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Abstract
Purpose This study evaluated the safety, toxicity, phar-
macological properties and biological activity of PI-88, a
heparanase endoglycosidase enzyme inhibitor, with Wxed
weekly docetaxel in patients with advanced solid malignan-
cies.
Experimental design This was a phase I study to deter-
mine the maximal-tolerated dose of escalating doses of PI-
88 administered subcutaneously for 4 days per week, along
with docetaxel 30 mg/m2 given on days 1, 8, 15 of a 28-day
schedule.
Results Sixteen patients received a total of 42 courses of
therapy. No dose-limiting toxicities were observed despite
escalation to the highest planned dose level of PI-88
(250 mg/day). Frequent minor toxicities included fatigue
(38%), dysgeusia (28.5%), thrombocytopenia (12%), diar-
rhea (14%), nausea (12%), and emesis (10%) in the 42
courses. No signiWcant bleeding complications were observed.
One patient developed a positive anti-heparin antibody test/
serotonin releasing assay with positive anti-platelet factor
4/PI-88 antibodies and grade 1 thrombocytopenia in cycle

5, and was withdrawn from the study without any sequelae.
PI-88 plasma concentrations (mirrored by APTT) and
urinary elimination were linear and dose-proportional.
Docetaxel did not alter the pharmacokinetic (PK) proWle of
PI-88, nor did PI-88 aVect docetaxel PK. No signiWcant
relationship was determined between plasma or urine FGF-
2, or plasma VEGF levels and PI-88 dose/response.
Although no objective responses were observed; 9 of the 15
evaluable patients had stable disease for greater than two
cycles of therapy.
Conclusion PI-88 administered at 250 mg/day for 4 days
each week for 3 weeks with docetaxel 30 mg/m2 on days 1,
8 and 15, every 28 days, was determined to be the recom-
mended dose level for phase II evaluation. This combina-
tion was well tolerated without severe toxicities or PK
interactions.

Keywords PI-88 · Docetaxel · Heparanase inhibitor · 
Angiogenesis · Clinical trial · Advanced malignancies

Introduction

Anti-angiogenic approaches, either alone or in combination
with chemotherapy, are active in treating advanced malig-
nancies [39, 41, 52]. Targeting vascular endothelial growth
factor (VEGF) and its receptors, platelet derived growth
factor (PDGF) and basic Wbroblast growth factor (FGF-2)
via antibody and receptor tyrosine kinase techniques have
proven eYcacy; however, many other angiogenic targets
have yet to be fully explored [39, 41, 52]. Heparanase is a
endoglycosidase enzyme which degrades heparan sulfate
glycosaminoglycan, the principal component of the base-
ment membrane, resulting in the loss of basement mem-
brane integrity, and release of heparan sulfate bound
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angiogenic and growth-promoting factors [54], which sub-
sequently stimulate tumor blood vessel growth, cellular
invasion, migration, adhesion, metastasis, diVerentiation
and proliferation [15, 29, 53]. Furthermore, heparanase
induces endothelial cell migration via activation of the
protein kinase B/Akt signal pathway, independent of its
endoglycosidase activity [51]. Heparanase mRNA is over-
expressed in a wide variety of tumor types [30, 31, 45],
with notably high over-expression in head and neck [46],
pancreatic [25], and hepatocellular carcinomas [16].

PI-88 is a highly reproducible sulfonated oligosaccha-
ride mixture derived from chemical sulfation of the oligo-
saccharide phosphate fraction of phosphomannan produced
by yeast Pichia (Hansenula) holstii NRRLY-2448 (ATCC
13689). PI-88 inhibits heparanase and cleavage of heparan
sulfate (HS), and competes with HS binding of peptide
FGF, and VEGF to produce the potent anti-angiogenic and
anti-metastatic eVects observed preclinically [2, 34–36].
The activated partial thromboplastin time (APTT) is pro-
longed by PI-88 due to activation of endogenous heparin
cofactor II, without aVecting prothrombin time, anti-throm-
bin III-mediated inhibition of factor Xa or factor IIa
(thrombin) [34].

PI-88 has been studied as a continuous intravenous (IV)
infusion or subcutaneously (SC) in healthy male volunteers
and patients [5, 36, 42]. Phase I intravenous studies in
advanced cancer patients did not demonstrate tolerability.
Dose-limiting toxicities (DLTs) of immune-related throm-
bocytopenia with formation of anti-heparin platelet factor 4
(AHPF4) complex antibodies (at 2.28 mg/kg/day for
14 days) were observed in 2 out of 14 patients in one study,
[1, 36, 42], and a DLT of serum transaminitis (at 4.56 mg/
kg/day for 4 days) was observed in another study. More-
over, there was minimal APTT prolongation, biologic or
clinical activity at these doses [1, 36, 42]. Consequently, IV
studies were terminated early, and the SC formulation was
further developed for its improved bioavailability and
decreased incidence of immune-mediated thrombocytope-
nia [36, 42]. In a phase I study of 42 patients receiving PI-
88 alone (80–315 mg/day), the MTD of 250 mg/day SC
daily for 4 days on both bimonthly and weekly schedules
was established with linear pharmacokinetics (PK) and
minimal toxicity. Grades 2–3 thrombocytopenia were
observed in three patients with only one patient developing
positive AHPF4 antibodies. Furthermore, this SC formula-
tion demonstrated biologic and clinical activity. Patients
demonstrated APTT prolongation correlating with AUC
and Cmax as a pharmacodynamic (PD) marker, and prelimi-
nary anti-tumor activity was observed: one metastatic mela-
noma patient treated at 80 mg/day had a partial response
(PR) maintained for >70 months and 9 patients treated at
PI-88 doses between 140 and 250 mg/day maintained stable
disease (SD) >6 months [5].

Docetaxel, a semi-synthetic taxane, has established
broad-spectrum anti-tumor activity in breast, lung, gastric,
prostate and ovarian cancers at doses of 60–100 mg/m2 IV
administered every 3 weeks [7, 21, 22]. The high incidence
of acute severe neutropenia, alopecia, asthenia, dermatolog-
ical reactions, Xuid retention, hypersensitivity reactions and
stomatitis are reduced when dosing is changed to Wxed low
doses of 30–40 mg/m2 given weekly [3, 8]. Frequent low
docetaxel doses maintain similar eYcacy with mild myelo-
suppression, and predominant toxicities of minor nail
changes, excessive lacrimation, and dose-limiting fatigue
and asthenia [19, 26, 28, 47].

Anti-angiogenic drugs increase the anti-tumor eYcacy,
response rates and progression-free survival of patients
when combined with chemotherapy, without a high inci-
dence of hemorrhage [4, 18, 33, 55]. PI-88 shows additive
activity in combination with cytotoxic agents in-vivo [36],
and improved clinical eYcacy is seen when docetaxel is
combined with anti-angiogenic agents [6, 12, 27, 37, 38].
Therefore, PI-88 and with low dose weekly docetaxel could
potentially be a well-tolerated and eYcacious combination,
with broad anti-tumor activity.

The goals of this phase I study were to determine the
maximum-tolerated dose (MTD) or the recommended
phase II dose (RPTD), safety, tolerability and PK proWle of
PI-88 when administered SC in combination with weekly
IV docetaxel in patients with advanced malignancies. The
biological activity of this combination was determined by
analysis of relevant biomarkers of angiogenesis, and early
anti-tumor activity was assessed.

Patients and methods

Patient selection

Eligibility criteria were as follows: patients to have histo-
logical or cytopathological conWrmed advanced malignan-
cies refractory to or without standard therapy, age
¸18 years, Eastern Cooperative Oncology Group (ECOG)
performance status <2, life expectancy >3 months, and ade-
quate laboratory parameters such as neutrophil counts
>1.5 £ 109/L, platelet counts >100 £ 109/L, prothrombin
time <1.5 times the upper limit of normal (£ULN), normal
APTT, calculated creatinine clearance >60 ml/min (Cock-
croft-Gault formula) [9, 40], bilirubin < ULN and liver
enzyme levels <2.5 £ ULN.

Patients were excluded if they had myocardial infarc-
tion, stroke or congestive heart failure within the past
3 months, investigational or hormonal therapy, major sur-
gery or uncontrolled infection within the past 4 weeks, or
palliative radiotherapy within 7 days of study initiation.
Criteria also excluded: radiotherapy to >30% of the bone
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marrow, symptomatic central nervous system involvement,
meningeal metastases, any history of bleeding, abnormal
bleeding tendency, heparin-induced thrombocytopenia,
immune-mediated thrombocytopenia, thrombotic thrombo-
cytopenic purpura, platelet disease, or allergy and/or hyper-
sensitivity to anti-coagulants, thrombolytic agents, heparin
or polysorbate 80. Concomitant aspirin, non-steroidal anti-
inXammatory drugs (except selective COX-2 inhibitors),
heparin, low molecular weight heparin or coumadin
(>1 mg) were not allowed, nor was heparin/low molecular
weight heparin use <2 weeks prior to study initiation.
Patients could not be on any cytochrome CYP3A enzyme
inducers or inhibitors during/within 1 week of study treat-
ment. Pregnant or breast-feeding women were excluded
and female patients of childbearing age were required to
have a negative pregnancy test. Written informed consent
was obtained from all patients in compliance with federal
and institutional guidelines.

Drug administration

PI-88 supplied by Progen Pharmaceuticals Limited
(Toowong, QLD, Australia) as a sterile lyophilized powder
(400 mg/vial) was reconstituted in 0.9% sodium chloride to
form a sterile solution (320 mg/mL) administered SC for
four consecutive days per week, (immediately before doce-
taxel infusion on day 1), for three out of 4 weeks. Commer-
cially available docetaxel was obtained from Aventis
Pharmaceutical Products Inc. (TAXOTERE® 20 and
80 mg), prepared as per manufacturer’s instructions and
administered once weekly for 3 weeks of every 4-week
cycle. Dexamethasone 8 mg IV was given prior to doce-
taxel to prevent hypersensitivity reactions, skin toxicity and
peripheral edema [47].

PI-88 dosing was initiated at 106 mg/day (based on Wnd-
ings from a prior study of PI-88 alone) [5] and escalated by

33% between cohorts (106, 140, 190 and 250 mg/day),
while maintaining a Wxed docetaxel dose, until the MTD
was determined or the maximum dose level of 250 mg/day
of PI-88 was reached, as shown in Table 1. Although pre-
clinically PI-88 did not aVect docetaxel metabolism or
excretion (PI-88 did not aVect P450 enzymes in human
hepatic microsome studies and was excreted unchanged in
the urine without hepatic metabolism in animal studies)
[36], Wxed doses of 30 mg/m2 of docetaxel, lower than clin-
ically established 35–40 mg/m2 monotherapy doses, were
chosen for safety as PI-88 had not been examined in combi-
nation at the time of study design [47]. A standard 3 + 3
phase I design was implemented, and three assessable
patients were enrolled to each dose level [24]. If one-third
patients developed DLT, three additional patients were
enrolled to the same dose level. If ¸2 patients at a dose
level developed DLT, enrollment would stop, and the
immediately preceding dose level would be deWned the
MTD. If the MTD were not determined in lower dose
levels, PI-88 would be escalated to a maximum dose of
250 mg/day with enrollment of six total patients. DLT was
deWned as any grade ¸3 non-hematological toxicity
(excluding alopecia, and nausea/vomiting in the absence of
adequate anti-emetic therapy), grade 4 thrombocytopenia,
grade 4 granulocytopenia >5 days, or febrile neutropenia
(fever ¸ 38.3°C). DLT included the inability to administer
>75% of planned PI-88 doses in a cycle due to toxicity,
inability to begin the next course of treatment <2 weeks of
last PI-88 dose due to unresolved toxicity, APTT >3 £ULN
for >2 h post PI-88 dosing days 1, 8 and 15, or Grade 3
injection site reaction.

Pretreatment and follow-up studies

Medical histories, symptom reviews, physical examina-
tions, medication proWles, performance status assessments,

Table 1 PI-88 dose-escalation scheme

a One patient in this cohort received PI-88 alone for cycle 2 day 15. Docetaxel was withheld due to grade 1 hyperbilirubinemia possibly related to
treatment
b One patient in this cohort continued with stable disease after the end of cycle 6 and was transferred to the continuation protocol alone for two
further cycles (included in the total number of cycles above)
c One patient developed rapid progression of disease with new brain metastases after cycle 1 day 5; therefore, this patient was not included for
assessment of response and was replaced and not included in the assessment of number of cycles in this table; however, this patient was included
for assessment of toxicity

Cohort PI-88 (mg) administered 
subcutaneously for 
4 days weekly

Docetaxel (mg/m2) administered 
intravenously weekly for 
three out of four weeks

Number 
of patients

Number of cycles 
of therapy

1 106 30 3 6

2 140 30 3 5

3 190 30 3 8a

4 250 30 7c 23b

Total 16 42
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routine laboratory studies and coagulation proWles (PT,
APTT, Wbrinogen, and D-Dimer) were performed before
study initiation and weekly during treatment. Pretreatment
studies included urinalysis, a serum pregnancy test (as
appropriate), an electrocardiogram, radiographic studies to
evaluate measurable and assessable sites of disease, and rel-
evant tumor markers. During cycle 1, APTT levels were
monitored on day 1, then assessed pre- and 2 h post PI-88
dose on days 2, 3, 4, 8, 9, 10, 11, 15 and 28. PI-88 injection
sites were monitored. Radiographic evaluations for disease
status were repeated after every other course using
Response Evaluation Criteria in Solid Tumors (RECIST)
[49, 50], and patients continued treatment until progression
or withdrawal criteria were met.

Measurement of antibodies to PF4, PI-88 or heparin

Antibodies to PI-88 or platelet factor 4 (PF4) were mea-
sured in patients prior to initial study treatment and at the
end of each cycle. Anti-PI-88/PF4 antibody production was
measured with an enzyme-linked immunoassay (EIA)
described by Amiral et al. [1], in addition to a functional
serotonin release assay (SRA) for heparin-induced throm-
bocytopenia previously described by Sheridan et al. [44]

Pharmacokinetic assessments

PI-88, docetaxel and APTT blood samples were collected
prior to PI-88 dosing, at 0.5, 1, 1.5, 2, 3, 4, 6 and 8 h after
PI-88 dosing on day 1, immediately before PI-88 on days 2,
3, 4, 8, 9, 10, 11, 15 and 28, and on day 5 (24 h post PI-88).
PI-88 plasma levels were determined using a developed and
validated Xuorescence-quenching assay, as outlined by
Basche et al. [5].

PK analysis of weekly docetaxel in human plasma, in the
presence of PI-88 administration, was done by a tandem
LCMS method developed and previously established by
Gustafson et al. [20]. Docetaxel concentrations in plasma were
calculated based on a standard curve of docetaxel in blanked
pooled human plasma with internal standard docetaxel.

The PK proWle of PI-88 was analyzed using compart-
mental methods with data Wt to the compartmental module.
Docetaxel PK parameters were calculated from concentra-
tion versus time data using a three-compartment model
with intravenous infusion and by non-compartmental anal-
ysis. The compartmental and non-compartmental modeling
and determination of PK parameters for both PI-88 and
docetaxel were determined using WinNonlin software
version 4.1 (Pharsight Corporation, Mountain View, CA,
USA) with 1/�2 weighting and calculation of PK parameters
using Microsoft Excel and standard equations for compart-
mental, non-compartmental and system analysis. PK vari-
ables were calculated in a model-dependent manner.

Sterile midstream urine samples for PK determination
were collected at the same intervals as the blood samples
above and PI-88 levels were determined by a high perfor-
mance liquid chromatography (HPLC) method validated
for PI-88 by Progen Pharmaceuticals Ltd. PI-88 extraction
was performed using a Waters Oasis QAX® SPE column
(Milford, MA, USA) with 0.1 ammonium acetate, water
and methanol, then eluted with 1% ammonia. The eluant
(100 �L/replicate) was analyzed by size exclusion HPLC
(Shodex OHpak 6 �) with refractive index detection at
35°C, using a mobile phase of 0.1 ammonium acetate. PI-
88 concentration was determined by comparison to a stan-
dard curve (10–150 �g/mL PI-88) prepared by adding
known concentrations of PI-88 to urine from healthy volun-
teers and processing them the same way as patient samples.
The assay had a linear range of 10–300 �g/mL PI-88.

Measurement of systemic and urinary angiogenic growth 
factor levels

Whole blood and urine samples were collected on prior to
PI-88 administration on days 1 and 15, on day 28 and at
study end. Analysis of VEGF and FGF-2 plasma levels, and
of urinary FGF-2 were performed using a validated ELISA
based antibody immunoassay, Quantikine® (R&D Systems,
Minneapolis, MN, USA). Quality control samples contain-
ing known amounts of the substrate were run in parallel
with other samples to determine the inter-day coeYcient of
variation. Only assays exhibiting coeYcient of variation
<20% were considered valid.

Results

General

Sixteen patients (median age 54 years, 69% females)
received a total of 42 courses of therapy. Most patients
(62.5%) were ECOG ·1 and a wide variety of tumor types
were represented with a predominance of melanoma, breast
and ovarian cancers. All patients had prior systemic therapy
and/or radiotherapy, with the exception of one melanoma
patient. These descriptive characteristics are summarized in
Table 2.

Toxicity

PI-88 and docetaxel therapy was well tolerated in the 16
patients; 98% of all toxicities were mild to moderate in
severity. Of all the adverse events (AEs) experienced, 56%
were attributable to study drug, and out of these, 78% were
mild. As observed in Table 3, the most frequently observed
non-hematological AEs attributable to study drugs were
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fatigue (12 events in 10 patients, with an incidence of 33%
in the 42 courses of therapy), followed by dysgeusia
(28.5%), diarrhea (14%), nausea (12%), emesis (10%) and
dyspepsia (10%). No patients required PI-88 dose modiWca-
tion. Docetaxel doses were not reduced due to toxicity.
Docetaxel administration was held for one dose in a patient
in cohort 3 (cycle 2 day 15) due to transient grade 1 hyper-
bilirubinemia, he received PI-88 alone (190 mg/day) and
the hyperbilirubinemia resolved; nevertheless, the patient
developed disease progression (PD) and was withdrawn
from study after cycle 2. One patient in the 250 mg/day

Table 2 Patient demographics and characteristics

Abbreviation: ECOG Eastern Cooperative Oncology Group
a Includes interferon, IL-2 and vaccines, autologous stem cell trans-
plantation, isolated hepatic perfusion and clinical trials with novel
agents
b Other tumor types include one of each including of cystic adenocar-
cinoma of the tongue, colon cancer, thymoma, gastric cancer, fallopian
tube adenocarcinoma, and squamous cell carcinoma of the head and
neck

Characteristic Number

Number of patients 16

Total number of courses 42

Number of courses per patient

Median 3

Range 1–8

Patients receiving ¸2 cycles of therapy 9

Sex

Male 5

Female 11

Age

Median (in years) 54

Range (in years) 41–67

ECOG performance status

0 4

1 11

2 1

Previous treatment

Mean prior chemotherapy regimens 2

Range of prior chemotherapy regimens 0–6

Fewer than three prior chemotherapy regimens 8

Three or greater prior chemotherapy regimens 3

Prior investigational/ targeted therapy/clinical triala 6

Prior immunotherapy 3

No prior chemotherapy or radiation therapy 1

Prior radiotherapy 9

Tumor type

Melanoma 5

Ovarian 3

Breast cancer 3

Otherb 6
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cohort was delayed 1 week from treatment with both agents
due to grade 3 fatigue. No other delays were required and
no hospitalizations occurred as a result of toxicity.

As shown in Table 4, there were minimal hematologic
toxicities: thrombocytopenia was observed in Wve courses
(12%), and grade 2 anemia at the 190 and 250 mg PI-88
doses was described in 4 of the 42 courses (10%). Only one
incidence of severe grade 3 thrombocytopenia (<2%)
occurred in a patient at the highest PI-88 dose (250 mg/day)
during cycle 6, without any bleeding complications and the
AHPF4 result was negative. After being taken oV study for
PD, the patient recovered fully without additional treat-
ments. One patient in the 190-mg/day cohort, at the begin-
ning of cycle 5 developed presence of a positive SRA result
and anti PF4/PI-88 antibodies with transient grade 1 throm-
bocytopenia. Despite the lack of clinically signiWcant
bleeding or clotting complications, this patient was discon-
tinued from study without any sequelae. No other patients
developed anti-PI-88/PF4 antibodies.

Severe grade 3 toxicities were observed late in therapy
and were infrequent. No DLTs were observed. As there
were no DLTs to establish the MTD after escalation to
highest predetermined dose level of PI-88, PI-88 at 250 mg/
day SC daily for four consecutive days per week with Wxed
dose docetaxel at 30 mg/m2 IV on days 1, 8, 15 q 28 days
was determined to be the RPTD.

Anti-tumor activity

No partial or complete responses were observed during the
study period. However, at least 9 of the 15 patients evalu-
able for response maintained SD at completion of ¸2
cycles of therapy. The histological subtype of patients with
SD ¸2 cycles included ovarian carcinoma (3), melanoma
(2), adenocystic carcinoma of the head and neck (1), squa-
mous cell carcinoma of the head and neck (1) gastric carci-
noma (1), and breast carcinoma (1). Remarkably, many of
these patients had been heavily pretreated with >2 prior
regimens and some had failed prior taxane therapy. Most
patients with prolonged SD were treated in the 190 or
250 mg/day cohorts. The patient (receiving 190 mg/day PI-
88) with adenocystic carcinoma of the tongue and lung
metastases maintained SD after completing four cycles, but

required withdrawal from the study due to the positive
AHPF4 result in cycle 5. A gastric cancer patient with
extensive lymphadenopathy completed six cycles of PI-88
at 250 mg/day before developing PD. A malignant thy-
moma patient with involvement of pleura, pericardium, dia-
phragm and liver had sustained SD after six cycles of PI-88
at 250 mg/day; therefore, he was transferred to the PI-88-
alone continuation protocol for two more cycles, maintain-
ing SD for a total of eight cycles.

Pharmacokinetic studies

PI-88 PK proWles were assessed from 296 plasma samples
from 16 patients. PI-88 plasma concentrations increased
with dose (Fig. 1b) and were near linear with respect to

Table 4 Hematological Toxici-
ties Attributed to PI-88 and 
Docetaxel

PI-88 
(mg/day) 

Docetaxel 
(mg/m2) 

No. patients 
(No. of courses) 

Bruising at injection 
site incidence

Thrombocytopenia 
incidence

Anemia 
incidence

G1 G2 G1 G2 G3 G1 G2

106 30 3 (6) 0 0 0 0 0 0 0

140 30 3 (5) 1 0 0 0 0 0 0

190 30 3 (8) 3 0 4 0 0 0 2

250 30 7 (23) 1 0 0 0 1 0 2

Total 16 (42) 5 (12%) 5 (12%) 4 (10%)

G1–G3 represent National Can-
cer Institute CTC grades 1–3 
(version 2.0). The number of cy-
cles in which each toxicity was 
observed is indicated in the body 
of the table

Fig. 1 a Percentage change in APTT (%) with respect to time post
PI-88 administration (in h). b Plasma concentration of PI-88 (ug/ml)
versus time post dose (h)
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Cmax and AUC (Table 5). The plasma PI-88 PK proWle was
consistent with those observed in previous studies with lin-
ear elimination evident from the time of Cmax [5, 34, 40].
The maximum pre-dose concentration reached was 1.5 �g/
mL, which was consistent with the data from an earlier
study of PI-88 alone [5]. There was marginal increase in the
half-life (t1/2) with increasing PI-88 dose. The apparent
clearance and volume of distribution did not change signiW-
cantly across the doses administered with minor drug accu-
mulation with repeat dosing.

PI-88 PK parameters in the presence of docetaxel dem-
onstrated a one-compartment model with Wrst order elimi-
nation and Wrst-order absorption from an extravascular site
with a high goodness-of-Wt correlation (>0.90–0.95) in the
106 and 140 mg doses; with a lower goodness-of-Wt corre-
lation (0.88) in the 190 and 250 mg doses (Table 5) [5]. PI-
88 PK parameters were not aVected by the administration
of docetaxel. PI-88 PK parameters in the presence of doce-
taxel were similar to the PK parameters of PI-88 alone in a
prior study [5]. Docetaxel PK parameters demonstrated a
three-compartmental model (Table 6) and were unaVected
by the administration of PI-88 [20].

PI-88 urinary elimination as a function of dose increased
linearly with increased dose (high correlation co-eYcient
r2 = 0.91), without obvious binding (Fig. 2).

Pharmacokinetic/pharmacodynamic relationships

As PI-88 has anticoagulant properties, the change in APTT
served as a PI-88 PD marker: at least grade 1 APTT prolon-
gation (>1.5 £ULN) was evident after every dose of PI-88
as shown in Fig. 1a; however, sustained, more prominent
prolongation was observed at higher doses of 190 and
250 mg/day. The change in APTT returned close to base-
line after each administration, similar to PI-88, and also
demonstrated a linear relationship with, respectively, Cmax

and AUC. Despite low correlation, the percentage change
in APTT appeared to correlate better to Cmax (goodness of
Wt r2 = 0.27) rather than to the AUC (goodness of Wt
r2 = 0.11). In the 250 mg/day cohort, 3/7 patients developed
transient increases in APTT up to grade 2 (>1.5–2 £ULN)
after PI-88 dosing (at Cmax) in later cycles, without any
clinical sequelae. However, one of these patients developed
mild bruising at the injection site in cycles 2 and 3, and
transient grade 2 hematuria concomitant with a urinary tract
infection at peak APTT levels. Due to the small number of

Table 5 Average pharmacokinetic values for PI-88 from 106 to 250 mg subcutaneous on day 1 in the presence of Docetaxel 30 mg/m2 intravenous
once weekly

Average pharmacokinetic values for 
PI-88 when administered with 
docetaxel (30 mg/m2 IV weekly for 3 out of 4 weeks)

PI-88 106 mg 
subcutaneous 
once daily dosing 
(n = 3 patients)

PI-88 140 mg 
subcutaneous 
once daily dosing 
(n = 3 patients)

PI-88 190 mg 
subcutaneous 
once daily dosing 
(n = 3 patients)

PI-88 250 mg 
subcutaneous 
once daily dosing 
(n = 7 patients)

V/F (Volume of distribution/bioavailability) in mL 8,296 § 3,150 11,811 § 1,856 12,855 § 4,618 14,261 § 4,338

AUC (Area under the Concentration Curve) in h *ug/mL 47 § 10 55 § 12 147 § 113 132 § 51

T1/2 (half-life) in h 2.5 § 0.6 3.1 § 0.3 7.0 § 5.9 5.2 § 2.7

Tmax (time to maximal concentration) in h 2.3 § 0.4 1.1 § 0.8 2.4 § 1.2 3.0 § 1.4

C max (maximal concentration) in ug/mL 6.9 § 2.1 9.7 § 3.7 10.7 § 3.5 11.1 § 1.3

CL/F (Clearance/bioavailability) in mL/h 2,337 § 489 2,626 § 534 1,783 § 960 2,156 § 828

Table 6 Docetaxel PK in patients treated with 30 mg/m2 in the pres-
ence of PI-88 compared with PK in patients treated with docetaxel
alone

PK parameters calculated using a three-compartment model
a Docetaxel alone data are from Gustafson et al. [20]

PK parameters Docetaxel + PI-88 
(n = 11)

Docetaxel alonea 
(n = 8)

Cmax (nM) 931 § 347 933 § 372

AUC (nM h) 1,390 § 396 1,446 § 494

t1/2� (h) 0.11 § 0.04 0.08 § 0.03

t1/2� (h) 1.24 § 0.53 0.88 § 0.49

t1/2� (h) 33.0 § 18.4 25.4 § 20.1

CL (L/h/m2) 29.3 § 10.7 29.1 § 11.9

Vss (L/m2) 434 § 358 322 § 330

Fig. 2 Percentage mean urinary excretion of PI-88 with respect to
PI-88 dose (mg)
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patients in this study, patient characteristics, toxicities and
eYcacy could not be correlated with PI-88 PK variables.

Growth factor concentrations

Levels of plasma FGF-2, VEGF and urine FGF-2 did not
demonstrate any signiWcant relationship with respect to the
dose of PI-88, APTT prolongation, or cycle of therapy.
These growth factor concentrations also did not appear to
correlate with disease stability or progression; however,
patient numbers were too low to draw conclusions.

Discussion

This study established that PI-88 could safely be given at
doses up to 250 mg/day with Wxed weekly docetaxel, and
that this combination was well tolerated. Toxicities were
mild and there were no DLTs. As PI-88 toxicity would
unlikely diminish in combination with chemotherapy, doses
were not escalated above 250 mg/day (the active estab-
lished monotherapy MTD) [5]. Low dose weekly docetaxel
was chosen due to its low incidence of severe myelosup-
pression (<15%), and thrombocytopenia (<5%) [7, 23, 28,
43]. The principal toxicities in this study of fatigue, dysgeu-
sia, diarrhea, and nausea/vomiting were in keeping with the
toxicity proWle of docetaxel, as was transient hyperbilirubi-
nemia in one patient [21]; whereas, injection site bruising
and thrombocytopenia were observed with PI-88.

PI-88 with docetaxel was safe without signiWcant hema-
tologic toxicities, hemorrhage or thrombosis. Severe throm-
bocytopenia was observed in <2% of courses without
bleeding complications. Although PI-88 inhibits thrombin-
induced platelet aggregation, it does not aVect collagen- or
ADP-induced aggregation in vitro, and hemorrhage has not
been observed in animal models [36]. As PI-88 induces the
release of tissue factor pathway inhibitor without eVect on
anti-thrombin III-mediated inhibition of factor Xa or factor
IIa (thrombin) [36], expectedly, no signiWcant changes in
PT, INR or D-Dimer were observed in this study.

The incidence of immune-mediated thrombocytopenia
was very low with this SC formulation. Only one patient in
this study developed immune-mediated thrombocytopenia
with a positive SRA and was withdrawn from study without
any sequelae. PI-88 has been associated with immune-medi-
ated thrombocytopenia with a positive AHPF4 lab result
similar to the heparin-induced thrombocytopenia syndrome,
which also commonly occurs at higher heparin doses, and
with the IV rather than SC formulation [10, 11, 42].

PK studies in rats and monkeys using 35S-PI-88 demon-
strated 100% bioavailability and predominant urinary excre-
tion of 32–57% in rats and 27% in monkeys, with no
metabolites in urine, and no fecal or biliary excretion [36].

Prior clinical PI-88 SC monotherapy studies showed linear
plasma concentrations with respect to dose, reXected in both
AUC and Cmax, and PK following a one-compartment model
with Wrst-order elimination and Wrst-order absorption from
an extravascular site [5]—similar to the PI-88 results in this
study in the presence of docetaxel. As docetaxel did not sig-
niWcantly interact with or change PI-88 PK, nor did PI-88
interact with or aVect docetaxel PK parameters, additive tox-
icities due to PK interactions were unlikely.

PI-88 is similar to the polysaccharide angiogenesis
inhibitor, tecogalan sodium, which inhibits binding of FGF-
2 to cellular receptors and inhibits heparin cofactor II, not
anti-thrombin III [14], producing anticoagulation as a PD
parameter, correlating with the plasma concentration and
Cmax [14]. All patients in this study had maximal APTT
prolongation post PI-88 with a prolongation at of least
grade 1 (>1.5 £ULN) at Cmax, similar to the prior PI-88
monotherapy study [5]. APTT was more often sustained
and more prolonged (grades 1–2) at the higher doses of
190–250 mg/day, (3/7 patients at 250 mg/day developed
grade 2 APTT levels post PI-88 dosing), without any seri-
ous bleeding. More sustained anticoagulation may be asso-
ciated with prolonged endothelial cell growth inhibition,
improved anti-angiogenic activity and eYcacy [14, 17].
Interestingly, patients with more prolonged APTT at the
higher doses appeared to also have more sustained disease
stability (>4 cycles in one patient at 190 mg/day, and >6
cycles in two patients at 250 mg/day). However, despite
observing APTT prolongation and more SD at higher
doses, no relationship was determined between PI-88 and
the biologic endpoints of serum/urine FGF-2 and VEGF,
consistent with previous studies [5, 36, 42]. Further valida-
tion and exploration of anti-angiogenic PD markers are
necessary as angiogenic growth factor levels Xuctuate quite
rapidly with time due to multiple sites of production, stor-
age and complex cross-regulation [13, 32, 48].

The study established PI-88 at 250 mg/day SC with Wxed
weekly 30 mg/m2 docetaxel as the RPTD. These drugs
were safely administered at the above doses, without
increased toxicity, DLTs or signiWcant bleeding complica-
tions. This combination was well tolerated with evidence of
disease stability in a variety of malignancies. PI-88 is
promising novel therapy in a new class of anti-angiogenic
anti-cancer agents, meriting further future study either
alone or in combination with chemotherapy in disease-
directed clinical trials.
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