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Abstract

The study goal was to examine the relationship between nab-
paclitaxel delivery and SPARC (secreted protein acidic and rich in
cysteine) expression in pancreatic tumor xenografts and to deter-
mine the antistromal effect of nab-paclitaxel, which may affect
tumor vascular perfusion. SPARC-positive and -negative mice
bearing Panc02 tumor xenografts (n ¼ 5–6/group) were injected
with IRDye800CW(IR800)-labelednab-paclitaxel.After 24hours,
tumorswerecollectedandstainedwithDL650-labeledanti-SPARC
antibody, and the correlation between nab-paclitaxel and SPARC
distributions was examined. Eight groups of mice bearing either
Panc039 or Panc198 patient-derived xenografts (PDX; 4 groups/
model, 5 animals/group) were untreated (served as control) or
treated with gemcitabine (100 mg/kg body weight, i.p., twice per
week),nab-paclitaxel (30mg/kgbodyweight, i.v., for5consecutive

days), and these agents in combination, respectively, for 3 weeks,
and tumor volume and perfusion changes were assessed using T2-
weightedMRIanddynamiccontrast-enhanced(DCE)MRI, respec-
tively. All tumors were collected and stained with Masson's
Trichrome Stain, followed by a blinded comparative analysis of
tumor stroma density. IR800-nab-paclitaxel was mainly distribut-
ed in tumor stromal tissue, but nab-paclitaxel and SPARCdistribu-
tions were minimally correlated in either SPARC-positive or -neg-
ative animals. Nab-paclitaxel treatment neither decreased tumor
stroma nor increased tumor vascular perfusion in either PDX
model when compared with control groups. These data suggest
that the specific tumor delivery of nab-paclitaxel is not directly
related to SPARC expression, and nab-paclitaxel does not deplete
tumor stroma in general.Mol Cancer Ther; 15(4); 680–8.�2016 AACR.

Introduction
Pancreatic cancer is themost fatal of all common cancers, and is

the fourth leading cause of cancer deaths in the United States
regardless of gender. Symptoms of pancreatic cancer are nonspe-
cific, leading to diagnosis at late stages. Therefore, at diagnosis,
only about 15% of patients have localized pancreatic tumors
eligible for curative operations (1). For the others, various sys-
temic therapies have been evaluated over the years. Since gemci-
tabine was designated as the first-line treatment in patients with
advanced pancreatic cancer over a decade ago (2), a number of

chemotherapies (3–8), biological therapies (9–11), and radio-
therapy (12) havebeen triedwith gemcitabine, but presentedonly
modest clinical benefits.

Recently, the concurrent use in a clinical trial of nab-paclitaxel
(albumin-bound paclitaxel) and gemcitabine has demonstrated
better therapeutic efficacy for advanced pancreatic cancer com-
pared with gemcitabine alone (13), and this combination has
been approved by the FDA as the new first-line treatment of
patients withmetastatic pancreatic cancer. However, its therapeu-
tic mechanism is not clearly understood (14). It was originally
speculated that the therapeutic mechanism was associated with
the interaction between nab-paclitaxel and SPARC (secreted pro-
tein acidic and rich in cysteine) expressed in tumor stroma (13).
Since albumin binds SPARC (15) and SPARC is overexpressed in a
variety of malignant tumors including pancreas adenocarcinoma
(16), the effective delivery ofnab-paclitaxel intopancreatic tumors
was anticipated to be dependent upon SPARC. Of interest, the
distribution pattern of human serumablumin in tumor tissuewas
consistentwith that of tumor stroma (17), therefore tumor uptake
of nab-paclitaxel could be mediated by stromal SPARC. In fact,
significant correlation between stromal SPARC and overall sur-
vival of patients with advanced pancreatic cancer in the phase II
clinical trial of nab-paclitaxel plus gemcitabine was found, and
nab-paclitaxel treatment markedly depleted tumor stroma, while
significantly enhancing the tumor delivery of gemcitabine (18). In
addition, a significant decrease of cancer-associated fibroblasts
(CAF) and markedly disorganized collegen were observed in
residual pancreatic tumors after two cycles of nab-paclitaxel plus
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gemcitabine therapy in seven out of twelve pancreatic cancer
patients (19). Therefore, it was hypothesized that nab-paclitaxel
targets stromal SPARC to induce an antidesmoplastic effect,
resulting in the increased tumoral delivery of gemcitabine when
used in combination (18).

However, Neesse and colleagues recently reported totally
contradictory data (20), where nab-paclitaxel uptake into
tumors was independent of SPARC expression. Tumor stroma
was not depleted after 15 days of nab-paclitaxel treatment at the
maximum tolerable dose (60 mg/kg, q3d), and the tumor
delivery of gemcitabine was not enhanced by simultaneous
nab-paclitaxel treatment. In addition, the antitumor effect of
nab-paclitaxel was not affected by the presence of stromal
SPARC. SPARC-independent tumor delivery and antitumor
effect of nab-paclitaxel were also observed in a recent clinical
study by Hidalgo and colleagues (21).

The goal of the current study was to determine the relationship
between nab-paclitaxel delivery and SPARC expression using
fluorescence imaging and quantitative image analysis, and to
verify whether nab-paclitaxel induces an antistromal effect and
subsequent change in tumor vascular perfusion using pancreatic
cancer patient-derived xenograft (PDX) mouse models.

Materials and Methods
Reagents and cell line

All reagentswere fromThermoFisher Scientific unless otherwise
specified. ProHance (gadoteridol, Bracco Diagnostics Inc.), Gem-
zar (gemcitabine, Eli Lilly), and Abraxane (nab-paclitaxel, Cel-
gene) were purchased from theUniversity of Alabama at Birming-
ham (UAB; Birmingham, AL) Hospital Pharmacy. IRDye 800CW
NHS ester was purchased from LI-COR Biosciences. Biotinylated
anti-SPARC antibody and DyLight 650-conjugated streptavidin
were from Abcam. DAPI was purchased from Southern Biotech.
Masson's trichrome stain kit was from Polysciences, Inc. A mouse
origin pancreatic ductal adenocarcinoma cell line, Panc02, was a
gift from Dr. Ignacio Melero in the University of Navarra (Pam-
plona, Spain) 4 years ago and was not authenticated (22).

Xenograft establishment
Animal experiments were reviewed and approved by both the

UAB and Spanish National Cancer Research Center (Madrid,
Spain) Institutional Animal Care and Use Committee. Female
athymic nude mice (6–8 weeks old; 15–20 g) purchased from
Charles River Laboratories were used for PDX modeling. Fresh
pancreatic cancer tissues were surgically removed from therapy-
na€�ve patients, and transferred to mice at the Spanish National
Cancer Research Center (Madrid, Spain) as previously described
(23), and two frozen PDX tumor tissues labeled Panc039 and
Panc198 were transferred to UAB. Frozen PDX tissue was thawed,
and then cut into 4 � 4 � 4 mm pieces. Tumor pieces were
incubated in Matrigel for 10 minutes, and each piece was subcu-
taneously inserted into the flank of each mouse. After 2 to 3
months, tumors were about 10 mm in diameter. For expansion,
the same protocol was used as above, but with smaller tumor
pieces (2� 2� 2mm). Subcutaneous tumors reached 7 to 8mm
in diameter in the expansion phase within 4 weeks.

SPARC-positive (SPARCtm1Hweþ/þ) and SPARC-negative
(SPARCtm1Hwe-/�) mice (7 weeks old; 15–20 g; C57BL/6; female
or male), purchased from The Jackson Laboratory, were used to
develop Panc02 tumor xenografts. Panc02 cells (1 million) were

subcutaneously injected into three female SPARC-positive mice.
When the tumor size was about 10 mm in diameter, tumors were
collected, and a small piece of the tumor tissue (2 � 2 � 2 mm)
was subcutaneously implanted into SPARC positive (n¼ 6; three
male and three female) and SPARC-negative (n ¼ 5; three male
and two female) mice as described above. We assumed that
stromal SPARC present in the tumor piece was ignorable.

Nab-paclitaxel tumor uptake measurement
Nab-paclitaxel was conjugated to IRDye 800CW NHS ester

(LI-COR) according to the manufacturer's instructions, except
less IRDye 800CW NHS ester was added in the conjugation
reaction. In brief, nab-paclitaxel was resuspended in 1 mol/L
potassium phosphate buffer (pH 8.5), and incubated with the
IRDye 800CW at a D/P ratio of 0.3:1 for 2 hours at room
temperature, in the dark. Following incubation, the free dye was
removed from the conjugate using Pierce Zeba desalting spin
columns, and the percentage of IRDye 800 attached to nab-
paclitaxel was validated by LDS-PAGE. The IRDye 800CW to
proteinmolar ratio was determined bymeasuring the absorbance
of the IRDye800 labeled nab-paclitaxel at 280 and 780 nm, as
manufacturer's instruction suggested. The molar extinction coef-
ficients used in calculations were 38,553 M�1cm�1 and 270,000
M�1cm�1 for human serum albumin and IRDye 800CW, respec-
tively. Female nude mice bearing either Panc039 or Panc198
tumors (n ¼ 8 per group) were i.v. injected with IRDye 800CW
(IR800) labeled nab-paclitaxel (5mg/kg bodyweight per animal),
and imaged 24 hours after injection using the Pearl Impulse (LI-
COR, Lincoln, NE), a small animal imaging system. Fluorescence
light intensities in tumor and leg muscle regions were measured,
and tumor-to-muscle ratio was calculated. To measure the long-
term tumor-to-muscle ratio, one additional animal bearing a
representative Panc039 tumor was imaged 24 times for a week
after IR800-nab-paclitaxel injection.

When the tumor size of SPARC-positive and -negativemice was
7 to 8 mm in diameter, all mice were intravenously injected with
IR800-nab-paclitaxel (5 mg/kg body weight per animal). At 24
hours thereafter, the tumor and leg muscle tissue of each animal
were collected and imaged using Pearl Impulse. Mean fluores-
cence signal intensity of the tumor and muscle tissue were
measured, and tumor-to-muscle ratio was calculated.

Immediately after imaging, both PDX and Panc02 tumors were
fixed and processed to paraffin blocks. Tumor slices (5 mm
thickness) were incubated in primary antibody (biotinylated
anti-SPARC, 1:1000) in 1% BSA in TBST overnight at 4�C. Slides
were rinsed in Tris buffer three times, and secondary protein
(DyLight 650 conjugated streptavidin, 1:200) was applied to the
slides and incubated for 1 hour (24). DAPI staining was con-
ducted for localizing cell nuclei.Micro-fluorescent images (0.04�
0.03 cm)were obtained at two to four randomly selected areas per
tumor tissue sectionusing anOlympus IX81 InvertedMicroscope.
In the micro-fluorescent images of PDXs, the extracellular region
(ECR) was determined by applying a global thresholding tech-
nique for the cell nuclear image combined with a SPARC image,
when the threshold was determined on the basis of the contrast
between the cellular region and the ECR (25). The ratio of the total
sum of IR800-nab-paclitaxel signal intensity in the ECR to that in
the entire tumor region was calculated in each image, which
measures the percentage of nab-paclitaxel distributed in the ECR.
In the micro-fluorescent images of Panc02 tumors, nab-paclitaxel
and SPARC distributed regions were determined using an
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automatic global thresholding technique (threshold: 2 x standard
deviation plus mean value of the background signal), and the
ratio of the overlapping region to the nab-paclitaxel distributed
region was calculated, which measures the correlation between
nab-paclitaxel and SPARC distributions.

Tumor volume and perfusion measurement
Four groups of mice bearing Panc039 tumors and four groups

ofmice bearing Panc198 tumors were used (n¼ 5 per group). The
four groups were untreated (served as control) or treated with
gemcitabine (100 mg/kg body weight, i.p., twice per week), nab-
paclitaxel (30 mg/kg body weight, i.v., for 5 consecutive days),
and gemcitabine plus nab-paclitaxel for 3 weeks, respectively. The
dose levels and dosing schedule were selected to be consistent
with those of the previous study by Von Hoff and colleagues, so
that the results of two studies could be directly comparable (18).
T2-weighted MRI (T2W MRI) and dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) were applied before
therapy initiation (day 0) and after completing therapy (day
21) as described in our previous studies (26,27). T2W MRI and
DCE-MRIwere used tomeasure tumor volume andmicrovascular
perfusion, respectively. The percentage of tumor growth inhibi-
tion (%TGI) was calculated using the equation,%TGI¼ 1-(Tf/Ti)/
(Cf/Ci), where Ti and Tf are the tumor volumes before (day 0) and
21 days after therapy initiation, respectively. Ci and Cf are the
mean tumor volumes of control animals on days 0 and 21,
respectively. Wash-in rate (Ktrans) of MR contrast in a target tissue
was calculated fromDCE-MR images as described in our previous
study (26). Gadoteridol (Gd-HP-DO3A) was used for DCE-MRI.
Ktrans value is predominantly influenced by microvascular perfu-
sion when a nontargeting small-molecule MR contrast agent like
gadoteridol is used. AfterMRI on day 21, all tumorswere collected
and processed to paraffin blocks for histologic analysis.

Tumor stroma measurement
Tumor slices were stained using Masson's Trichrome Stain Kit

(Polyscience, Inc). This is a three-color histology staining-kit in
which fibrous tissue (e.g., collagen, reticulum) stains blue, nuclei
stain purple black, and cytoplasm, muscle and erythrocytes stain
red. In addition, corresponding H&E-stained slides were used to
evaluate the viable-appearing tumor cells. The remaining area of
the slide is typically acute necrosis, most likely secondary to
ischemia and/or areas of fibrin deposition. Tumor stromal tissue
and viable cell densities were quantitated by a board-certified
pathologist blinded to animal treatment. Digital microphoto-
graphs (�200) were taken using SPOT camera on an Olympus
ix70 microscope, interfaced with personal computer and SPOT
software.

Statistical analysis
One-way ANOVAwas used to compare the tumor volumes and

Ktrans values among the four groups untreated or treated with
gemcitabine, nab-paclitaxel, and gemcitabine plus nab-paclitaxel,
respectively (28). One-way ANOVA was also used to compare
fluorescent imaging data or histologic findings. P values less than
0.05 were considered significant, after applying Bonferroni cor-
rection for multiple comparisons (28); when P value became
greater than 1 after Bonferroni correction, it was truncated to 1.
Data are presented as means�SE. All analyses were performed
with SAS, version 9.4 (SAS Institute Inc.).

Results
Conjugation of nab-paclitaxel to IRDye 800CW

The conjugation was successful with higher than 97% of the
IRDye 800CW bound to nab-paclitaxel. The IRDye 800CW to
nab-paclitaxel molar ratio was 0.05. This ratio indicated a
single IRDye 800CW molecule was attached to 5 out of 100
nab-paclitaxel molecules, with 95 of 100 nab-paclitaxel mole-
cules having no IRDye 800CW attached. The size of IRDye
800CW is 1.2 KDa, similar to the size of paclitaxel (0.9 KDa),
and much smaller than that of nab-paclitaxel (66.5 KDa).
Therefore, considering the low molar ratio of IRDye 800CW
attached, together with the random conjugation of IRDye
800CW to any of the 60 available lysine residues in nab-
paclitaxel, the addition of IRDye 800CW is unlikely to change
the biological activity and pharmacokinetics of nab-paclitaxel.
Previous studies demonstrated that IRDye 800CW labeled
antibodies did not show differences in blood half-life com-
pared with unlabeled antibodies, when the dye to protein
(D/P) ratio was less than 2 (29,30).

Nab-paclitaxel distribution was markedly associated with
tumor stroma region

IR800-labeled nab-paclitaxel was accumulated preferentially
in tumors in both PDX models (Fig. 1A). Tumor-to-muscle
ratios in Panc039 and Panc198 tumors were 2.75 � 0.12 and
2.93 � 0.15, respectively, at 24 hours postinjection, with no
statistical difference between the two groups (P ¼ 0.362; Fig.
1B). Tumor uptake of IR800-nab-paclitaxel was maximal at
about 24 hours after injection, and the tumor-to-muscle ratio
was in the range of two to three for 6 days thereafter (Fig. 1C).
SPARC was expressed in both tumor stroma and tumor cells, but
IR800-nab-paclitaxel was predominantly distributed in stroma
of the tumor (Fig. 1D). Figure 2A shows the binary image of
IR800-nab-paclitaxel shown in Fig. 1D before and after segment-
ing ECR that was mostly tumor stroma. The ratios of the ECR in
Panc039 and Panc198 tumors were 0.29 � 0.02 and 0.32 �
0.03, respectively (Fig. 2B). Ratios of IR800-nab-paclitaxel dis-
tributed in the ECR were 0.65 � 0.03 and 0.57 � 0.03, respec-
tively (Fig. 2C). No statistical difference was found between the
two groups (P > 0.05).

Nab-paclitaxel tumor delivery was unrelated to the presence of
stromal SPARC

Mean tumor size of Panc02 tumors in SPARC-positive and
-negative animals at 21 days after implantation were 93 � 12
mm2 and 97 � 12 mm2, respectively, when measured using
two-dimensional fluorescent images, and no statistical differ-
ence was found between the groups (P ¼ 0.824). Tumor
delivery of IR800-nab-paclitaxel in SPARC-positive animals
was comparable with that in SPARC-negative animals (Fig.
3A). Tumor-to-muscle ratios in SPARC-positive and -negative
animals were 7.83 � 1.43 and 10.73 � 1.34, respectively,
without statistical difference (P ¼ 0.180; Fig. 3B). SPARC was
detected in tumors of both SPARC-positive and -negative
animals (Fig. 3D), since Panc02 cells produce SPARC (31).
SPARC expression in the tumors of SPARC-positive animals
was 48% higher than that of SPARC-negative animals on
average, although the difference was not statistically significant
(P ¼ 0.130). The correlations between nab-paclitaxel and
SPARC distributions in the tumors of SPARC-positive and
-negative animals were 0.10 � 0.02 and 0.11 � 0.03,
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respectively, without statistical difference (P ¼ 0.898; Fig. 3C);
maximum correlation would be represented with 1, and min-
imum would be 0.

Additive antitumor effect of nab-paclitaxel plus gemcitabine
was observed

Mean tumor volumes of Panc039 and Panc198 were 230� 15
mm3 and 276 � 18 mm3, respectively, before therapy initiation
without statistical difference among the four groups in each
model (P > 0.05). Mean %TGI of gemcitabine, nab-paclitaxel,
and the combination in Panc039 were 88� 2%, 83� 3%, and 96
� 1%, respectively, while those in Panc198 were 90 � 3%, 90 �
3%, and 96 � 2%, respectively. Mean %TGI of combination
therapy in Panc039 was significantly higher than that of nab-
paclitaxel (P ¼ 0.005), but no statistical significance was found
between any other groups (P > 0.05).

Nab-paclitaxel did not significantly increase microvascular
perfusion in tumors

Mean Ktrans values of Panc039 and Panc198 tumors were
0.0237 � 0.0009 min�1 and 0.0658 � 0.0046 min�1, respec-
tively, before therapy initiation (day 0) without statistical
difference among the four groups in each model. Figure 4A
shows representative Panc039 or Panc198 tumors untreated
(control) or treated with gemcitabine, nab-paclitaxel, and
combined agents for 3 weeks, respectively, when tumor
Ktrans maps are presented in a color scale. Figure 4B and C
presents the mean tumor volumes of Panc039 and Panc198,
respectively, whereas Fig. 4D and E presents the mean Ktrans

values of those, before (day 0) and 21 days after therapy
initiation. Asterisks indicate statistically significant difference
from the control tumors. In Panc039 tumors, mean Ktrans value
in nab-paclitaxel treated tumors on day 21 was larger than that

Figure 2.
Nab-paclitaxel distribution in the tumor extracellular region (ECR). A, binary image of IR800-labeled nab-paclitaxel in a Panc039 tumor xenograft (shown in
Fig. 1D) before and after segmenting the ECR. B, ratio of the ECR to the entire tumor region in each PDXmodel (n¼ 8/model). C, ratio of nab-paclitaxel distribution in
the ECR to that in the entire tumor region in each PDX model (n ¼ 8/model). Error bars in Fig. 2B and C, SEM.

Figure 1.
In vivo and ex vivo optical imaging of
nab-paclitaxel. A, two representative
animals bearing tumor xenografts
(Panc039 or Panc198) 24 hours after
injecting IR800-labeled nab-paclitaxel
intravenously. Tumor regions are
shown with dotted white circles. B,
tumor-to-muscle ratio of fluorescent
signal intensity (n¼ 8/group) 24 hours
after intravenous IR800-nab-
paclitaxel injection; error bars,
SEM. C, normalized fluorescent signal
intensity in the regions of tumor
(Panc039) and leg muscle of a
representative mouse for 7 days (168
hours). D, optical images of IR800-
labeled nab-paclitaxel, DyLight 650-
labeled anti-SPARC antibody, and
DAPI (cell nuclear staining) with
coregistered images of representative
tumor tissues. In the coregistered
images, IR800-labeled nab-paclitaxel,
DyLight 650-labeled anti-SPARC
antibody, and DAPI are represented
with red, green, and blue colors,
respectively. The boundary between
tumor cells and stroma is indicated
with white solid lines.
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in untreated tumors, but the difference was not statistically
significant (P ¼ 0.699; Fig. 4D). Of interest, mean Ktrans value
in tumors treated with gemcitabine alone or in combination
with nab-paclitaxel was significantly higher than that in the
untreated group (P ¼ 0.004 and P < 0.001, respectively).
Similarly, in the Panc198 model, mean Ktrans value in nab-
paclitaxel–treated tumors was not statistically different from
that in untreated tumors (P ¼ 0.316), whereas that in gemci-
tabine-treated tumors was significantly larger than that in
untreated tumors (P < 0.001). However, the mean Ktrans value
in tumors receiving combination therapy was not different
from untreated tumors (P ¼ 1).

Nab-paclitaxel did not decrease tumor stroma
Collagen fiber density in tumors treated with nab-paclitaxel for

3 weeks was significantly higher than that in untreated tumors for
both Panc039 (P ¼ 0.004) and Panc198 (P ¼ 0.042) models
(Fig. 5B). Of interest, Panc039 tumors treated with gemcitabine
alone or in combination with nab-paclitaxel had significantly
lower viable cell density relative to control groups (P ¼ <0.001
and P ¼ 0.008, respectively), whereas mean viable-cell density in

nab-paclitaxel–treated tumors was not statistically different from
that in control tumors in both models (P > 0.05).

Discussion
In nab-paclitaxel–treated PDX models, SPARC was expressed

in both tumor stroma and tumor cells, but nab-paclitaxel was
predominantly distributed in tumor stroma. We also demon-
strated that the tumor delivery of nab-paclitaxel was unrelated
with the presence of stromal SPARC. In addition, the nab-
paclitaxel and SPARC distributions in a tumor were not gen-
erally coincident. Taken together, these results indicate that
stromal SPARC is not the cause of the tumor-specific delivery of
nab-paclitaxel, but rather the tumor stroma itself. Since SPARC
is abundant in tumor stroma and it binds albumin, it can be
easily speculated that nab-paclitaxel targets stromal SPARC, but
if so, it is hard to explain why nab-paclitaxel minimally interacts
with SPARC expressed on tumor cells. If nab-paclitaxel is simply
trapped in the tumor stroma, presumably because of its size,
nab-paclitaxel will be efficiently delivered to tumors having
dense stromal tissue-like pancreatic adenocarcinoma; this may

Figure 3.
Ex vivo optical imaging of nab-paclitaxel in Panc02 tumor xenografts of SPARC-positive or -negative mice. A, ex vivo optical imaging of two representative
Panc02 tumors and leg muscle tissues of SPARC-positive and -negative mice at 24 hours after intravenous injection of IR800-labeled nab-paclitaxel.
B, tumor-to-muscle ratio of fluorescence signal intensity (n¼ 5–6/group). C, correlation between nab-paclitaxel and SPARC distributions calculated by the ratio of
overlapping region to nab-paclitaxel distributed region. Error bars in Fig. 3B andC, SEM. D, optical images of IR800-labeled nab-paclitaxel, DyLight 650-labeled anti-
SPARC antibody, and DAPI (cell nuclear staining) with coregistered images in representative Panc02 tumor tissues of SPARC-positive or -negative animals. In the
coregistered images, IR800-labeled nab-paclitaxel, DyLight 650-labeled anti-SPARC antibody, and DAPI are represented with red, green, and blue colors,
respectively. SPARC expression was also observed in tumors of SPARC-negative animals, because Panc02 cells express SPARC.
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explain the recent success of nab-paclitaxel in clinical trials for
advanced pancreatic cancer patients.

We also found nab-paclitaxel therapy did not deplete tumor
stroma, consistent with the findings of Neesse and colleagues
(20). Von Hoff and colleagues, however, showed that 4 weeks of
nab-paclitaxel treatment markedly decreased tumor stroma in
PDX models (18). These data discrepancy may be a result of the
difference in CAF sensitivity to nab-paclitaxel of each tumor
model. Most pancreatic tumors have rich CAFs, which contribute
to tumor stromal synthesis (32,33), and dense stroma is associ-
ated with high solid stress in tumors (34). Tumor vessels com-
monly lack smooth muscle cells, so the accumulated tumor
expansion can readily compress the tumor vessels, resulting in
decreased blood perfusion and inefficient drug delivery (35).
Thus, if CAFs are effectively killed by nab-paclitaxel, tumor stroma
density is decreased, and consequently the vascular stress of
tumors is reduced. This leads to relief from the compression on
tumor vessels, increased blood perfusion, and in turn improved

drug delivery. However, in a clinical trial, a significant decrease of
CAFs was observed in only 58%of pancreatic cancer patients after
nab-paclitaxel plus gemcitabine therapy (19). If CAFs are resistant
to nab-paclitaxel, the tumor stroma may be only slightly affected
bynab-paclitaxel therapy, and sowouldbe thedelivery of a drug to
the tumor.

Of interest, in both PDX models (Panc039 and Panc198),
gemcitabine-treated tumors had significantly higher microvascu-
lar perfusion than untreated tumors, while nab-paclitaxel–treated
tumors did not. Microvascular perfusion in tumors is affected not
only by stromal density, but also by tumor vascularity, tumor cell
density, acute necrosis density, and the presence of central necro-
sis. Therefore, the improved perfusion after gemcitabine therapy
may be associated with the increase of acute necrosis. In fact, the
viable cell density in Panc039 tumors treated with gemcitabine
alone or in combination with nab-paclitaxel was significantly
lower than that in control tumors. However, it is still possible
that nab-paclitaxel significantly increases tumor microvascular

Figure 4.
Tumor volume and Ktrans changes for 3
weeks of therapy. A, representative
Panc039 or Panc198 tumor xenografts
untreated (control) or treated with
gemcitabine, nab-paclitaxel, and the
combination for 3 weeks, respectively,
while Ktrans maps in tumor regions are
shown in the color scale. B and C,
mean tumor volumes of Panc039 (B)
and Panc198 (C) before therapy (Day
0) and at 3 weeks after therapy
initiation. D and E, mean tumor Ktrans

values of Panc039 (D) and Panc198 (E)
before therapy (Day 0) and at 3 weeks
after therapy initiation. *, statistical
difference from control data; error
bars, SEM.
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perfusion during the early therapeutic period, thus DCE-MRI at
the earlier time points may be necessary to understand the
microvascular change in tumors responding to nab-paclitaxel
more accurately.

One limitation of the current study might be the fact that
subcutaneous tumor xenografts do not reproduce the primary
pancreatic tumor microenvironment of blood supply, neovascu-
larization, and tumor–cell invasion. Thus the use of orthotopic
PDX models that recapitulate the complexity observed in human
pancreatic ductal adenocarcinomamayallowabetter understand-
ing of the therapeutic mechanism of nab-paclitaxel. In addition,
nab-paclitaxel is human albumin-bound paclitaxel, thus itmay be
questionable whether nab-paclitaxel interacts with mouse SPARC
as effectively. However, Neesse and colleagues showed that tissue
and plasma concentrations of nab-paclitaxel were comparable
with those of mouse albumin-bound paclitaxel (20). Liddelow
and colleagues also showed that human albumin bound mouse
SPARC (36).

In conclusion, our findings confirm that nab-paclitaxel is
specifically delivered to tumor stroma in a SPARC-indepen-

dent manner, but nab-paclitaxel did not directly cause the
depletion of tumor stroma or a change in tumor microvascular
perfusion. Therefore, the significant clinical benefits of nab-
paclitaxel may result from its improved delivery in pancreatic
cancer. Thus, development of novel drugs using albumin as a
carrier would be of great interest for effective pancreatic cancer
treatment (37).
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