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Abstract

Triple-negative breast cancer (TNBC) has a high rate of metastasis, which is associated with
breast cancer stem-like cells (CSCs). Although Taxol (micelle formulation of paclitaxel) is

the first line chemotherapy to treat TNBC, it increases CSCs in residual tumors. Abraxane,
albumin nanopartide of paclitaxel, showed lower plasma concentration compared to Taxol in
both human and animal models, but it is not clear why Abraxane showed superior efficacy to
Taxol in treatment of metastatic breast cancer in humans. In this study, we intend to investigate
if Abraxane eliminates CSCs for its better efficacy. The results showed that Abraxane showed
similar cytotoxicity in SUM149 cells in comparison with Taxol. Although Abraxane showed 3-
to 5-fold lower blood drug concentration compared to Taxol, it achieved similar tumor drug
concentration and 10-fold higher tumor/plasma ratio in SUM149 xenograft NOD/SCID mouse
model. In addition, Abraxane and Taxol showed similar efficacy to shrink the tumor size in
orthotopic breast cancer NOD/SCID mouse model. However, Abraxane decreased breast CSCs
frequency by 3- to 9-fold, while Taxol increased breast CSCs frequency in an orthotopic breast
cancer NOD/SCID mouse model. Furthermore, Abraxane increased 3- to 15-fold intracellular
uptake in both ALDH+ CSCs and differentiated ALDH- cells in comparison with Taxol, which
provides a mechanism for Abraxane’s superior efficacy to eliminate CSCs in comparison with
Taxol. Our data suggest albumin nanopartide Abraxane may have a broad implication to enhance
drug’s efficacy by eliminating breast cancer stem cells for treatment of metastatic diseases.
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INTRODUCTION

Breast cancer remains the most common malignancy and the leading cause of cancer death
among females worldwide.! Based on the status of hormone receptors (estrogen receptor
(ER) and progesterone receptor (PR)) and human epidermal growth factor receptor-2
(HER?2)), breast cancers have been classified into at least four subtypes: luminal A (ER+

or PR+, Her2-), luminal B (ER+ or PR+, Her2+), Her2 amplified (ER- and PR—, Her2+),
and triple-negative (ER—, PR—, Her2-).2:3 Triple-negative breast cancer (TNBC) represents
about 20% of all breast cancers, with higher metastasis rate and poorer survival. Although
significant advance has been made for treatment of ER+ and Her2+ breast cancer to improve
patient survival, there is still lack of effective treatment for TNBC.

A new hypothesis suggests that breast cancer has a small subset of malignant cells
with stem-like properties (~1-5% of the population), designated as cancer stem-like
cells (CSCs).4” Cumulative compelling evidence suggests that breast cancer stem cells
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(CSCs) are responsible for tumor initiation and metastasis.8-1° CSCs possess abilities of
both self-renewal, to maintain their own population, and differentiation, to produce more
differentiated cancers to constitute the whole tumor. Two sets of markers have been used to
identify breast cancer stem cells. One set of marker is high levels of aldehyde dehydrogenase
1 (ALDH1),? which has been correlated significantly with node metastasis, poor prognoses,
and poor survival in breast cancers.20-21 The other set of marker is CD44+/CD24~-, which

is a combination of cell surface markers with properties of driving tumorigenesis and
generating tumor cell heterogeneity.*

Chemotherapy using paclitaxel is the first line therapy for the treatment for TNBC. 229
Taxol, as micelle formulation of paclitaxel using Kolliphor EL, is used in TNBC to

reduce overall tumor burden predominantly by killing differentiated subsets of cancer

cells while actually increasing subsets of stem -like cells (CSCs) by 2—4-fold.14-19.30-33
Expanding the subset of cells with stem -like functions elevates the potential for recurrent
local and/or metastatic disease.8-10:34-48 Different mechanisms are proposed to explain this
phenomenon. Some studies attribute increases in CSCs to inherent resistance of these cells
to chemotherapy,*® while others suggest chemotherapy causes differentiated cancer cells to
dedifferentiate to stem-like cells, resulting in expansion of CSCs.

Very interestingly, Abraxane, an albumin-bound nanoparticle of paclitaxel, had been
approved by the FDA as the first line therapy for metastatic breast cancer, in addition to

as the first-line treatment of advanced nonsmall cell lung cancer and late-stage (metastatic)
pancreatic cancer. Abraxane showed superior efficacy (response rate 21.5%) to Taxol
(response rate 11.1%) in metastatic breast cancer patients.59 Pooled-analysis of multiple
clinical trials indicated that pathological complete response (pCR) in breast cancer patients
treated with Abraxane was significantly higher than patients treated with Taxol.51-53

However, it is surprising that Abraxane’s superior efficacy cannot be explained by the
plasma concentration and plasma pharmacokinetics since Abraxane achieved lower plasma
concentration as compared to Taxol in both humans and mice.>4-57

It is not clear why Abraxane showed superior efficacy to Taxol in metastatic breast cancer
patients. It is unknown whether Abraxane has superior efficacy to eliminate breast cancer
stem cells, which is associated with its clinical superior efficacy in metastatic breast cancer.
Given Abraxane encapsulates the same drug (paclitaxel) as the clinically used micelle
formulation (Kolliphor EL), the mechanism of action of drug to inhibit cancer cells is
unlikely to be changed. Therefore, the superior efficacy of abraxane is likely due to the
nanoformulation change, which needs to be explored.

In this report, we intend to investigate the efficacy and mechanism of Abraxane to eliminate
cancer stem-like cells in vitro and in vivo in comparison with Taxol. We first compared the
drug concentrations of tumor and plasma in xenograft model following the same dose of
Abraxane and Taxol. We also compared the efficacy of Abraxane and Taxol in vitro of 2D
cell culture, 3D mammosphere, and in vivo xenograft model using two different treatment
regimens. The efficacies of Abraxane and Taxol on cancer stem-like cells were evaluated
using five different gold standard cancer stem cells assays. Finally, we evaluated the cellular
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uptake of Abraxane, Taxol, and a simple mixture of paclitaxel and albumin in cancer
stem-like cells and differentiated cancer cells to explore its mechanism to eliminate cancer
stem-like cells. Our data provide a rationale to use an appropriate nanodelivery system (such
as Abraxane) to eliminate breast cancer stem cells, which may have broad implication to
improve drug’s efficacy to treat metastatic disease.

MATERIALS AND METHODS
Drugs.

Taxol (Hospira, clinical used Kolliphor EL formulation) and Abraxane (Celgene) were
obtained through the University of Michigan Cancer Center Pharmacy (Ann Arbor, MI). The
particle size and zeta potential were measured by dynamic fight scattering (DLS) using a
Zetasizer Nano (Malvern,Worcestershire, UK) (Figure S1).

Cell Culture and Reagents.

SUM149 cells were cultured in Ham’s F-12 supplemented with 5% fetal bovine serum,

5 tg/mL insulin, 2 tg/mL Hydrocortisone, 4 tg/mL Gentamycin, and 1% antibiotic-
antimycotic under a 5% CO,, cell culture incubator with saturated humility. All cell culture
media and reagents were purchased from Thermo Fisher Scientific or Sigma unless stated
elsewhere.

MTS Cell Viability Assay.

SUM149 cells were plated on 96-well plates at cell density of 3000 cells/well and cultured
under a 5% CO5 cell culture incubator with saturated humility. Cells were treated with
various concentrations of paclitaxel and Abraxane for 72 h. MTS assay (Promega, Madison,
WI) was used to assess cell viability according to the manufacturer’s instruction. The 1C50s
of cytotoxicity were calculated with GraphPad Prism 7 software (GraphPad Software Inc.,
La Jolla, CA 92037 USA).

Cellular Uptake Assays.

SUM149 cells were plated on a 6-well plate 24 h prior to the uptake assays. The drugs

were diluted into PBS and added to cells and cultured in a cell culture incubator. After
removing the drugs and extensive washing with cold PBS, cells were lysed with RIPA buffer
supplemented with proteinase inhibitors (Thermo Scientific Halt Protease Inhibitor Cocktail,
EDTA-free) and collected for further analysis. Drug concentrations were determined using
LC-MS/MS, and protein concentrations were measured using Pierce BCA Protein Assay Kit
according to manufacturer’s instructions. The drug uptake was normalized by dividing the
total drug amount with the total protein amount.

Flow Cytometry and Immunohistochemistry Staining of ALDH+ CSCs in Primary Tumors
and SUM149 Cells.
ALDH+ CSCs in dissociated primary tumor cells and SUM149 cells were accessed using

ALDEFLURO kits according to manufacturer’s instructions (StemCell Technogies, Inc.,
Vancouver, BC, Canada). Flow cytometry analysis was performed on a MoFlo Astrios
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(Beckman Coulter, Inc.) flow cytometer with a minimum of 10,000 live cells detected. IHC
staining of ALDH1 (BD Biosciences, #611195) in sectioned paraffin embedded primary
tumors slides was performed by In-Vivo Animal Core (IVAC) at University of Michigan
using the Beckman intellipath system with standard protocol. Slides were scanned on Aperio
At-2, and images were analyzed by IVAC faculty.

Flow Cytometry of CD44+/CD24- CSCs in Primry Tumor and SUM149 Cells.

Dissociated primary tumor cells or SUM149 cells were stained with anti-CD44 (G44-26
clone, BD Biosciences) and anti-CD24 (ML5 clone, BD Biosciences) antibodies. After
extensive washing, samples were analyzed on a MoFlo Astrios (Beckman Coulter, Inc.) flow
cytometer with a minimum of 10,000 live cells detected. Percentages of CD44+/CD24~-
CSCs were analyzed using Summit’s software.

Mammosphere Formation Assay.

SUM149 cells were dissociated into single cells and seeded at a density of 2000 cells/well
in Mammocult (StemCell Technologies) in ultralow attachment 6-well plates (Coming Inc.,
Corning, NY, USA). The drugs were added to cells at indicated concentrations. After
culturing for 14 days, primary mammospheres greater than 50 4m in diameter were counted
using GelCount (Oxford Optronix Ltd.). All cells from primary culture were collected

and further dissociated into single cells and seeded at a density of 500 cells/well in
Mammocult (StemCell Technologies) in ultralow attachment 6-well plates (Corning Inc.,
Corning, NY, USA) for secondary mammosphere formation. After culturing for another 14
days, mammospheres greater than 50 x/m in diameter were counted using GelCount (Oxford
Optronix Ltd.). Mammosphere formation efficiency (MFE) was calculated as number of
mammospheres per well/numbers of cells seeded per well x100.

Mouse Orthotopic Xenograft Models.

All experimental studies involving the use of mice were performed with prior approval

of Institutional Animal Care and Use Committee (IACUC) at the University of Michigan
(Animal Protocols: PRO00005661, PRO00007728), in accordance with the guidelines
established by the National Research Council Guide for the Care and Use of Laboratory
Animals (NIH). 6-8 weeks old female nonobese diabetic/severe combined immunodeficient
(NOD/SCID) mice were obtained from Jackson Laboratory (Stock No: 001303). Orthotopic
xenograft formation in NOD/SCID mouse model was generated by direct injection

of SUM149 cells (1,000,000 cells/injection for advanced treatment model, 50,000 cells/
injection for adjuvant treatment model), suspended in Matrigel Membrane Matrix (Corning,
CB-40234), into the exposed fourth mammary fat pad. Taxol (clinically used Kolliphor EL
micelle formulation, 10 mg/kg once every week) and Abraxane (10 mg/kg once every week)
were administered intravenously 1 day after surgery for the adjuvant treatment model (4
doses in total) or when tumor volume reached approximately 150 mm3 for the advanced
treatment model (5 doses in total). When control tumors reached approximately 1,500 mm3,
mice were euthanized with CO, inhalation and tumors were resected.
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Secondary Tumor Reimplantation Assay.

Isolated primary tumors were dissociated into single cells using gentleMACS Octo
Dissociator and tumor dissociation kit (Miltenyi Biotec) according to manufacturer’s
instructions. Human tumor cells were then isolated using fluorescent activated cell sorting
on a MoFlo Astrios (Beckman Coulter, Inc.) flow cytometer. NOD/SCID mice were
transplanted with 100, 1,000, and 10,000 sorted human tumor cells for orthotopic xenograft
formation as described above. Tumor formation rates in secondary mice were assessed 9-12
weeks following implanting cells by direct palpitation and measured with a digital caliber.

Paclitaxel Tumor Concentrations Measured by LC-MS/MS.

Orthotopic xenograft formation in NOD/SCID mouse model was generated as described
above for advanced treatment model. When tumors reached 150-500 mms3, Taxol and
Abraxane (10 mg/kg once) were administered intravenously. At designated time points after
drug administration (0.08, 0.17, 0.25, 0.5, 0.75, 1, 2, 4, 7, 16, 24, 48, and 72 h), 3 mice

from each treatment group were euthanized using isoflurane, and blood was immediately
collected via cardiac puncture using a 25-G needle and 1 mL syringe (pretreated with
sodium heparin). Plasma was collected after the blood was centrifuged at 14,500 rpm for

10 min. Tumors were removed from the mouse and rinsed extensively in phosphate-buffered
saline (pH 7.4). The tumors were transferred to a tube from the Precellys CK28 Lysing

Kit (Montigny-le-Bretonneux, France) and stored at =80 °C until further analysis with
LC~tandem mass spectrometry (LC-MS/MS). Concentrations of paclitaxel were determined
using an AB-5500 Qtrap (Sciex, Concord, ON, Canada) mass spectrometer with electrospray
ionization source interfaced with a Shimadzu high-performance liquid chromatography
system. Analyst Software (version 1.6) from Applied Biosystems (MDS SCIEX; Carlsbad,
CA, USA) was used to control the LC-MS/MS system, as well as for data acquisition and
processing. Separation was performed on an Xbridge C18 column (50 x 2.1 mm ID, 3.5 um;
Waters, Milford, MA, USA) at a flow rate of 0.4 mL/min. The mobile phase consisted of A
(100% H,0 with 0.1% formic acid) and B (100% acetonitrile with 0.1% formic acid). The
gradient started with 25% B for 30 s, linearly increased to 65% B at 2 min, increased to 95%
B at 2.5 min, was maintained at 95% B for 2 min, decreased to 25% B at 5 min, and was
maintained at 25% for 2 min. The mass spectrometer was operated in a positive mode with
multiple reaction monitoring for analysis. The gas temperature was 300 °C with an ion spray
voltage of 5500 V, gas 1 and gas 2 of 60 psi, and curtain gas of 30 psi. The PK parameters of
paclitaxel from pac-T, nab-P, m-nab-P, pac-P, and pac-G were compiled and calculated with
Phoenix/WinNonlin (version 6.4; Phar-sight, Mountain View, CA, USA).

Statistical Analysis.

One-way ANOVA was used if the comparison involved more than two groups. Two-tailed
Student’s ftest was used to compare the statistical difference between two groups. A P-value
< 0.05 was considered significant.
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RESULTS

Abraxane Showed Similar Tumor Drug Concentration and Lower Blood Drug
Concentration in SUM149 Xenograft NOD/SCID Mouse Compared to Taxol.

Although Abraxane demonstrated its superior efficacy to Taxol for metastatic breast cancer
patients,0:52.58 plasma drug concentration is 3- to 5-fold lower in humans after dosing
with Abraxane in comparison to Taxol,%4-56 which cannot explain its superior efficacy.

In order to test if Abraxane’s superior efficacy to Taxol may be attributed by higher

drug accumulation in tumors, we measured the drug concentrations in tumor tissues using
orthotopic breast cancer mouse model (SUM149 cells implanted in fat pad in NOD/SCOID
mouse) dosed with Abraxane and Taxol intravenously. Surprisingly, we did not observe
significant difference of drug concentration in tumors treated with Abraxane or Taxol
(Figure 1A). In contrast, we observed that the drug concentrations in blood and plasma

of Abraxane were 5-fold lower than that of Taxol (Figure 1B, 1C), which is similar to

our previous studies.®” These results are consistent with clinical observation for the plasma
concentration of Abraxane and Taxol in breast cancer patients.>*-56 These results cannot
explain why Abraxane has better efficacy than Taxol in metastatic breast cancer.

Abraxane and Taxol Showed Similar Cytotoxicity in SUM149 Cells in Vitro, Similar Efficacy
to Inhibit Tumor Size in Orthotopic Breast Cancer Xenograft in NOD/SCID Mouse in
Advanced Treatment Regime.

To further test if Abraxane has superior efficacy to inhibit TNBC cell proliferation than
Taxol, we used MTS assay to measure the 1C50 of both Abraxane and Taxol to SUM149

cell lines. The data showed that Abraxane and Taxol showed similar IC50s, with 6.57 nM for
Abraxane and 6.61 nM for paclitaxel (Figure 1D).

To test whether Abraxane has better efficacy than Taxol to inhibit TNBC tumor growth,
we used orthotopic breast cancer xenograft in NOD/SCID mouse model using human
TNBC cells (SUM 149) in an advanced treatment setting (Figure 2A). A total of 1,000,000
SUM149 cells were injected into the fourth mammary fat pad of NOD/SCID mouse, and
the drug treatment started when tumor sizes reached to about 150 mm3. Tumor sizes were
recorded every 5 days. Interestingly, we found both Taxol and Abraxane treatment showed
similar efficacy to inhibit tumor growth (Figure 2B). Yet there was no difference between
Abraxane and Taxol treatment groups to inhibit primary tumor size in the orthotopic breast
cancer model. The pictures and tumor weight after treatment of Abraxane and Taxol are
showed in Supporting Information Figure S2.

Abraxane Decreased Breast Cancer Stem Cells, While Taxol Increased Breast Cancer Stem
Cells, in Orthotopic Breast Cancer Xenograft NOD/SCID Mouse in Advanced Treatment.

Since Abraxane showed better efficacy than Taxol in metastatic breast cancer, while breast
cancer metastasis is associated with breast cancer stem cells, we postulated that Abraxane
may reduce breast cancer stem cells more efficiently than Taxol.

In the xenograft model for evaluation of drug anticancer efficacy, the treatment is usually
started when tumor size reaches 50 to 150 mm3. Tumor size shrinkage is used as the gold
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standard as measurement of a drug’s efficacy. However, tumor size shrinkage is mainly
contributed by the reduction of bulk differentiated cancer cells. Since cancer stem-like cells
are only a small portion of the total tumor mass (1-5%), the tumor size change can not
reflect the drug’s efficacy to eliminate cancer stem-like cells. In contrast, Taxol increases
cancer stem-like cells while reducing tumor size.8-10.14-19.30-48 Therefore, the gold standard
assays to evaluate cancer stem-like cell frequency are using secondary implantation by
extreme limiting dilution from the residual tumors of the primary implantation.

Therefore, we used secondary implantation to evaluate Abraxane’s efficacy to eliminate
cancer stem-like cells. Even though Abraxane did not show any difference to Taxol to shrink
the tumor size in primary tumor implantation (Figure 2B), we collected the primary tumors
and then dissociated into single cell suspension for flow cytometry sorting and analysis.

The sorted SUM149 cells were reimplanted to the fat pad of mammary gland of new NOD/
SCID mice (secondary reimplantation) to assess the frequencies of CSCs in primary tumors.
Consistent with the previous studies,14:59-62 taxol indeed significantly increased the tumor
regrowth rate in secondary implantation from the residual tumor of primary tumor (Figure
2E), and increased 4-fold CSCs frequency compared to the control group (Figure 2F and
2G). However, Abraxane did not increase secondary tumor regrowth rate (or may decrease)
and decreased CSC frequency by more than 2-fold and 9-fold compared to the control group
and the Taxol group, respectively (Figure 2F, 2G).

To examine the efficacy of Abraxane on ALDH+ CSCs, we measured the percentage of
ALDH+ CSCs in primary tumors using both FACS (Figure 3A) and IHC staining with
anti-ALDH1 antibody (Figure 3C, D). As shown in Figure 3, the percentage of ALDH+
CSCs in tumors from the Taxol treatment group is 3-fold higher than that of the saline
control group, whereas there was no significant difference between the Abraxane and saline
control groups. IHC staining confirmed the same finding from flow analysis of ALDH+
CSCs in primary tumors. In addition, we also evaluated the drug’s efficacy on another type
of CSCs (CD44+/CD24-) in the residual tumors in vivo using FACS. The data showed

that Taxol (10 mg/kg) increased CD44+/CD24- CSCs, but Abraxane (10 mg/kg) did not
alter CD44+/CD24- CSCs compared to control group (Figure 3B). Taken together, our data
demonstrated that Abraxane eliminates breast CSCs, while Taxol increases breast CSCs in
TNBC in vivo.

Abraxane is Superior to Taxol in Adjuvant Treatment to Delay Tumor Growth in Orthotopic
Breast Cancer Xenograft NOD/SCID Mouse Model.

Another model to evaluate drug’s efficacy to eliminate cancer stem cells is to use the
adjuvant setting treatment, where tumor regrowth is observed after cessation of drug
treatment. If the drug enriches CSCs population, the tumor would be rapidly regrown after
cessation of drug treatment. In contrast, if the drug inhibits the CSCs, the regrowth rate of
the residual tumor will be slower.

Therefore, we also evaluated if Abraxane has better efficacy than Taxol in the adjuvant
setting. Interestingly, Abraxane showed better efficacy than Taxol to delay tumor regrowth
after cessation of treatment in the orthotopic breast cancer xenograft NOD/SCID mouse
model in an adjuvant treatment setting (Figure 2C). A total of 50,000 SUM149 cells were
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injected into the fourth mammary fat pad of NOD/SCID mouse, and the drug treatment
started 1 day after the cancer cell implantation. After four doses (10 mg/kg, once a

week) treatment, tumor growth was observed for 120 days. Tumor sizes were recorded
every 5 days. The data showed that both Taxol and Abraxane treatment showed significant
tumor size shrinkage compared to the saline control group (Figure 2D). More importantly,
Abraxane treatment showed 3-fold better efficacy than the Taxol group to delay tumor
growth (Figure 2D).

Abraxane Showed Superior Activity in Inhibiting CSCs in Vitro and Mammosphere
Formation in Comparison to Taxol.

To confirm these in vivo data, we also tested the in vitro activity of Abraxane and Taxol
against both ALDH+ CSCs and CD44+/CD24- CSCs in SUM149 cells by FACS. The
data showed that Abraxane (5, 10 nM) reduced ALDH+ CSCs by 3- to 4-fold, which

is superior to Taxol (Figure 4A, 4B). However, neither Abraxane nor Taxol inhibited the
CD44+/CD24- CSCs in vitro (Figure 4C, 4D).

Furthermore, CSCs have self-renewal ability which can be assessed in 3D primary and
secondary mammaosphere assays. Usually many chemotherapeutic drugs would inhibit
primary mammosphere formation. However, if the drug does not eliminate CSCs, it would
not interfere with the secondary mammosphere formation when the drug is not present in
the cell culture media. As shown in Figure 4F, Abraxane (5, 10 nM) inhibited secondary
mammosphere formation while Taxol increased secondary mammosphere formation,
although both drugs inhibited primary mammosphere formation (Figure 4E). These data
suggest Abraxane is able to inhibit CSCs while Taxol increases CSCs.

Abraxane Enhanced Drug Uptake in Both Differentiated Cells and Cancer Stem Cells in

TNBC.

Although drug tumor concentrations are similar after the same dose of Abraxane and Taxol,
Abraxane has 5-fold lower plasma drug concentration than Taxol. Therefore, when the drug
tumor concentration was normalized to its plasma concentration, the concentration ratio
between tumor and plasma in the Abraxane group is much higher than that of the Taxol
group, which may suggest better drug uptake and better penetration into tumors compared to
Taxol (Figure 5A). This is consistent with previous observations in mouse model and clinical
trial data.>*-57 Therefore, we tested if Abraxane can enhance drug uptake in TNBC cells in
vitro.

As shown in Figure 5B, Abraxane was taken up by SUM 149 cells significantly (8- to
15-fold) more than Taxol (clinically used Taxol micelle formulation with Kolliphor EL) at
the same concentration at 2 ¢M for 5, 10, and 60 min incubation periods. Since Abraxane
eliminated ALDH+ CSCs in SUM149 xenograft NOD/SCID mouse model and SUM149
cell line, we also investigated the cellular uptake of Abraxane and Taxol in ALDH+ and
ALDH- cells. We sorted out both ALDH+ and ALDH- population using FACS for cellular
uptake assays to distinguish whether ALDH+ CSCs and ALDH- non-CSCs uptake the
drug in a different manner. As shown in Figure 4C, both ALDH+ and ALDH- SUM149
cells took up more Abraxane than Taxol (clinically used micelle formulation) at 2 4/M
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concentration when incubated for 60 min. These data suggest that nanoparticle formulation
in Abraxane enhanced intracellular uptake of the drug compared to Taxol (clinically used
micelle formulation with Kolliphor EL).

A nanoparticle of Abraxane is not stable in the plasma, which is dissociated within a few
minutes. Therefore, it is suspected that Abraxane solely increased solubility and avoided
the side effect of Kolliphor EL compared to Taxol. Since paclitaxel has high protein
binding (95%) to human serum albumin (HSA), thus Abraxane, once dissociated, would
behave similarly to Taxol once they are injected to the bloodstream, which will bind to
HSA. However, this explanation would not explain why Abraxane showed superior efficacy
to Taxol in treating metastatic breast cancer, lung cancer, and pancreatic cancer. One
hypothesis is that a higher dose of Abraxane (260 mg/m? for 30 min infusion) is used

than Taxol (175 mg/m? for 3 h infusion) to achieve better efficacy. However, the counter
argument is that the plasma concentration from the Abraxane regimen (260 mg/m? for 30
min infusion) is lower than that of the Taxol dose regimen (175 mg/m? for 3 h infusion) in
clinical patients, which contradicts the observation of Abraxane’s superior clinical efficacy
in three types of cancers. We previously reported that Abraxane increased drug distribution/
penetration potential in the breast, lung, and pancreatic tissues,®’ which may also explain its
superior efficacy in these three types of cancers.

To test if Abraxane nanopartide formulation is different from a simple mixture of albumin
and paclitaxel for cellular uptake, we compared uptake of Abraxane, clinically used Taxol,
and a simple mixture of paclitaxel (dissolved in DMSO) and human serum albumin (w:w of
drug/HSA = 1:9) (Figure 5D). In contrast to Abraxane, the simple mixture of paclitaxel (in
DMSO) and human serum albumin did not change the cellular uptake of paclitaxel. These
data suggest that the Abraxane nanoparticle and formulation process play a critical role to
enhance intracellular uptake of paclitaxel in both differentiated cancer cells and cancer stem
cells, which is associated with Abraxane’s superior efficacy in metastatic breast cancer.

DISCUSSION

Due to its superior efficacy to Taxol, Abraxane had been approved by FDA for treatment

of metastatic breast cancer, advanced nonsmall cell lung cancer, and late-stage (metastatic)
pancreatic cancer in the past two decades.>0:63.64 Yet its mechanisms remain elusive. In the
current study, we showed that Abraxane can be used to treat TNBC in both adjuvant and
advanced settings in SUM 149 xenograft NOD/SCID mouse models. In adjuvant settings,
Abraxane is superior to Taxol in delaying tumor growth. This is consistent with the reported
clinical studies.5?

In TNBC, ALDH+ CSCs had been associated with tumor initiation, progression, metastasis,
and chemo-resistance.5-68 Both in vitro and in vivo data demonstrated that Abraxane
eliminates ALDH+ CSCs whereas Taxol increases ALDH+ CSCs in TNBC. This is the
first study showing Abraxane reduces ALDH+ CSCs in TNBC, which is attributed to its
superior efficacy to Taxol in metastatic TNBC. Given the fact that ALDH1 has been a valid
CSC marker in other solid tumors,59-7> it would be interesting to explore further whether
Abraxane is superior to Taxol in these cancer patients such as nonsmall cell lung cancer,
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and late-stage (metastatic) pancreatic cancer since ALDH1 is the marker for CSCs in both

cases.’0:72

It is worth noting that we did not observe any difference for tumor size inhibition in
orthotopic breast cancer model by either Abraxane or Taxol. However, previous reports
using a xenograft model (using various cell lines, including lung, breast, ovarian, prostate,
colon, rhabdomyosarcoma, osteosarcoma, neuroblastoma, esophageal adenocarcinoma) in
the flanks of the mice showed Abraxane had better tumor inhibition than Taxol.”6-79 These
data suggest that the xenograft model may exaggerate the efficacy of nanodelivery system,
and a more clinically relevant cancer model should be used to evaluate the nanodelivery
system. Regardless, these data further highlight the importance of Abraxane to eliminate
cancer stem cells for better efficacy in clinical settings.

There may be two possibilities for why Abraxane reduces breast CSCs in TNBC tumors.
First, at the tissue level, although equal doses of Abraxane and Taxol achieved similar
drug tumor concentrations, the ratio of tumor/plasma concentration in the Abraxane group
was significantly higher than that of Taxol. This indicates that Abraxane may penetrate
better into tumor tissue. Our data are consistent with previous reports on pharmacokinetic
modeling based on human clinical data and drug concentration measurement in normal
breast tissues in animal models.394-57 |t has been hypothesized that albumin-mediated
delivery resulted in enhanced transport of nab-paclitaxel to tumors.”® Second, at the cellular
level, our data showed that the Abraxane facilitated significantly higher paclitacel uptake
by TNBC cells, which is different from the simple mixture of paclitaxel and human serum
albumin (Figure 5).

These data suggest that nanoformulation of albumin and the process are critical in

order to achieve higher cellular uptake. The efficient uptake by both cancer stem cells
and differentiated cancer cells provided adequate intracellular concentration to effectively
eliminate breast cancer stem cells.

CONCLUSION

Although Abraxane showed similar cytotoxicity in SUM149 cells in comparison with Taxol,
while Abraxane showed 3- to 5-fold lower blood drug concentration compared to Taxol,

it achieved similar drug tumor concentration and 10-fold higher tumor/plasma ratio in
SUM149 xenograft NOD/SCID mouse model. In addition, Abraxane and Taxol showed
similar efficacy to shrink tumor size in orthotopic breast cancer xenograft cancer in NOD/
SCID mouse in advanced treatment regime. However, Abraxane is superior to Taxol (3-fold)
in adjuvant treatment to delay tumor growth in orthotopic breast cancer xenograft NOD
SCID mouse model. Furthermore, the secondary implantation assay and FACS analyses
showed Abraxane decreased breast CSCs frequency by 3- to 9-fold, while Taxol increased
breast CSCs frequency in orthotopic breast cancer xenograft in NOD/SCID mouse. The in
vitro cell uptake assay showed that Abraxane increased intracellular uptake (3- to 15-fold)
in both ALDH+ CSCs and ALDH- differentiated cells, which provides a mechanism for
the superior efficacy of Abraxane to eliminate cancer stem cells compared to Taxol. Taken
together, our data suggest an albumin nanopartide Abraxane enhanced drug efficacy to
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eliminate breast cancer stem cells, which may have broad implication for treatment of
metastatic disease.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Drug Concentrations (Log10 nM)

Abraxane showed similar cytotoxicity in vitro, similar tumor drug concentration, and lower
blood drug concentration in SUM149 xenograft NOD SCID mouse model compared to
Taxol. For in vivo assay, Abraxane and Taxol were administrated intravenously in SUM 149
xenograft NOD SCID mice and the blood, plasma, and tumor samples were taken at 13 time
points. The drug concentrations were measured with LC-MS/MS. The drug concentrations
in tumors were similar in both Abraxane and Taxol groups as shown in (A). The drug
concentrations in blood (B) and plasma (C) were much lower in the Abraxane group than
those in the Taxol group. (D) SUM149 cells were treated with various concentrations of
Abraxane and Taxol in vitro. The cell viability was measured with MTS assays at 72 h.

Mol Pharm. Author manuscript; available in PMC 2022 February 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan et al. Page 19
A C
Advanced treatment: Adjuvant treatment:
Tumor cell
Tumor cell T ——_— Tumor removal for analysis inoculation
inoculation ficamization & 2" implantation Treatment started at 2 day TUmor growth monitoring
1 Treatment, once per week - “”'” ‘M;wk v
T ¥TYYT Y 1 1 1 l
L 1 1 1 1 1 o : + ? 1
! ' ! 1 1 . st nd rd th
£30L° FRw g g a8 Ge &7 7 e R ES S
SUM149 Tumor=asomm’ Week SUlv;f:l49
B 1200 2000 i
CQE @ Saline o © Saline
£ 1000] & Taxol = FTal
g T . ~—1500{ O Abraxane S
= 2] n
o 800 Imv njections, once per week } £ P
= at Day’58, Day65. Day72. Day79, and Day8 5
5 600 % 71000
E L% > #
1stiv. =
; 400 injs t:t;,on o] s00{0! os0is 02
E 200 ] g
E =
o
20 30 20 50 o0 70 30 90 0 10 20 30 40 50 60 70 80 90 100110120
Days after transplantation Days Post-transplantation
E F
<°‘ ) Number of injected cells and tumor CSC frequency
- @ Saline-1k Groups formation in secondary mouse (1 CSCs in / total
81001 6 Taxol-1k 10,000 | 1,000 100 cancer cells)
g 8 Abraxane-1k =00 Saline 14/15 10/18 0/19 2278
p 80 O=0-0-0-0-0" Taxol 15/15 15/18 3/19 563
o) Abraxane 12/15 5/18 0/19 5257
= 60
£
o 40 G
": Pairwise tests for differences
o 20 in stem cell frequencies
£ Group1 |Group2 | p-value
IE odo—& e Abraxane |1axol 8. 95E-00
30 45 60 75 90 105 120 135 Abraxane [Saline 0.028
Days after 2nd transplantation Taxol Saline 0.000291
Figure2.

Abraxane and Taxol showed the same efficacy to inhibit tumor size, but Abraxane decreased
breast cancer stem cells, while Taxol increased breast cancer stem cells, in orthotopic breast
cancer mouse model. (A) Advanced treatment scheme: SUM149 cells were inoculated into
the fourth fat pad of NOD SCID mice. Tumors were developed until the average size
reached to about 150 mm3. The mice were randomized into three groups, and treatment
started with administration of Taxol and Abraxane intravenously using the same dose (10
mg/kg), once per week, 5 times in total. One day after the last drug administration, mice
were sacrificed and tumors were removed and dissociated into single cell suspension for
further analysis. (B) Both Abraxane and Taxol showed similar efficacy to shrink tumors
compared to saline control. * £< 0.05 compared to control group. (C) Adjuvant treatment
scheme: SUM149 cells were inoculated into the fourth fat pad of NOD SCID mice. One day
after inoculation, treatment started with administration of Taxol and Abraxane intravenously,

Mol Pharm. Author manuscript; available in PMC 2022 February 10.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan et al.

Page 20

once per week, 4 times in total. The tumor growth was monitored every 5 days until the
end of the experiment. (D) Abraxane is superior to Taxol in adjuvant treatment setting in
orthotopic breast cancer NOD SCID mouse model. Tumor growth was delayed in both
Abraxane and Taxol groups compared to saline control as shown in tumor volumes. *P<
0.05 compared to control group; #£ < 0.05 compared to Taxol group. (E). Cancer stem

cell frequency was assessed by reimplantation of sorted single tumor cells from primary
residual tumors (from 2B) into new NOD SCID mice. Tumor formation rates were shown
with reimplantation of 1,000 sorted primary tumor cells from indicated treatment groups.
(F) Estimated CSC frequencies and (G) pairwise test in Abraxane, Taxol, and saline control
groups.
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Figure 3.

Abraxane decreased breast cancer stem cells in primary tumors in SUM 149 xenograft
NOD/SCID mouse model in advanced treatment regime. Abraxane decreased breast CSCs
in primary tumors compared to Taxol treatment with both Flow analysis (A, B) and IHC
analysis of primary tumors (C, D). Scale bar in C is 200 gm. *P < 0.05 compared to control
group. **P < 0.01 compared to control group.
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Figure 4.

Abraxane showed superior activity in inhibiting CSCs in vitro and mammosphere formation
in comparison to Taxol. The SUM 149 cells were incubated with Abraxane or Taxol at 1,

5, and 10 nM for 72 h. The ALDH+ CSCs were measured by Aldeflour assay (A and B).
CD44+/CD24- CSCs were measured by FACS with antibody staining (C and D). T-1, T-5,
T-10: Taxol 1, 5, 10 nM. A-1, A-5, A-10: Abraxane 1, 5, 10 nM. The SUM 149 cells were
cultured in suspension to form 3D mammaosphere. The mammosphere formation efficiencies
are shown in E (primary) and F (secondary). T-0.2, T-1, T-5: Taxol 0.2, 1, 5 nM. A-0.2, A-1,

A-

5: Abraxane 0.2, 1, 5 nM.
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Abraxane enhanced drug uptake in both differentiated cancer cells and cancer stem cells

in TNBC. (A) Abraxane achieved higher tumor to plasma concentration ratio compared to
Taxol. (B) SUM149 cells took up more Abraxane than Taxol when treated with 2 x/M drugs
for 5, 10, and 60 min. **£ < 0.01 compared to Taxol treatment. (C) Both ALDH+ CSCs and
ALDH- non-CSCs took up more Abraxane than Taxol when SUM149 cells were treated at
2 M drugs for 60 min. **P< 0.01 compared to Taxol treatment. ****P < 0.001 compared
to Taxol treatment. (D) Simple mix of albumin and paclitaxel did not enhance uptake of
paclitaxel in comparison to Abraxane. ***P < 0.001 compared to Taxol treatment. ##P <
0.01 compared to simple mix of HSA treatment. ###/P < 0.001 compared to simple mix of

HSA treatment.
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