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Abstract

Purpose This phase 1 trial sought to define the toxicity,
maximally tolerated dose (MTD) and pharmacodynamics
of a combination of bortezomib and doxorubicin in patients
with advanced malignancies.

Patients and methods Twenty-six patients were treated
with bortezomib intravenously on days 1, 4, 8 and 11, with
doxorubicin also administered intravenously on days 1 and
8, both in a 21-day cycle. Dosing ranged from 1.0 mg/m? of
bortezomib with 15 mg/m? of doxorubicin to 1.5 mg/m? of
bortezomib with 20 mg/m? of doxorubicin. Pharmacody-
namic studies performed included assessment of levels of
20S proteasome activity and ubiquitin-protein conjugates.
Results The combination of bortezomib and doxorubicin
was generally well tolerated. There were two dose limiting
toxicities (DLT) at dose cohort 3 (1.3 mg/m2 bortezomib,
20 mg/m? doxorubicin) and 2 DLT at dose cohort 3a
(1.5 mg/m? bortezomib, 15 mg/m? doxorubicin). DLT seen
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included neutropenia, thrombocytopenia, and neuropathy.
In addition, one patient developed grade 3 central nervous
system toxicity in cycle 2 (not a DLT). One patient with
hormone refractory prostate cancer had a partial response.
Proteasome inhibition in whole blood was demonstrated
and an increase in ubiquitin-protein conjugates was
observed in peripheral blood mononuclear cells of most
patients.

Conclusions Bortezomib and doxorubicin can be admin-
istered safely. The recommended phase II dose for this 21-
day cycle is bortezomib 1.3 mg/m? intravenously on days 1,
4, 8 and 11, and doxorubicin 20 mg/m2 intravenously on
days 1 and 8. This combination may be of special interest in
multiple myeloma, given the activity of both drugs in that
disease.

Keywords Bortezomib - Doxorubicin - Ubiquitination -
Proteasome inhibition

Introduction

Bortezomib (PS-341, VELCADE®), a specific proteasome
inhibitor, is approved for the treatment of patients with
multiple myeloma [2, 13, 20-22] who have received at
least one prior therapy and for the treatment of patients with
mantle cell lymphoma [9] who have received at least one
prior therapy. Common moderate to severe toxicities seen
with bortezomib include neutropenia, anemia, and throm-
bocytopenia.

Doxorubicin (Adriamycin) is an anthracycline-type of
chemotherapy, which induces DNA strand breakage by
multiple mechanisms. It is indicated in several malignan-
cies, including leukemia, sarcoma, breast and ovarian can-
cer, among others. Common toxicities of doxorubicin
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include myelosuppression, nausea and vomiting, mucocuta-
neous effects and cardiomyopathy.

There have been several pre-clinical studies, which sug-
gest synergy for the combination of bortezomib and doxo-
rubicin. For example, Mitsiades et al. [16] have examined
the combination of doxorubicin and bortezomib in multiple
myeloma cells in vitro. A large increase in doxorubicin-
mediated cytotoxicity in cells treated with bortezomib was
seen, significantly more than that seen with other multiple
myeloma agents such as dexamethasone or thalidomide.
Using microarray techniques, changes in cellular transcripts
of apoptosis, cell growth, proteasome function and heat
shock response were seen after bortezomib treatment, sug-
gesting that these cells would then be more sensitive to
doxorubicin mediated cell death. Similarly, Ma et al. [15]
saw a marked potentiation of doxorubicin-induced cytotox-
icity of multiple myeloma cells when given in combination
with bortezomib. This effect was much more pronounced in
doxorubicin resistant cells; a phenomenon also noted by
Hideshima et al. [12]. Finally, recent evidence suggests that
doxorubicin binds to and inhibits both 26S and 20S protea-
some chymotrypsin-like function in a dose-dependent fash-
ion [14] and that doxorubicin utilizes proteasomes for
transport to the nucleus [8], suggesting that the synergy
observed with the combination of doxorubicin and bortezo-
mib may be related to targeting of the proteasome. Despite
this promising pre-clinical data, there has been no clinical
evaluation of proteosome inhibition by doxorubicin.

The chosen schedule for chemotherapy combinations
with bortezomib may be important. An et al. determined
that bortezomib and chemotherapy (doxorubicin and paclit-
axel) interactions were schedule dependent [3]. Synergistic
interactions were identified when PEL (primary effusion
lymphoma) cells were pre-treated with bortezomib prior to
chemotherapy. Chemotherapy pre-treatment or concurrent
treatment with bortezomib and chemotherapy lead to addi-
tive or antagonistic interactions [3]. Conversly, Gummer-
lock etal. [10] found that when they treated a p53-null
NSCLC cell line with docetaxel and bortezomib, greatest
cytotoxicty occurred when the docetaxel preceded bortezo-
mib.

Proteasome inhibition by bortezomib occurs preferen-
tially in transformed cells, most likely due to upregulation
of ubiquitin functions. Proteasome inhibition in whole
blood after treatment with bortezomib demonstrates a linear
dose-response curve for doses up to 1.3 mg/m2, after which
it plateaus at approximately 65-70% inhibition [1, 18].
Maximal percent inhibition of proteasome activity is
observed by 1 h after dosing, followed by a return toward
baseline within 72 h. Papandreou et al. [18] evaluated pro-
teasome inhibition in human tumor samples concurrently
with its activity in blood, and identified that proteasome
inhibition in prostate and lymph node samples was similar
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to that observed in blood while inhibition of activity in the
bone marrow was approximately one half that observed in
blood.

Ubiquitination is a reversible posttranslational modifica-
tion of cellular proteins, in which ubiquitin is primarily
attached to the e-amino group of lysines in target proteins
[17]. Ubiquitination serves as a signal to the proteasome to
initiate the degradation of these cellular proteins, and deg-
radation of proteins via this mechanism controls the major-
ity of cellular processes, including transcription, apoptosis
and cell cycle regulation [4, 6]. Theoretically, a proteasome
inhibitor should increase the total cellular quantity of ubig-
uitin-protein complexes by inhibiting protein breakdown.

The objective of this study was to determine the maxi-
mum tolerated dose (MTD) of bortezomib in combination
with doxorubicin. Secondary objectives included a prelimi-
nary evaluation of antitumor activity and exploring the
pharmacodynamics of proteasome inhibition and ubiquiti-
nation in patients receiving this combination.

Methods
Patient selection

Patients with histologically confirmed, advanced malignan-
cies, refractory to standard therapy or for whom no standard
therapy existed, were eligible for enrollment. Inclusion cri-
teria included Eastern Cooperative Oncology Group
(ECOG) performance status of 0-2, age greater than or
equal to 18 years and presence of measurable or evaluable
disease by the response evaluation criteria in solid tumors
(RECIST) criteria [23]. Patients had no signs of brain
metastases, preexisting grade 2 or higher peripheral neurop-
athy, serious active infection, or prior cumulative doxorubi-
cin exceeding 280 mg/m?®. Patients had not received any
chemotherapy or radiation therapy within 4 weeks prior to
entering this study. Patients had adequate organ function
defined as an absolute neutrophil count of at least 1,500/
mm?, platelets of at least 100,000/mm?, total serum biliru-
bin within normal limits, serum creatinine less than 1.5 mg/
dl or creatinine clearance greater than 60 ml/min and left
ventricular ejection fraction (LVEF) greater than or equal
to 45%. All patients had to practice effective birth control
and gave written informed consent in accordance with fed-
eral and institutional guidelines. This protocol was
approved by the University of Wisconsin Institutional
Review Board prior to opening.

Study design

This was a phase I trial designed to determine the MTD and
dose limiting toxicities (DLT) of bortezomib in combina-
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tion with doxorubicin and to study the pharmacodynamics
of this combination. It was planned to treat three patients at
each dosing cohort until MTD was reached. Patients with a
treatment delay during cycle 1 that was not from DLT were
replaced. If no DLT was observed within a cohort, the next
dosing level was opened. If one of the initial three patients
in a cohort experienced a DLT, the cohort was expanded to
six patients. DLT was defined using the National Cancer
Institute Common Toxicity Criterion version 2.0, included
any toxicity thought to be probably or definitely related to
treatment, and was grade 3 or higher. Exceptions to this
included neutrophils, which must have exceeded 5 days
duration or be accompanied by fever; hemoglobin, which
must have been grade 4; or platelets, which must have been
25,000/mm? or less for any duration. Nausea and vomiting
or diarrhea of grade 3 or higher despite maximal medical
therapy was also considered a DLT. MTD was defined as
the highest dose level for which the incidence of DLT was
33% of patients treated at that level or higher. For MTD
determination, only toxicities that occurred within the first
cycle of therapy were used.

A previously completed phase I study of single agent
bortezomib found that the MTD was 1.3—1.5 mg/m* when
given in a 2 weeks on and 1 week off schedule [7]. Accord-
ingly, in the present study, the first cohort (level 1) received
bortezomib at a dose of 1.0 mg/m® and doxorubicin at
15 mg/m?, the second (level 2) at 1.3 mg/m? and 15 mg/m?,
the third (level 3) at 1.3 mg/m* and 20 mg/m?, the fourth
(level 4) at 1.5 mg/m* and 20 mg/m?. To further define the
DLT observed at level 4, an intermediate dose level of
1.5 mg/m? and 15 mg/m? (cohort 3a) was opened. Bortezo-
mib was administered intravenously on days 1, 4, 8 and 11
of a 21 day cycle. Doxorubicin was given on days 1 and 8
as an intravenous bolus 1 h after bortezomib administra-
tion.

Bortezomib was supplied as a sterile lyophilized powder
containing bortezomib and mannitol. Each vial was recon-
stituted with normal saline to a final concentration of 1 mg/
ml and administered as an intravenous push over 3-5s.
Doxorubicin was also supplied as a sterile lyophilized pow-
der, and was reconstituted with normal saline, and given
intravenously as a bolus over 3—5 min.

Response criteria

RECIST was utilized for determining tumor response and
progression [23]. Computed tomography or magnetic reso-
nance imaging with slice thicknesses of 10 mm or less were
the preferred methods of tumor assessment and measure-
ment, but chest X-ray was allowed if the measurable
lesions were clearly defined. Tumor measurements were
assessed every two cycles and patients who experienced
disease progression were withdrawn from study.

Pharmacodynamics—determination of proteasome inhibi-
tion and quantity of ubiquitinated proteins

Proteasome activity of whole blood was determined by
Millennium Pharmaceuticals Inc. for whole blood samples
obtained at the following times: pretreatment, day 1 and 8
of cycle 1 at 1, 6, and 24 h post-bortezomib administration
as described previously [1, 19]. Briefly, in this assay, the
chymotryptic activity of the 20S proteasome is measured
by release of the fluorophore amidyl methylcoumarin from
the peptidyl substrate Bz-Val-Gly-Arg-7-amido-4-methyl-
coumarin.

To determine whether the level of proteasome inhibi-
tion was sufficient to cause an accumulation of ubiquiti-
nated proteins, blood samples were collected and
peripheral blood mononuclear cells (PBMC) were iso-
lated with cell preparation tubes by standard procedures.
PBMC samples pre-study and 6 h following bortezomib
administration on day 1 of cycle 1 were analyzed for pro-
tein-ubiquitin conjugates after separation by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) in 25 patients with evaluable samples. The 6-h
timepoint was chosen based on previous pre-clinical data
demonstrating that accumulation of ubiquitinated proteins
occurred after 6 h [25]. Samples were diluted in protein
buffer solution and protein concentration was determined
using Pierce’s bicinchoninic acid protein assay kit. A
measure of 15 pg aliquots of protein from each sample
were loaded into 8% SDS PAGE gels in a Laemmli buffer
system before being run at 100 mV for 1 h. Upon comple-
tion, proteins were electrophoretically transferred from
the gel to a polyvinylidene fluoride membrane at 40 mV
for 90 min. The resulting membrane was then blocked
with a solution of 5% non-fat dry milk in Tris Buffered
Saline Tween (TBST) buffer for 1 h with constant agita-
tion. The membrane was then bathed in a 1:1,000 dilution
of the primary antibody (anti-rabbit ubiquitin conjugate)
for 12 h with constant agitation. To eliminate excess pri-
mary antibody, the membrane was washed in TBST five
times, with each wash including 5 min of agitation. The
membrane was then bathed in a 1:3,000 dilution of the
secondary antibody (goat-anti-rabbit horseradish peroxi-
dase) for 1 h with constant agitation. The membrane was
washed in a similar manner before being developed with
Pierce’s Super-Signal® West Pico chemiluminescent sub-
strate for 5 min.

Images of each gel were captured directly after develop-
ment using Fugifilm® Medical X-Ray film in a dark room
with exposure times appropriate for the degree of chemilu-
minescence on each membrane. The film of each gel was
developed and scanned from 300 to 25 kDa for densitome-
try analysis using the program NIH Image as previously
described [19].
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Results
Demographics

A total of 26 patients were enrolled from 30 July 2001 to 24
July 2003 (Table 1) and all patients were assessed for toxic-
ity. No patients had received prior central nervous system
radiation therapy. In total, 79 complete cycles were admin-
istered to 26 patients (median 2 cycles, range 1-12 cycles).

Table 1 Patient characteristics

Characteristic No

No. of patients 26
Median age, years (range) 66.5 (38-81)
Median # prior chemotherapy regimens (range) 4 (0-6)
% Of male (n) 73 (19)
% Of Caucasian (1) 92.3 (24)
ECOG performance status (%)

0 5(19.2)
1 20 (76.9)
2 1(3.8)
Cancer diagnoses (n)

Pancreas 2
Prostate 9

Lung 3

Colon 3
Thyroid 1

Renal 1
Gallbladder 1
Stomach 1
Sarcoma 1

GIST 1

Head and neck 1
Lymphoma 1
Mesothelioma 1

Dose escalation, DLT, and MTD

DLT was seen at two different dosing levels (Table 2). Two
DLT were observed at cohort level 3 (1.3 mg/m? bortezo-
mib and 20 mg/m* doxorubicin) out of a total of ten
patients. Two DLT were also seen at cohort level 3a
(1.5 mg/m? bortezomib and 15 mg/m? doxorubicin) out of a
total of five patients. Level 3a was opened because of a
neurological adverse event (but not DLT) observed in a
patient during his second course of treatment at level 4
(1.5 mg/m? bortezomib and 20 mg/m? doxorubicin) out of a
total of four patients (see Adverse Events, below). There
were no DLT seen at level 4. The MTD was determined to
be dose cohort 3 (1.3 mg/m? bortezomib and 20 mg/m?>
doxorubicin).

Adverse events

The combination regimen was generally well tolerated
(Table 2). Most events were mild to moderate in intensity.
The most common grade 3/4 adverse events were thrombo-
cytopenia, neutropenia and neuropathy. Also seen in more
than one patient were moderate fatigue, nausea and anemia.
The hematologic toxicities seen were generally mild and
did not require intervention. No patient had a decrease in
LVEF of greater than 15%.

One prostate cancer patient enrolled at level 3, experi-
enced grade 3 confusion and grade 3 depressed level of
consciousness during cycle 2 of treatment. The patient
became progressively obtunded over a 3-week period. An
MRI scan revealed no evidence of intracranial metastases, a
lumbar puncture was unremarkable and no metabolic
explanation could be found for his altered level of con-
sciousness. His condition improved somewhat 1 month
after his last dose of bortezomib, but the patient never
returned to his prior baseline. He died from progressive dis-
ease 3 months after starting on study and approximately

Table 2 Grade 3 and 4 toxici-
ties, which were thought to be
possibly or definitely related to

Cohort level

Dose level (mg/mz)

Total number of patients
treated (range of number
of cycles received)

Description of
grade 3/4 toxicities

treatment
1 1.0 mg/m2 bortezomib/ 4 (1-12)
15 mg/m2 doxorubicin
2 1.3 mg/m? bortezomib/ 3(1-5) Thrombocytopenia
15 mg/m? doxorubicin
3 1.3 mg/m2 bortezomib/ 10 (1-8) Febrile Neutropenia (DLT)
20 mg/m? doxorubicin Leukopenia
Neutropenia without fever
Thrombocytopenia (DLT)
3a 1.5 mg/m2 bortezomib/ 5(1-4) Neuropathy (DLT)
15 mg/m2 doxorubicin Thrombocytopenia (DLT)
4 1.5 mg/m? bortezomib/ 4(2-4) Thrombocytopenia
20 mg/m? doxorubicin Diarrhea
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Fig. 1 Mean percent of proteasome inhibition after administration of
bortezomib and doxorubicin. 20S proteasome inhibition was measured
in whole blood. Substantial proteasome inhibition was evident on day
1 at both the 1- and 6-h time points (n = 26), but did not vary by dose
level. Error bars represent the standard deviation (P = NS across all
comparisons)

6 weeks after last receiving study medications. His symp-
toms were considered possibly related to both study medi-
cations since no other cause could be identified.

Pharmacodynamics and changes in protein-ubiquitin
conjugates

Proteasome inhibition approached 60% at 1 h after bortezo-
mib administration and 45% 6 h after bortezomib adminis-
tration. There was no statistical difference in levels of
proteasome inhibition among the different doses of bortezo-
mib administered (Fig. 1). Our data are consistent with
other reports that demonstrated a 65—75% proteasome inhi-
bition after administration of similar doses of bortezomib
[1,19].

Total level of ubiquitinated proteins increased after
administration of bortezomib and doxorubicin (Figs. 2,
3). Data is represented as the ratio of the total amount of
ubiquitination at 6 h after administration of bortezomib to
pre-bortezomib amount of ubiquitination. Total ubiquiti-
nation between the pre-administration sample and 6 h
post-bortezomib administration sample increased for all
dose levels but did not reach statistical significance, how-
ever, when data from all dose levels was combined, there
was a statistically significant increase (mean ratio 1.26
with a standard deviation of 0.67) in ubiquitination
(P =0.03, one-sided Wilcoxon signed rank test, Fig. 3).
There was no difference in ubiquitination observed
between the dose levels.

tients at dose level 1 and one patient at dose level 2 (lanes A/B, C/D, E/
F, G/H, 1/J, respectively). An increase in total amount of ubiquitinated
proteins is reflected by an increase in the total amount of shading in the
respective column. All patients had either consistent or increased ubig-
uitination after treatment, although this did not reach statistical signifi-
cance for individual dose levels (P = NS across all comparisons)
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Fig. 3 Ubiquitination in peripheral blood mononuclear cells. Data is
expressed as a ratio of 6 h after bortezomib administration to pre-
administration on day 1 of cycle 1 and shown as box plots. Total ubig-
uitination was analyzed by Western blot over the range of 300-25 kDa.
A statistically significant increase (P =0.03, one-sided Wilcoxon
Signed Rank Test) in total ubiquitination was observed after adminis-
tration of bortezomib when all dose levels were combined, while indi-
vidual dose level showed non-significant increases in total
ubiquitination

Antitumor activity

One patient with prostate cancer (PSA negative, hormone
refractory, three prior therapies) demonstrated a partial
response on dose level-1. This patient exhibited a marked
response to therapy including a dramatic reduction in pul-
monary symptoms and improvement in his chest X-ray
(Fig. 4). This patient remained on study for 10 months
before having progressive disease. A total of eight other
patients with prostate cancer were enrolled on this study
with no other patients demonstrating a complete or partial
response. There were no other responses seen in any other
tumor types.
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Fig. 4 Chest X-ray of patient
with metastatic prostate cancer
prior to cycle 1 (left) and after
four cycles of study treatment

Discussion

Bortezomib significantly improves the efficacy of doxoru-
bicin in pre-clinical models, including a marked sensitiza-
tion of doxorubicin resistant myeloma cells [15, 16].
Therefore the combination of doxorubicin and bortezomib
was evaluated in this phase I trial. This combination is also
of interest given the activity of each agent in multiple
myeloma. We sought to determine the MTD of bortezomib
given on days 1, 4, 8 and 11 in combination with doxorubi-
cin given on days 1 and 8 with a 21-day cycle. A weekly
schedule of doxorubicin was chosen to increase the poten-
tial for interaction between the two agents [3].

In general this combination was well tolerated and the
doses employed were close to those used for each com-
pound as a single agent on a comparable schedule. Hemato-
logic toxicities were as expected with this combination.
Two patients demonstrated neurologic toxicity, one central
and one peripheral; notably, peripheral neuropathy is a
known side effect of bortezomib.

Although doxorubicin as a single agent has shown only
modest activity in prostate cancer [5, 11, 24], one patient in
this clinical trial with hormone refractory prostate cancer
did demonstrate an improvement in symptoms and objec-
tive partial response of lung metastases to the combination
of bortezomib and doxorubicin (Fig.4). Of note, no
patients with multiple myeloma were treated in this trial.

The pharmacodynamic effect of bortezomib on blood
proteasome activity was similar to results reported in previ-
ous single agent studies [1]. The dose of doxorubicin did
not seem to influence the degree of proteasome inhibition,
despite in vitro evidence demonstrating that doxorubicin
also inhibits proteasomes. This suggests that proteasome
inhibition of approximately 60% is the maximal inhibition,
which can be achieved by these agents clinically.

The degree of proteasome inhibition seen was examined
to determine if it was of sufficient magnitude to cause accu-
mulation of ubiquitinated proteins. Western blots showed
an increased amount of total ubiquitinated-protein conju-
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gates although the identity of these ubiquitinated proteins
was not determined. Over the limited dose range of bort-
ezomib and small sample size evaluated in this study, no
consistent dose-dependent pattern was observed. When all
dosing levels were combined, however, there was a signifi-
cant increase in the amount of ubiquitination. These results
indicate that the level of proteasome inhibition achieved
with bortezomib may be sufficient to increase the amount of
ubiquitinated proteins.

In summary, the combination of bortezomib and doxoru-
bicin was well tolerated and is currently being studied in a
multiple myeloma phase II clinical trial. The recommended
phase II doses are bortezomib 1.3 mg/m* given intrave-
nously on days 1, 4, 8 and 11 with doxorubicin 20 mg/m2
given intravenously on days 1 and 8 in a 21-day cycle.
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