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Abstract
Background The eYcacy and tolerability of paclitaxel
is limited by its low solubility, high systemic exposure,
and a lack of selective tumor uptake. Paclitaxel poliglu-
mex (PPX; XYOTAX™) is a macromolecular drug con-
jugate that was developed to overcome these limitations;
the 2� hydroxyl group of paclitaxel is linked to a biode-
gradable polymer, poly-L-glutamic acid, to form an inac-
tive polymeric conjugate. PPX was previously shown to
accumulate in tumor tissue, presumably by taking
advantage of the hyperpermeable tumor vasculature and
suppressed lymphatic clearance in tumor tissue.
Methods Because anti-tumor activity requires the
release of paclitaxel from the polymer-drug conjugate,
the current report characterizes PPX biodegradation
and release of paclitaxel as determined by quantitative
HPLC/mass spectral analysis. 
Results The identiWcation of monoglutamyl-paclitaxel
metabolites in tumor tissue conWrmed the in vivo
metabolism of PPX in a panel of mouse tumor models.
In vitro characterization of the metabolic pathway sug-
gests that PPX can enter tumor cells, and is metabo-
lized to form both mono- and diglutamyl-paclitaxel
cleavage products. The intracellular formation of these

intermediate metabolites is at least partially dependent
on the proteolytic activity of the lysosomal enzyme
cathepsin B; PPX metabolism is inhibited by a highly
selective inhibitor of cathepsin B, CA-074. Reduced
metabolism of PPX in livers and spleens from cathep-
sin B deWcient mice conWrms that cathepsin B is an
important mediator of PPX metabolism in vivo; how-
ever, other proteolytic enzymes may contribute as well.
Conclusions The cathepsin B-mediated release of pac-
litaxel may have therapeutic implications as cathepsin
B is upregulated in malignant cells, particularly during
tumor progression.
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Introduction

Paclitaxel, one of the most widely used and clinically
active cytotoxic agents, induces mitotic arrest and
apoptosis in proliferating cells by targeting tubulin, a
component of the mitotic spindle. Paclitaxel binds to the
N-terminal 31 amino acids of the �-tubulin subunit and
prevents depolymerization. As a result, the mitotic spin-
dle is disabled and cell division cannot be completed [4,
29]. Because the therapeutic index of any cytotoxic
agent is related to the length of time that target tissues
are exposed to a biologically relevant concentration of
active drug [18], low solubility, high systemic exposure,
poor pharmacokinetic characteristics, and a lack of
selective tumor uptake are all factors limiting the
eYcacy and tolerability of these agents, including paclit-
axel [9, 45, 55]. The rationale for developing paclitaxel
poliglumex (PPX), a macromolecular polymer-drug
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conjugate, was to improve standard chemotherapy with
paclitaxel by overcoming some of these limitations.

Polymer-drug conjugates passively accumulate in
tumor tissue because of the enhanced permeability and
retention (EPR) eVect. Tumor vasculature is more per-
meable to macromolecules than normal vasculature
because of structural diVerences between the neovas-
culature in tumors and the mature vasculature in nor-
mal organs [13, 42]. The paucity of lymphatic vessels in
tumor tissue allows the retention of these macromole-
cules in the interstitial space, resulting in a 10–100-fold
increase in intratumoral drug concentrations when
compared with an equivalent dose of the non-conju-
gated drug [15, 30]. In addition, polymeric conjugation
improves the pharmacokinetic proWle of cytotoxics by
decreasing the volume of distribution and the clear-
ance rate. The prolonged circulation time facilitates
tumor accumulation of macromolecules: the EPR
eVect is optimal for macromolecules with molecular
weights of 50–80 kDa, which is well above the renal
clearance threshold [8, 33, 47]. The slow release of
active drug from the polymer carrier in tumor tissue
results in sustained high intratumoral drug levels and
lower plasma concentrations of the active drug, poten-
tially reducing treatment-related toxicities. Finally,
polymeric conjugation renders hydrophobic agents
water-soluble and eliminates the need for toxic solubi-
lizing agents [23].

Paclitaxel poliglumex is a polymer-drug conjugate
that links paclitaxel to a biodegradable polymeric back-
bone consisting of L-glutamic acid residues [48]. Paclit-
axel is conjugated by ester linkage to the �-carboxylic
acid side chains of poly-L-glutamic acid, resulting in a
relatively stable conjugate. Because the conjugation
site is through the 2� hydroxyl of paclitaxel, a site cru-
cial for tubulin binding, conjugated paclitaxel does not
interact with �-tubulin and is biologically inactive [16].
The median molecular weight of PPX is 38.5 kDa;
conjugated paclitaxel represents approximately 36%,
by weight, of the conjugate, equivalent to about one
paclitaxel ester linkage per 11 glutamic acid units of the
polymer [49]. PPX accumulates in tumor tissue, and
has demonstrated anti-tumor activity in various pre-
clinical tumor models, including ovarian and breast
[24–26].

Previously, monoglutamyl-paclitaxel isomers Glu-
2�-TXL (2�-[L-�-glutamyl]-paclitaxel) and Glu-7�-TXL
(7�-[L-�-glutamyl]-paclitaxel) were identiWed in tumor
tissue from B16 tumor bearing mice exposed to [3H]-
labeled PPX. Subsequent pharmacokinetic analysis
indicated a gradual increase of [3H]-labeled PPX
metabolites in tumor tissue, reaching Tmax at 72 h post-
administration. In comparison, administration of

[3H]-paclitaxel resulted in a Tmax at 1.5 h. The gradual
accumulation of PPX in tumor tissue was associated with
prolonged tumor exposure to PPX metabolites Glu-2�-
TXL and paclitaxel. These observations demonstrate
the intratumoral degradation of the poliglutamate
backbone of PPX in association with the release of pac-
litaxel [49].

To characterize the pathway by which PPX is
degraded to release active drug, its in vivo and in vitro
metabolism was evaluated. The kinetics of intracellular
formation of several PPX metabolites was quantiWed in
vitro and was found to be largely dependent on the
proteolytic activity of the lysosomal enzyme cathepsin
B, an exocarboxydipeptidase [54, 56]. This Wnding may
have biological relevance as expression of cathepsin B
is upregulated in malignant cells, particularly during
tumor progression [37]. These data support a model in
which PPX accumulates in tumor tissue through the
EPR eVect, followed by the cathepsin B-mediated
release of paclitaxel.

Results

Assay development

To determine whether PPX could undergo proteolysis
to produce the monoglutamyl-paclitaxel isomer Glu-2�-
TXL which was previously identiWed in tumor tissue,
PPX was digested with papain, an endopeptidase, in a
cell-free system as described in the Data Supplement.
Subsequent LC/MS analysis indicated the presence of
several peptide–paclitaxel products (Glu)n-TXL (n = 1–4),
including diglutamyl-paclitaxel isomers (H2N-Glu-Glu-
2�-TXL and HO-Glu-Glu-2�-TXL), monoglutamyl-
paclitaxel isomers (Glu-2�-TXL and Glu-7�-TXL), and
paclitaxel (TXL).The presence of trace levels of Glu-7�-
TXL is not unexpected as PPX has a minor fraction, 2%
or less, of paclitaxel conjugated through the paclitaxel -7
position (CTI, data on Wle).

IdentiWcation of these PPX metabolites allowed the
development of a quantitative LC/MS assay to analyze
PPX biodegradation in vitro and in vivo. Method
development is detailed in the Data Supplement.

Quantitation of PPX metabolites in vitro

To characterize the biodegradation of PPX in vitro,
murine RAW 264.7 monocyte/macrophage-like cells
were used as a model system to study the intracellular
metabolism of PPX, as these cells are known to
eYciently endocytose molecules with a high molecular
weight [39]. RAW 264.7 cells in serum-free media were
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exposed to 10 �g/ml PPX. Both cells and media were
harvested in duplicate at 0, 0.25, 0.5, 1, 2, 4, 6, 8, 24, 30,
37, and 48 h after continuous PPX exposure. Paclitaxel
was the most abundant metabolite in the medium;
however, non-enzymatic hydrolysis of paclitaxel from
PPX has previously been shown to occur at approxi-
mately 12% per 24 h in cell-free conditioned media
(data not shown). Because paclitaxel released in the
medium is freely diVusible across the cell membrane,
mono- and diglutamyl-paclitaxel species, but not pac-
litaxel, are considered surrogates for the intracellular
cleavage of PPX.

The intracellular, time-dependent generation of Wve
PPX metabolites was observed (Fig. 1); paclitaxel, Glu-
2�-TXL, and H2N-Glu-Glu-2�-TXL were most abun-
dant with cellular concentrations peaking at 24–48 h.
HO-Glu-Glu-2�-TXL was also observed, but at signiWcantly
lower concentrations than the H2N-Glu-Glu-2�-TXL
isomer. HO-Glu-Glu-2�-TXL is relatively unstable as
the ester conjugation point is prone to carbonyl attack
by the proximate free amine. Notably, no peaks were
observed in the ion chromatograms for either (Glu)3-
TXL or (Glu)4-TXL molecular species, even though
the system was validated to detect these species (Data
Supplement).

The in vitro metabolism of PPX was also studied in
human HT-29 colon adenocarcinoma and NCI-H460
non-small lung carcinoma cell lines. Although the
RAW 264.7 cells tolerated 10 �g/ml PPX, the human
carcinoma cell lines were only capable of tolerating
0.6 �g/ml and still remain viable over the course of the
experiment. Cell cultures were “pulsed” with PPX
0.6 mg/ml for 4.5 h, and then “chased” with PPX-free
media for up to 72 h. This experimental design allowed
for the detection of intracellular metabolites from PPX

endocytosed during the pulse and eliminated diVusion
of free paclitaxel released from PPX by chemical
hydrolysis into the cells during the chase. The forma-
tion of the Wve identiWed PPX metabolites was exam-
ined between 0 and 72 h. In NCI-H460 cells, removal
of the remaining drug from the media at 4.5 h was
followed by the intracellular formation of H2N-Glu-
Glu-2�-TXL, Glu-2�-TXL, and paclitaxel (Fig. 2a).
H2N-Glu-Glu-2�-TXL and Glu-2�-TXL reached maxi-
mum concentrations at 24 and 48 h, respectively. A
similar pattern was observed in HT-29 cells (Fig. 2b).

Quantitation of PPX metabolites in vitro

To conWrm the in vivo biodegradation of PPX in tumor
tissue, a panel of seven diVerent tumor models was
analyzed by quantitative mass spectrometry. Two syn-
geneic (B16 and LL/2) and Wve human colon carci-
noma xenografts (HCT-15, LoVo, HT-29, CoLo
320DM, and HCT116) were included; of the latter,
HCT-15, LoVo, and Colo 320DM are multi-drug resis-
tant (mdr-1+). Figure 3 shows the levels of monoglut-
amyl-TXL PPX metabolites in the diVerent tumor
types, indicating that PPX is subject to in vivo proteol-
ysis in all tumor types tested, even in tumor types char-
acterized by highly active drug-eZux pumps [11, 14].

Proteolysis of PPX by cathepsin B

To determine what enzymes are responsible for the
metabolism of PPX, an initial panel of commercially
available human proteases was screened for proteolytic
activity in a cell-free system, including elastase, cathep-
sin B, cathepsin D, cathepsin G, cathepsin H, cathepsin
L, trypsin, chymotrypsin, kallikrein, and gelatinase; the
only enzyme able to degrade PPX was cathepsin B
(data not shown). The role of cathepsins in the metab-
olism of PPX was further characterized using a panel of
two carboxypeptidases, human liver cathepsin B and
mouse recombinant cathepsin X, and two aminopep-
tidases, bovine spleen cathepsin C and human liver
cathepsin H. Incubation of PPX with cathepsin B
resulted in predominantly diglutamyl-paclitaxel (i.e.,
both H2N-Glu-Glu-2�-TXL and HO-Glu-Glu-2�-TXL);
diglutamyl-paclitaxel and monoglutamyl-paclitaxel
(i.e., Glu-2�-TXL) were formed at a »10:1 ratio. Incu-
bation with cathepsin X produced exclusively Glu-2�-
TXL (Table 1). This is in agreement with the known
speciWcity of cathepsin X, which functions as an exo-
carboxymonopeptidase [21]. Aminopeptidases cathep-
sin C and H were unable to metabolize PPX,
presumably because PPX has a N-terminal cyclized
pyro-glutamate residue which hinders aminopeptidase

Fig. 1 ProWle of PPX metabolites in RAW 264.7 cells as deter-
mined by quantitative LC/MS analysis. TXL, Glu-2�-TXL, and
H2N-Glu-Glu-2�-TXL were the most abundant species, with
maximum values attained at 24–48 h. HO-Glu-Glu-2�-TXL and
Glu-7�-TXL were also observed but at substantially lower levels
than their respective isomers
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activity [2]. However, the combination of cathepsins B,
H, and X increased proteolytic activity compared to
the combination of cathepsins B, C, and X. Thus,
cathepsin H, but not cathepsin C, may contribute to the
proteolysis of (Glu)n-TXL fragments containing free
amino-termini.

In this cell-free system, the proteolytic activity of
cathepsin B was limited as overall reaction rates were
<1%. To address this issue, a cathepsin B activity assay
measuring cleavage of the synthetic Xuorogenic sub-
strate z-Arg-Arg-AMC was used to evaluate the activity

of cathepsin B [19]. Cathepsin B was shown to be
active for approximately 8–10 min, which provides an
explanation for the reproducible, but limited, forma-
tion of PPX metabolites in a cell-free environment
(data not shown).

In vitro metabolism of PPX by cathepsin B

The biological signiWcance of PPX proteolysis by the
lysosomal protease cathepsin B was evaluated in vitro
in RAW 264.7 cells using two cell-permeable cysteine

Fig. 2 Paclitaxel poliglumex 
metabolites in a NCI-H460 
cells and b HT-29 cells. Cells 
were dosed with PPX for 4.5 h 
before replacing the medium 
(pulse/chase). The increased 
levels of PPX metabolites 
over time reXect the metabo-
lism of PPX following cellular 
uptake

Fig. 3 Paclitaxel poliglumex metabolite concentrations in tumor
tissue 24 h post-dosing as determined by quantitative LC/MS
analysis. Male nude mice with HCT-15, LoVo, HT-29, CoLo 320
DM, and HCT116 xenografts, as well as female C57BL/6 mice
with syngeneic B16 and LL/2 tumors were injected IP at 120 mg/kg

TXL equivalents. PPX metabolites are present in tumor tissue
from all animal models tested, including those characterized by
high drug-eZux pump activity. PPX metabolite levels were high-
er in MDR¡ tumor types compared to MDR+ tumor types
(MDR multi-drug resistant)
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protease inhibitors [35]. CA-074 is a highly selective
and irreversible inhibitor of cathepsin B; CA-074 has
an IC50 of »2.2 nM for cathepsin B, while cathepsin L
and H exhibit IC50 values of 172 and 420 �M, respec-
tively. EST, or loxistatin, is a general irreversible cyste-
ine protease inhibitor. Both compounds were added to
the media at 2 or 5 �M 30 min before PPX dosing at
10 �g/ml. Figure 4 shows the metabolite concentrations
at 2, 4, and 6 h. Both inhibitors dramatically inhibited
the formation of diglutamyl-TXL and monoglutamyl-
TXL isomers, with the maximum eVect of >90%
inhibition for each of these metabolites at 6 h (EST,
2 �M; CA-074, 5 �M). Cellular levels of mono- and

diglutamyl-paclitaxel isomers increased at 23 h post-
dosing, reXecting the high turnover rate of the cysteine
proteases responsible for PPX metabolism.

In vivo metabolism of PPX by cathepsin B

The availability of a transgenic cathepsin B knock-out
mouse model allowed the further characterization of
cathepsin B-mediated metabolism of PPX. Because
studies in this model with human xenografts or synge-
neic tumor cells were not feasible, tissues known to
accumulate PPX through endocytosis, such as liver and
spleen, were evaluated. First, expected levels of

Table 1 Reaction products 
and extent of reaction esti-
mates for PPX incubations 
with cathepsins B, C, H, and X

Diglutamyl-TXL
(total pmol)

Monoglutamyl-TXL
(total pmol)

Total products 
(pmol)

Extend of 
reaction (%)

No enzyme ND ND ND –
Cathepsin B 8.53 0.89 9.4 0.13
Cathepsin C ND ND ND –
Cathepsin H ND ND ND –
Cathepsin X ND 10.5 10.5 0.15
Cathepsin B, C, X 23.6 10.2 33.8 0.48
Cathepsin B, C, H 6.82 0.61 7.43 0.11
Cathepsin B, H, X 53.0 17.0 70.0 1.0
Cathepsin C, H, X 8.45 8.45 0.12
Cathepsin B, C, H, X 57.2 20.8 78.0 1.1

Numbers represent mean 
values of duplicate measures

ND none detected

Fig. 4 Cellular levels of 
diglutamyl-TXL (a) and 
monoglutamyl-TXL (b) PPX 
following exposure to cysteine 
protease inhibitors. At 4 and 
6 h post-dosing, EST (2 �M) 
and CA-074 Me (5 �M) 
eVectively inhibited PPX 
metabolism as metabolite 
levels were decreased ¸90% 
compared to control (Wve-
point Wlled star, P < 0.001; 
Wve-point open star, P < 0.05; 
Student’s t-test)
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cathepsin B activity were conWrmed in liver and spleen
homogenates from wild-type (+/+), heterozygote (+/¡),
and cathepsin B null (-/-) animals by an assay measur-
ing cleavage of z-Arg-Arg-AMC (data not shown;
Ref. [28]). Using this assay, no signiWcant cathepsin B
activity was observed in plasma from either +/+, +/¡,
or -/- animals.

Pharmacokinetic parameters were determined using
a non-compartmental analysis based on quantitative
LC/MS values; results for the diVerent PPX metabolites
in liver and spleen homogenates are shown in Fig. 5a
and b. The metabolism of PPX in cathepsin B -/- animals
was reduced compared to heterozygote and wild-type
animals: (1) the Tmax values for diglutamyl-paclitaxel

isomers were delayed; (2) Cmax values were reduced for
both di- and monoglutamyl-paclitaxel isomers; and (3)
AUC values were reduced for all PPX metabolites
(Table 2). These data suggest that cathepsin B is an
important in vivo mediator of PPX metabolism and the
subsequent release of paclitaxel; however, other prote-
olytic pathways contribute, or compensate, as well.

No relevant PPX metabolites other than paclitaxel
were detected in the plasma compartment of these
non-tumor bearing animals. Interestingly, while in
males plasma pharmacokinetic parameters were con-
sistent between phenotypes, the plasma paclitaxel
AUC was reduced by 70% in mutant females com-
pared to normal females (Fig. 5c). This observation,

Fig. 5 In vivo PPX metabolism in transgenic cathepsin B mice;
(+/+) represents wild-type; (¡/¡) represents knock-out; (+/¡)
represents heterozygous. ProWle shown for H2N-Glu-Glu-2�-TXL
is representative for changes over time observed for OH-Glu-
Glu-2�-TXL (not shown). a Levels of PPX metabolites in the liver
of male and female mice after administration of PPX. b Levels of

PPX metabolites in the spleen of male and female mice after
administration of PPX. c Levels of paclitaxel over time in the
plasma of male and female mice after administration of PPX.
Animals were dosed with 80 mg/kg PPX as a single tail vein injec-
tion of approximately 0.25 ml (10 ml/kg) of a 25-mg/ml solution in
saline
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together with dramatic shift in liver Tmax values for the
diglutamyl-paclitaxel isomers noted in mutant females,
suggests that cathepsin B-mediated PPX metabolism
may diVer between males and females.

Discussion

The lack of tumor speciWcity and relatively poor phar-
macokinetic characteristics of small, hydrophobic cyto-
toxic agents has led to the design of macromolecular

drug conjugates that link these agents to biocompatible,
water-soluble polymers [15]. The high molecular weight
of the resulting new chemical entity changes the phar-
macological characteristics of the cytotoxic agent by
prolonging circulation time and facilitating tumor accu-
mulation through the EPR eVect [9]. Macromolecules
with a molecular weight of more than 40 kDa cannot be
internalized into cells by simple diVusion; instead, mac-
romolecules have been shown to enter cells through
endocytosis, which is particularly eYcient during mito-
sis [10, 34, 36]. Next, the active component is released

Table 2 Paclitaxel poliglumex metabolites in liver and spleen homogenates from a transgenic cathepsin B knock-out mouse model:
% changes in pharmacokinetic parameters between wild-type and cathepsin B-deWcient animals

Genotype Variable H2N-Glu-Glu-2�-TXL Glu-2�-TXL TXL

Liver
Female (+/+) Tmax (h) 12 72 0.083

Cmax (�g/g) 4.4 59.6 12.9
AUC 206 5,249 884

Female (+/¡) Tmax (h) 48 48 0.083
Cmax (�g/g) 3.1 51.8 13.3
AUC 192 5,006 719
�AUC (% from wt) ¡7.2 ¡4.6 ¡18.6

Female (-/-) Tmax (h) 48 48 0.083
Cmax (�g/g) 1.7 39.1 8.0
AUC 112 3,678 495
�AUC (% from wt) ¡45.7 ¡29.9 ¡44.0

Male (+/+) Tmax (h) 24 72 1.0
Cmax (�g/g) 3.5 61.2 11.6
AUC 213 5,740 973

Male (+/¡) Tmax (h) 24 72 0.083
Cmax (�g/g) 4.4 54.0 14.1
AUC 194 5,062 999
�AUC (% from wt) ¡8.9 ¡11.8 2.6

Male (-/-) Tmax (h) 48 48 0.083
Cmax (�g/g) 2.7 38.4 13.6
AUC 131 3,424 686
�AUC (% from wt) ¡38.5 ¡40.3 ¡29.5

Spleen
Female (+/+) Tmax (h) 12.0 48.0 120.0

Cmax (�g/g) 4.8 47.7 6.3
AUC 244 3,811 5.3

Female (+/¡) Tmax (h) 24 48 120
Cmax (�g/g) 4.1 48.3 4.0
AUC 213 3,975 411
�AUC (% from wt) ¡12.7 4.3 ¡18.3

Female (-/-) Tmax (h) 48 48 72
Cmax (�g/g) 1.5 20.3 3.8
AUC 118 1,884 360
�AUC (% from wt) ¡51.7 ¡50.6 ¡28.4

Male (+/+) Tmax (h) 24 48 48
Cmax (�g/g) 7.0 66.3 5.9
AUC 306 4,257 509

Male (+/¡) Tmax (h) 24 48 72
Cmax (�g/g) 7.6 59.3 5.6
AUC 364 5,183 530
�AUC (% from wt) 18.4 21.8 4.2

Male (-/-) Tmax (h) 48 48 48
Cmax (�g/g) 2.8 32.0 2.4
AUC 150 2,085 213
�AUC (% from wt) ¡50.9 ¡51.0 ¡58.2
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from the polymeric backbone by the proteolytic activity
of lysosomal enzymes, followed by diVusion of the
active agent into the cytoplasm or nucleus [8].

Paclitaxel poliglumex has been shown to accumulate
in tumor tissue in a mouse tumor model [24]. Pharmaco-
kinetic studies have shown that PPX is relatively stable
in plasma; in preclinical studies, unconjugated paclitaxel
represented less than 1% of total paclitaxel in plasma
[49]. The current study provides evidence for the intra-
tumoral degradation of PPX, as was suggested by the
identiWcation of both monoglutamyl-paclitaxel isomers,
Glu-2�-TXL and Glu-7-TXL, in seven diVerent tumor
types. The further analysis and quantitation of PPX
metabolites in an in vitro system veriWed the biodegra-
dation of PPX through the formation of diglutamyl-pac-
litaxel and monoglutamyl-paclitaxel metabolites, as well
as paclitaxel. In NCI-H460 cells, removal of the drug by
replacing the media at 4.5 h post-exposure was followed
by the formation of H2N-Glu-Glu-2�-TXL, Glu-2�-TXL,
and TXL; H2N-Glu-Glu-2�-TXL and Glu-2�-TXL
reached maximum concentrations at 24 and 48 h, respec-
tively. More importantly, however, paclitaxel concentra-
tions continued to increase over the time course,
conWrming the intracellular release of paclitaxel. These
observations indicate that PPX can enter tumor cells,
presumably through endocytosis [8]. Following endocy-
tosis, macromolecules are contained within endosomal/
lysosomal vesicles as demonstrated by the enhanced
release of the conjugated compound Wnding through the
incorporation of lysosomally degradable spacers [20].
The speciWc proteolysis of PPX by cathepsin B, a lyso-
somal enzyme, is consistent with the intracellular metab-
olism of PPX following endocytosis.

Cathepsin B is a papain-family cysteine protease that
is normally located in lysosomes, where it is involved in
the turnover of proteins and plays various roles in main-
taining the normal metabolism of cells. Under normal
physiological conditions, cathepsin B expression and
activity is tightly regulated [59]. In malignant tumors
and premalignant lesions, however, increased cathepsin
B mRNA expression is associated with elevated cathep-
sin B protein levels and activity, and correlates with
tumor invasion in glioma [41, 51], colorectal carcinoma
[5, 17, 31], and prostate carcinoma [50]. Cathepsin B
precursors are normally targeted to the endosomal/
lysosomal compartment via the mannose-6-phosphate
receptor pathway [28]. The intracellular traYcking of
cathepsin B is often altered in malignant tumors, result-
ing in the increased secretion of precursor and active
forms of the enzyme [1, 27, 38, 40], its redistribution
from perinuclear lysosomes to peripheral vesicles [52],
and its association with the cell membrane [46, 52, 53].
Cathepsin B localizes with other proteases at the tumor

cell surface in caveolae, mediating cell-surface proteo-
lytic events associated with invasion [6, 44]. The abun-
dance of cathepsin B in tumor tissue is relevant for the
eYcient degradation of PPX. While in vivo studies show
that PPX is clearly metabolized intratumorally, further
in vivo studies are required to conWrm that PPX is
metabolized intracellularly following endocytosis, or
within the interstitial tumor space through pericellular
cathepsin B activity, or perhaps both.

Paclitaxel poliglumex metabolism is not completely
dependent on cathepsin B, as was shown in the trans-
genic cathepsin B mouse model. Redundancy between
the activities of cathepsins may exist; however, the in
vitro data indicate that only the carboxy exopeptidases,
cathepsin B and X, could mediate PPX metabolism.
Cathepsin B produces predominantly diglutamyl-paclit-
axel through carboxydipeptidase activity while cathep-
sin X produces monoglutamyl-paclitaxel through
carboxymonopeptidase activity [54]. While it is unclear
whether the subsequent release of paclitaxel occurs
through hydrolysis or requires additional enzymatic
cleavage, the speciWc inhibition of cathepsin B activity
was clearly associated with reduced release of paclit-
axel. Unlike cathepsin B, expression of cathepsin X is
limited to cells of the immune system, and its protein
levels are low in two malignant cell lines that highly
expressed cathepsin B [21]. Interestingly, prostatic
intraepithelial neoplasias and prostate carcinomas were
found to have upregulated levels of cathepsin X in asso-
ciation with low levels of cathepsin B [32]. The extent of
cathepsin X-mediated metabolism of PPX, particularly
in prostate cancer, as well as cathepsin-independent
degradation of PPX requires further investigation.

The formation of diglutamyl-paclitaxel isomers
occurred at a diVerent rate in female mice compared to
males; Tmax values were reached at 12 h vs. 24 h,
respectively. However, in the cathepsin B -/- animals,
Tmax values were reached at 48 h, regardless of gender.
This observation implies that cathepsin B-mediated
degradation of PPX may be more important in
females. In support of this suggestion, the levels of free
paclitaxel in plasma are signiWcantly reduced in the
mutant females compared to heterozygotes or normal
females; in contrast, paclitaxel plasma levels are similar
in cathepsin B -/-, +/¡, and +/+ males. The hormonal
regulation of proteases has been described [12, 43], and
estrogen is a well-known modulator of cathepsin activ-
ity [3, 22, 57, 58]. The interactions between estrogen,
estrogen receptors, and cathepsin B activity may aVect
PPX metabolism depending on tissue or tumor charac-
teristics, and are currently under investigation.

In summary, PPX is a macromolecular polymer-drug
conjugate that links paclitaxel to poly-L-glutamic acid.
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PPX is stable in plasma, and accumulates in tumors by
taking advantage of the EPR eVect. Anti-tumor activity
is dependent upon the release of paclitaxel from the
polymeric backbone. The current study demonstrates
the enzymatic degradation of PPX in vivo: PPX metab-
olites, diglutamyl- and monoglutamyl-paclitaxel, as well
as paclitaxel, were identiWed in several tumor models.
In vitro assays showed that the release of conjugated
paclitaxel was dependent on the activity of cathepsin B,
a lysosomal enzyme that is over-expressed in many
tumor types. Data from a cathepsin B deWcient animal
model conWrmed that cathepsin B is an important in
vivo mediator of PPX metabolism and the subsequent
release of paclitaxel; however, other proteolytic path-
ways contribute as well.

Materials and methods

In vitro studies

Cell-free enzymatic proteolysis of PPX

The proteolytic activity of cathepsin was characterized
using Cathepsins B (human liver, Calbiochem), C (bovine
spleen, Sigma), H (human liver, Calbiochem, San Diego,
CA, USA), and X (recombinant mouse, R&D Systems
Inc., Minneapolis, MN, USA) with substrate/enzyme
ratios of 20:1. PPX (1 mg/ml), cathepsin C (0.1 mg/ml),
cathepsin B (0.1 mg/ml), and cathepsin H (0.1 mg/ml)
were prepared in reaction buVer [20 mM sodium acetate,
2 mM EDTA (pH 5.0), 5 mM dithiothreitol]. Cathepsin
X (0.1 mg/ml) was prepared in activation buVer [25 mM
sodium acetate (pH 3.0) and 5 mM dithiothreitol], and
was kept at room temperature for 5 min for activation
prior to incubation. For incubation, 16 �l PPX and 8 �l
enzyme were added to 184 �l reaction buVer; all incuba-
tions were carried out for 30 min at 37°C.

Cell-based enzymatic proteolysis of PPX

RAW 264.7 cells (ATTC TIB-71) were grown in RPMI
1640 with 2% fetal bovine serum (FBS). NCI-H460
(ATCC HTB-177) human non-small lung carcinoma
cells were grown in RPMI 1640 + 2 mM L-glutamine
supplemented with 1.5 g/l sodium bicarbonate, 4.5 g/l
glucose, 10 mM HEPES (pH 7.2–7.5), 1 mM sodium
pyruvate, and 10% (v/v) heat-treated FBS. HT-29
human colon adenocarcinoma cells (ATCC HTB-38)
were grown in McCoy’s 5A medium (modiWed) supple-
mented with 1 mM sodium pyruvate, 2 mM L-gluta-
mine, 100,000 U/l penicillin, 100,000 �g/l streptomycin,
and 10% (v/v) heat-treated FBS.

Cells were plated in 10 cm plates and grown to
»50% conXuence. Immediately prior to dosing, the
growth medium was removed from each plate and
replaced with serum-free medium. PPX was added at a
Wnal concentration of 0.6–10 �g/ml in PBS. PPX and
control cultures were harvested in duplicate at various
time points between 0 and 72 h. For harvest, the
medium was transferred to a silanized glass tube and
any suspended cells or cell debris was removed by cen-
trifugation; supernatants were stored at ¡70°C. The
plates were rinsed twice with 5 ml chilled PBS and the
cells were scraped into an additional 5 ml of PBS
before separating with gentle pipetting. A 4.5 ml ali-
quot of the resultant cell suspension was then pelleted
for LC/MS analysis. The remaining »0.5 ml aliquot
was used for total protein determination using a BCA
(Pierce Biotechnology Inc., Rockford, IL, USA) assay.

For treatment with protease inhibitors, RAW 264.7
cells were grown as described. On the day of dosing the
medium was removed and replaced with 10 ml of RPMI
just prior to the addition of either CA-074 Me (BIO-
MOL Research Laboratories Inc.) or EST (Calbiochem).
Inhibitors were added as single doses at 2 or 5 �M 30 min
before PPX dosing, and were delivered in DMSO. Plates
that did not receive either inhibitor were dosed with the
corresponding DMSO vehicle. At 2, 4, and 6.4 h after
dosing with PPX (10 �g/ml), duplicate plates were har-
vested as described before. Controls were harvested at 0
and 23 h. Cells and media were stored at ¡70°C prior to
analysis. Total protein was determined as described.

Sample preparation for HPLC/mass spectrometry
(LC/MS)

Each cell pellet or medium sample was acidiWed with
1% (v/v) acetic acid. Samples were spiked with 100 ng
of both d5-TXL and H2N-Glu-Glu-2�-d5-TXL just prior
to extraction. Cell pellets and medium (i.e., either
200 �l or 1.0 ml) were extracted with ethyl acetate [1%
(v/v) acetic acid], followed by centrifugation at »750g
for 10 min for phase separation. The organic phase was
transferred and evaporated to »30 �l under N2 at room
temperature. The sample was then brought to a vol-
ume of »300 �l with a 1:1 mixture of H2O/CH3CN (1:1)
and 1% acetic acid, and transferred to a 300 �l crimp
top LC vial for quantitative LC/MS analysis.

In vivo studies

Tumor models

Male nude mice [Taconic Farms, Hudson, NY, USA
Tac:Cr:(NCr)-Foxn-1(nu) male], aged 6–7 weeks at
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time of arrival, were used for all experiments with
HCT-15, LoVo, HT-29, CoLo 320 DM, and HCT116
tumors. Female C57BL/6 mice (Taconic Farms) were
used for the B16 and LL/2 tumors. B16, LL/2, HCT-15,
LoVo, HT-29, CoLo 320DM, and HCT116 cell lines
were obtained from the ATCC. Mice were injected
with tumor cells subcutaneously and allowed to reach a
speciWed tumor volume, <100 mm3 in most cases, prior
to dosing with PPX. PPX was prepared in 0.1 N
Na2HPO4 at a concentration of 13 mg/ml for dosing.
All mice were injected IP at 120 mg/kg TXL equiva-
lents. Mice were euthanized by cervical dislocation.
Tumors were harvested and stored at ¡70°C until fur-
ther analysis.

Transgenic cathepsin B knock-out mouse model

Two breeding pairs of cathepsin B (+/¡) heterozygotes
were supplied by Dr Thomas Reinheckel, University of
Freiburg (Freiburg, Germany) through the laboratory
of Dr Richard Meyers, Stanford University (Stanford,
CA, USA) [7]. Subsequent interbreeding of the hetero-
zygous animals produced oVspring of all three genotypes:
wild-type (+/+), heterozygous (+/¡), and knock-out
(-/-). Animals received the equivalent of 80 mg/kg free
paclitaxel using a PPX solution of 25 mg/ml in saline
(32% TXL loading) as a single tail vein injection. At
each harvesting time point, plasma and tissues from
triplicate animals were anesthetized and plasma and
tissues were collected as described above. The time
points of tissue collection were at 5 min and 1, 4, 12, 24,
48, 72, and 120 h post-dose. Plasma, liver, and spleen
samples were collected on ice, immediately transferred
to ¡70°C, and stored prior to processing.

Sample preparation for LC/MS

For HPLC/MS analysis, tissues were thawed on an ice
bath and homogenized using a tissue tearor in 4 ml
PBS. The homogenate was then transferred to a 50-ml
glass tube and the internal standard, 1.0 �g of d5-paclit-
axel (CTI, lot 1120-02), was added as 100 �l of a 10 �l/
ml stock solution prepared in MeOH. For extraction,
15 ml of EtOAc was added and the tubes vortexed
thoroughly and placed on ice. Samples were then cen-
trifuged for 2 £ 10 min at 900g in a swinging-bucket
rotor centrifuge to promote phase separation. The
upper organic phase was carefully transferred to a new
glass tube and stored at ¡70°C. Extracts were evapo-
rated to near dryness under N2 in a water bath at
»50°C. Periodically, the sides of the tube were rinsed
with EtOAc as the evaporation progressed. The sam-
ple was then brought to a volume of »300 �l with a 1:1

mixture of H2O/CH3CN (1:1) and 1% acetic acid, and
transferred to a 300-�l crimp top LC vial for quantita-
tive LC/MS analysis.

Analytical methods

LC/MS

Samples were analyzed using a Shimadzu (Columbia,
MD, USA) VP HPLC system using a Taxsil-3 column
(5 �, 2.0 mm £ 150 mm; MetaChem Technologies, Tor-
rance, CA, USA) and guard column (MetaChem). Mass
spectrometry was performed on an electrospray ioniza-
tion triple quadrupole mass spectrometer (Waters, Man-
chester, UK) Wtted with an electrospray orthogonal “Z”
spray ion interface operating in the positive ion mode.
Methods and validation of the quantitative LC/MS assay
are detailed in the Data Supplement.
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