxel [2].

Whereas paclitaxel is approved for use in several adult cancers, and nab-paclitaxel is 

approved for breast cancer, NSCLC and metastatic pancreatic cancer, use of taxanes in 

pediatric oncology has been limited, where paclitaxel has demonstrated very modest activity 

[4–6]. In addition, severe neurologic and allergic toxicity was encountered despite 

premedication [7]. Recently, the activity of nab-paclitaxel against pediatric models of 

rhabdomyosarcoma and neuroblastoma demonstrated marked in vivo activity superior to 

that of paclitaxel [8]. The activity of nab-paclitaxel was further tested against PPTP sarcoma 

(rhabdomyosarcoma, osteosarcoma and Ewing sarcoma) and neuroblastoma xenograft 

models.

MATERIALS AND METHODS

In vivo tumor growth inhibition studies

CB17SC scid−/− female mice (Taconic Farms, Germantown NY), were used to propagate 

subcutaneously implanted kidney/rhabdoid tumors, sarcomas (Ewing, osteosarcoma, 

rhabdomyosarcoma), neuroblastoma as previously described [9]. Female mice were used 

irrespective of the patient gender from which the original tumor was derived. All mice were 

maintained under barrier conditions and experiments were conducted using protocols and 

conditions approved by the institutional animal care and use committee of the appropriate 

consortium member. Ten mice were used in each control or treatment group. Tumor 

volumes (cm3) were determined and responses were determined using three activity 

measures as previously described [9]. An in-depth description of the analysis methods is 

included in the Supplemental Response Definitions section.
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Caveolin-1(CAV1) Immunohistochemistry

Slides from formalin fixed paraffin embedded (FFPE) tissue were deparaffinized in xylene 

(3 changes of 2 minutes each) and then rehydrated through graduated alcohols of 2 minutes 

each (100%, 95%, and 70%) and ended in distilled water. They were then microwaved for 

10 minutes in pH 6.0 citrate buffer, cooled and washed in running water followed by a 

peroxidase block for 5 minutes. After rinsing in PBS, slides were incubated with a primary 

antibody for caveolin-1 (N-20, Santa Cruz) at 1:200 for 30 minutes in a humidified chamber, 

rinsed and incubated with a HRP Polymer conjugated rabbit secondary antibody (EnVision

+, DAKO) for 30 minutes. Slides were rinsed again in PBS, incubated with DAB for 5 

minutes, rinsed and counterstained with hematoxylin for a few seconds. Slides were then 

rinsed in water and dehydrated following the opposite order (70%, 95% and 100% alcohol) 

that ended in xylene, mounted and coverslipped. Slides were reviewed and scored for the 

intensity of staining in the tumor cells (0 = no staining to 3 = strong staining) and the 

percentage of stained tumor cells. An H score was calculated by multiplying the score for 

staining intensity times the percentage of tumor staining.

Expression of CAV1 and SPARC

The levels of CAV1 and the albumin-binding protein SPARC (secreted protein, acidic and 

rich in cysteine) were evaluated using Agilent gene expression arrays.

Nab-paclitaxel pharmacokinetics

Following intravenous nab-paclitaxel administration, plasma samples were collected from 

mice at 0.083, 0.25, 0.5, 1, 2, 4, 8 and 24 hours and analyzed for pharmacokinetics. For 

calibration curve, an aliquot of paclitaxel stock solution (0.2 mg/mL in acetonitrile) was 

spiked into plasma to make the initial plasma stock at 4,000 ng/mL, which was then diluted 

to make calibration standard samples at concentrations ranging from 2 to 4,000 ng/mL in 

plasma. Quality control (QC) samples were made similarly with concentrations of low QC at 

6 ng/mL, medium QC at 100 ng/mL, and high QC at 3,200 ng/mL. Dilution QC at 20,000 

ng/mL was made by spiking the stock solution into blank plasma and then diluted 10-fold 

with blank plasma. Plasma samples of 5 min to 4 hour were diluted 10-fold using blank 

plasma and plasma samples from other time points were crashed directly without dilution.

Aliquots (50 μL) of plasma samples (including standards, blanks, QCs) were transferred into 

a 96 well plate. To each well, 150 μL of a solvent mixture of acetonitrile:methanol (9:1) 

containing 100 ng/mL of d5-paclitaxel (as the internal standard) was added. The plate was 

capped, vortex mixed and centrifuged. A 150 μL aliquot of the supernatant was transferred 

into a clean 96-well plate for LC-MS/MS analysis.

Chromatographic separation was carried out using a Shimadzu LC20 system equipped with 

an Agilent Pursuit XRs 3 C18 column (100×2 mm). Mobile phases consisted of 5 mM 

ammonia acetate in water containing 0.1% formic acid (A) and 5 mM ammonia acetate in 

acetonitrol:water (9:1) mixture containing 0.1% formic acid (B), at a flow rate of 0.35 mL/

min. The column was eluted with a gradient of 25% B for 0.9 minute, linearly increased to 

100% B over 1.5 minute, and then maintained at 100% B for another 3.5 minutes. The LC 

elute was connected directly to a Sciex API4000 QTrap mass spectrometer equipped with an 
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electrospray ionization (ESI) ion source. The negative multiple reaction monitoring (MRM) 

mode was used for the quantitation. Mass transitions of m/z 898.3 to 525.2 and 903.3 to 

530.2 were optimized for paclitaxel and d5-paclitaxel, respectively. The mass spectrometer 

parameters were fixed as follows: capillary voltage, −4.5 kV; curtain gas, 35 psi; desolvation 

temperature, 500 °C; GS1, 50 psi; GS2, 60 psi; and CAD, medium.

Mean plasma concentration-time profile was used for pharmacokinetic (PK) calculation. PK 

parameters were calculated using Watson 7.4 Bioanalytical LIMS™ (Thermo Fisher 

Scientific, Philadelphia, PA). The peak plasma concentration (Cmax) and time to reach Cmax 

(tmax) were determined from the actual data. The area under the plasma concentration-time 

curve from 0 to 24 hr post-dose (AUC24h) of paclitaxel was determined by the non-

compartmental model using the linear/log trapezoidal rule.

Statistical Methods

The exact log-rank test, as implemented using Proc StatXact for SAS®, was used to compare 

event-free survival distributions between treatment and control groups. P-values were two-

sided and were not adjusted for multiple comparisons given the exploratory nature of the 

studies.

Drugs and Formulation

Nab-paxlitaxel was provided to the Pediatric Preclinical Testing Program by Celgene 

Corporation, through the Cancer Therapy Evaluation Program (NCI). Nab-paxlitaxel was 

formulated as a 10 mg/ml stock in sterile saline and stored at −20°C until use. Nab-

paxlitaxel was administered intravenously (IV) at 50 mg/kg to mice using a q 4 days x 3 

schedule. Nab-paxlitaxel was provided to each consortium investigator in coded vials for 

blinded testing.

RESULTS

In vivo testing

Nab-paxlitaxel was tested against the PPTP solid tumor xenografts using a dose of 50 mg/kg 

administered by the IV route q4d x 3. The total planned treatment and observation period 

was 6 weeks. Nab-paxlitaxel was generally well tolerated, with a 0% toxicity rate in the 

treated groups (0 of 200), similar to that observed for control animals (0 of 200). All 20 

tested xenograft models were considered evaluable for efficacy. A complete summary of 

results is provided in Supplemental Table I, including total numbers of mice, number of 

mice that died (or were otherwise excluded), numbers of mice with events and average times 

to event, tumor growth delay, as well as numbers of responses and T/C values.

Nab-paxlitaxel induced significant differences in EFS distribution compared to control in 19 

of 20 (95%) of the evaluable solid tumor xenografts (Table I). For those xenografts with a 

significant difference in EFS distribution between treated and control groups, the EFS T/C 

activity measure additionally requires an EFS T/C value of > 2.0 for intermediate activity 

and indicates a substantial agent effect in slowing tumor growth. High activity further 

requires a reduction in final tumor volume compared to the starting tumor volume. Sixteen 
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of 20 (80%) solid tumor models evaluable for the EFS T/C activity metric demonstrated 

EFS T/C > 2.0, and 9 additionally met criteria for high EFS T/C activity. High activity was 

observed against 5 of 8 Ewing xenografts (Figure 1) and 4 of 8 rhabdomyosarcoma 

xenografts (Figure 2). Neither osteosarcoma (n=2) or neuroblastoma (n=2) models 

demonstrated objective regressions (Table I).

The in vivo testing results for the objective response measure of activity are presented in 

Figure 3 in a ‘heat-map’ format as well as a ‘COMPARE’-like format, based on the scoring 

criteria described in the Supplemental Response Definitions section. The latter analysis 

demonstrates relative tumor sensitivities around the midpoint score of 5 (stable disease). The 

figures illustrate the complete responses (CR) or maintained CRs for 6 of 8 

rhabdomyosarcoma and 5 of 8 Ewing sarcoma xenografts.

Caveolin-1 and SPARC Expression

Expression of CAV1 at the mRNA level (Agilent Sureprint 3 arrays) shows that expression 

was generally highest in Ewing sarcoma models (relative expression 10 to >70-fold the 

median for all tumors) whereas expression in alveolar rhabdomyosarcomas was at the 

median for the entire PPTP tumor panel (Supplemental Figure 1). Immunohistochemical 

staining of FFPE sarcoma tissues showed high-level caveolin-1 expression in EW-5, EW-8 

and SKNEP-1 that was in good agreement with the mRNA expression data. In contrast, 

high-level expression detected by Agilent profiling did not correlate with IHC in Rh18 

xenografts, and relatively high IHC H scores (200 and 100) were associated with low (<10) 

transcript expression for Rh65, Rh36 and Rh28 (Table II). Overall, there was no good 

correlation between caveolin-1 expression (IHC) and response to nab-paclitaxel. Although 

the mean level for the ‘responding’ tumors was greater than in the ‘non-responding’ group, 

there was considerable overlap. Because the ‘H score’ is not normally distributed, the 

Wilcoxon rank-sum test was used for comparison. Although there was a trend, the 

differences in H scores between responding and non-responding tumors was not significant 

(P = 0.069) (Figure 4A). Levels of CAV1 mRNA had a similar distribution in responding 

and non-responding xenografts (Figures 4B). Similarly, there was no obvious relationship 

between SPARC expression and response, as expression was low in non-reponding models 

(NB-1691, TC-71, NB-1643) and responding models (Rh28, Rh30R, Rh36, Rh41, Rh65), 

whereas relatively high-level SPARC (mRNA ~ 9-fold the median for all models) was 

associated with Rh18 tumors that were non-responsive to nab-paclitaxeltreatment (Figure 

4B).

Nab-paclitaxel pharmacokinetics

Total plasma levels of paclitaxel were determined in plasma after mice received 50 mg/kg 

nab-paclitaxel I.V. Results are summarized in Supplemental Table II. Similar to nab-

paclitaxel pharmacokinetics reported for rat and human [22], there was rapid decline in 

plasma drug concentration and large volume of distribution. The AUC and extrapolated 

AUC∞ were similar at 36.54 and 36.65 μM*Hr, respectively.
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DISCUSSION

Antimitotic agents such as vincristine have demonstrated single agent activity, and are used 

as standard of care for many curative regimens in pediatric patients with both solid and 

hematologic malignancies. Vinca alkaloids bind tubulin and cause destabilization of 

microtubules, leading to mitotic arrest and cell death. In contrast, taxanes induce 

microtubule stabilization, and have not shown significant activity against pediatric solid 

tumors [4–6]. Whether this represents an intrinsic difference in the mechanism of action of 

taxanes versus Vinca’s, or whether taxanes were tested in predominantly patients who had 

previously failed vincristine-based therapy, is unclear. For example, acquired or intrinsic 

resistance to both Vinca alkaloids and paclitaxel may be mediated through a common 

mechanism, by which drug is excluded from cells via drug efflux by ABC transporters such 

as P-glycoprotein (ABCB2) [23]. In addition to its lack of clinical activity in pediatric trials, 

paclitaxel demonstrated significant neurologic and allergic toxicities, hence enthusiasm for 

further development was low. Nab-paclitaxel, represents a novel nanoparticle bound 

formulation of paclitaxel that does not require formulation with surfactants such as 

Cremophor EL that is thought to contribute to neurologic and allergic toxicity.

Nab-paclitaxel was well tolerated at the dose and schedule used for testing. Of note, nab-

paclitaxel is better tolerated in mice than in humans, with the 50 mg/kg q4d x 3 regimen 

evaluated being well below the mouse MTD (120–180 mg/kg, q4d x 3) [13]. The lower dose 

was selected as a more clinically relevant dose that produces drug levels that are reasonably 

comparable to those achieved in humans using weekly dosing (see below). Nab-paclitaxel 

showed very high level activity against Ewing sarcoma and rhabdomyosarcoma xenograft 

models. For the panel of 8 Ewing sarcomas there were 6 objective regressions (4 MCR, 

1CR, 1PR), with a similar number observed for the rhabdomyosarcoma panel (5 MCR, 

1CR). There were no objective regressions in neuroblastoma (n=2) or osteosarcoma (n=2) 

models. Of note, neither neuroblastoma or osteosarcoma models tested responded to the 

antimitotic agents vincristine [9] or eribulin [10], which may suggest a common mechanism 

of resistance to these agents, for example expression of ABC transporters that may reduce 

intracellular levels of abraxane (e.g. MDR1B). The PPTP results confirm and extend the 

data showing marked sensitivity for rhabdomyosarcoma xenografts [8], although the limited 

testing against neuroblastoma models did not demonstrate sensitivity to nab-paclitaxel. The 

PPTP results also extend data for the responsiveness of Ewing sarcoma xenografts to nab-

paclitaxel to a large panel of tumors [24].

The PPTP xenograft models identified antimitotic agents as being very active against acute 

lymphoblastic leukemia and sarcoma xenografts [10,25], although ABT-751, an orally 

bioavailable sulphonamide that binds the colchicine binding site on β-tubulin, was not active 

[12]. A common reason for over-prediction of clinical activity by preclinical in vivo models 

is that mice may tolerate higher drug levels of the test compound compared to humans. 

However, incorporating modeling of mouse and human pharmacokinetic data with xenograft 

efficacy data enhances the predictive capability of in vivo testing [11]. In the case of nab-

paclitaxel, the comparisons of species-specific differences in pharmacokinetics are more 

complex, as nanoparticle albumin-bound paclitaxel shows a greater volume of distribution, 

and greater tumor:plasma ratios [8,13]. The exposure to total paclitaxel following 
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administration of nab-paclitaxel (50 mg/kg) was 36.54 μM*Hr in mice. In contrast the 

human exposure was 23.80 μM*Hr in patients receiving 260 mg/m2 [14]. Thus, the single 

dose exposure in mice is slightly higher than in man. However, two other factors also need 

to be considered. Protein binding is greater in mice than humans (98% vs 95%) so free drug 

exposure following a single administration of drug would be approximately 1.19 μM*Hr and 

0.731 μM*Hr, in human and mouse, respectively. Secondly, in our study, mice were 

administered nab-paclitaxel on days 1, 4 and 8 whereas in humans nab-paclitaxel is 

administered at 260 mg/m2 on a 21-day cycle or at 125 mg/m2 days 1, 8 and 15 on a 28 day 

cycle. Administered at 50 mg/kg the total free drug exposure per cycle in mice would be 

2.193 μM*Hr, or approximately two-fold greater than in patients receiving 260 mg/m2 every 

21 days. Total exposure per 28 day cycle at a dose of 125 mg/m2 would result in a plasma 

exposure (assuming linear kinetics for free drug) of 1.716 μM*Hr, or 78 per cent of that in 

mice. Recognizing the multiple factors complicating comparisons of mouse to human 

exposure for nab-paclitaxel, the mouse exposures per cycle appear to be somewhat greater 

than exposures achieved in humans.

High expression of SPARC and caveolin-1 have been postulated to increase sensitivity to 

nab-paclitaxel, although their role in predicting sensitivity remains an open question [26]. 

Caveolin-1 expression was generally high in Ewing sarcoma xenografts, and some of the 

brain tumor models and several rhabdomyosarcoma models had levels above the median for 

the entire in vitro and in vivo tumor panels (Agilent profiling). In contrast, SPARC 

expression was highest in osteosarcoma xenografts, with some enhanced expression in brain 

tumors and rhabdomyosarcomas (Supplemental Figure 1). Ewing sarcoma models were 

uniformly low in expression of SPARC having median expression ratio’s (~1.0) relative to 

the panel median expression. There was no obvious relationship between caveolin-1 

expression, IHC staining, and tumor response (Figure 4A). Similarly, neither caveolin-1 or 

SPARC mRNA expression levels correlated with tumor sensitivity (Figure 4B).

In conclusion, nab-paclitaxel showed high level in vivo activity against rhabdomyosarcoma 

and Ewing sarcoma xenograft models, but not in limited testing against neuroblastoma and 

osteosarcoma models resistant to vincristine. Comparisons of nab-paclitaxel preclinical 

activity to that of paclitaxel are difficult because of the limited published data for paclitaxel 

[27]. To some extent, the nab-paclitaxel results are similar to those previously observed for 

vincristine, with activity noted for such vincristine-responsive tumors as 

rhabdomyosarcoma. The in vivo activity for nab-paclitaxel against Ewing sarcoma 

xenografts exceeded that previously observed for vincristine. These results support 

evaluation of nab-paclitaxel in children with relapsed/refractory cancers, and if robust single 

agent activity is observed then proceeding with further development for the cancers 

identified as clinically responsive.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nab-paclitaxel in vivo objective response activity for Ewing sarcoma models having high 

Caveolin-1 expression. Ewing sarcomas (CHLA-258, EW-8, and EW-5): Kaplan-Meier 

curves for EFS (left), median relative tumor volume graphs (center), and individual tumor 

volume graphs (right) are shown for selected lines. Controls (gray lines); Treated (black 

lines), statistical significance (p values) of the difference between treated and control groups 

are included.
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Figure 2. 
Nab-paclitaxel in vivo objective response activity for rhabdomyosarcoma models having low 

Caveolin-1 expression. Rhabdomyosarcomas (Rh65, Rh36, and Rh30R): Kaplan-Meier 

curves for EFS (left), median relative tumor volume graphs (center), and individual tumor 

volume graphs (right) are shown for selected lines. Controls (gray lines); Treated (black 

lines), statistical significance (p values) of the difference between treated and control groups 

are included.
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Figure 3. 
Left: The colored heat map depicts group response scores to nab-paclitaxel. A high level of 

activity is indicated by a score of 6 or more, intermediate activity by a score of >2 but <6, 

and low activity by a score of <2. Right: representation of tumor sensitivity to nab-paclitaxel 

based on the difference of individual tumor lines from the midpoint response (stable 

disease). Bars to the right of the median represent lines that are more sensitive, and to the 

left are tumor models that are less sensitive. Red bars indicate lines with a significant 

difference in EFS distribution between treatment and control groups, while blue bars 

indicate lines for which the EFS distributions were not significantly different.
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Figure 4. 
(A) Relationship between caveolin-1 immunohistochemical staining intensity (H Score) and 

response. PD1/PD2 (progressive disease, as defined in Supplemental Respose Definitions). 

PR partial response (>50% volume regression); CR (complete response with regrowth 

during 6 weeks; MCR, CR maintained at week 6. Bars indicate the mean H score for the 

group. (B) Relationship between caveolin-1 and SPARC gene expression (Agilent Sureprint 

3 arrays) and response. Non-repoders (PD1/PD2); Responders (PR/CR/MCR). Progressive 

disease, as defined in Supplemental Respose Definitions). PR, partial response; CR 

(complete response with regrowth during 6 weeks); MCR, CR maintained at week 6.
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