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Purpose: To determine the maximum-tolerated dose
(MTD), dose-limiting toxicity (DLT), and pharmacodynamics
(PD) of the proteasome inhibitor bortezomib (previously
known as PS-341) in patients with refractory hematologic
malignancies.

Patients and Methods: Patients received PS-341 twice
weekly for 4 weeks at either 0.40, 1.04, 1.20, or 1.38 mg/m?,
followed by a 2-week rest. The PD of PS-341 was evaluated
by measurement of whole blood 20S proteasome activity.

Results: Twenty-seven patients received 293 doses of PS-
341, including 24 complete cycles. DLTs at doses above the
1.04-mg/m? MTD attributed to PS-341 included thrombocyto-
penia, hyponatremia, hypokalemia, fatigue, and malaise. In
three of 10 patients receiving additional therapy, serious
reversible adverse events appeared during cycle 2, including
one episode of postural hypotension, one systemic hypersen-
sitivity reaction, and grade 4 transaminitis in a patient with
hepatitis C and a substantial acetaminophen ingestion. PD
studies revealed PS-341 induced 20S proteasome inhibition in
a time-dependent manner, and this inhibition was also related

to both the dose in milligrams per meter squared, and the
absolute dose of PS-341. Among nine fully assessable pa-
tients with heavily pretreated plasma cell dyscrasias complet-
ing one cycle of therapy, there was one complete response
and a reduction in paraprotein levels and/or marrow plasma-
cytosis in eight others. In addition, one patient with mantle cell
lymphoma and another with follicular lymphoma had shrink-
age of nodal disease.

Conclusion: PS-341 was well tolerated at 1.04 mg/m?
on this dose-intensive schedule, although patients need to
be monitored for electrolyte abnormalities and late toxici-
ties. Additional studies are indicated to determine whether
incorporation of dose/body surface area yields a superior
PD model to dosing without normalization. PS-341 showed
activity against refractory multiple myeloma and possibly
non-Hodgkin’s lymphoma in this study, and merits further
investigation in these populations.
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NTRACELLULAR PROTEIN degradation in eukaryotes oc-ubiquitin chains, a prerequisite for recognition and degrada-
curs predominantly through the ubiquitin conjugating systetion by the 26S proteasome, and the latter contains the 20S
and the 26S proteasomi€. The former labels proteins with multicatalytic proteinase compléx® where the proteolytic
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enzymes are foun8 Ubiquitin-proteasome pathway function
is essential to a variety of processes, including timely degra-
dation of cyclins, cyclin-dependent kinases, and cyclin-de-
pendent kinase inhibitofs processing and degradation of
transcription factors and short-lived regulatory protéifjs
antigen processirffgand angiogenesisSmall molecule, cell-
permeable inhibitors have uncovered a role for the protea-
some in programmed cell deatfl.Exposure of a variety of
tumor-derived cell lines to proteasome inhibitors triggers
apoptosis, likely as a result of effects on several pathways,
including cell cycle regulatory proteins, p53, and nuclear
factor kappa B (NFB).5°

Many of the initial studies documenting proteasome inhibitor—
mediated apoptosis used cells of hematopoietic origin, including
monoblastd? T-cell and lymphocytic leukemia cefld lymphoma
cells®and promyelocytic leukemia ceftd The first demonstration
of in vivo antitumor activity of a proteasome inhibitor used a human
lymphoma xenograft modé?. Furthermore, proteasome inhibitors
were reported to induce preferential apoptosis of patient-derived
lymphoma® and leukemia cell¥ and to preferentially inhibit
proliferation of multiple myeloma celfS, with relative sparing of
control, nontransformed cells. These findings suggested that protea-
some inhibitors might be applicable as therapeutic agents in patients
with refractory hematologic malignancies.

Bortezomib (Velcade [Millennium Pharmaceuticals, Inc,
Cambridge, MA]; previously known as PS-341), a dipeptide
boronic acid derivative (Fig 1), was synthesized as a highly
selective, potent, reversible proteasome inhibitor with afk0.6
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Fig 1. The structure of PS-341.

nmol/L.*® Using the National Cancer Institute's in vitro screen,
PS-341 showed cytotoxicity against a range of tumor lines'® and
had antitumor activity in human prostate'® and lung cancer™®
xenograft models. In preclinical studies, PS-341 was rapidly
cleared from the vascular compartment,'® suggesting that tradi-
tional pharmacokinetic parameters of plasma concentration
would not be appropriate for measuring its activity. A pharma
codynamic (PD) assay was therefore developed to measure and
monitor activity at the proteasome.?® To begin to determine the
therapeutic potential of proteasome inhibitors in hematologic
malignancies, a trial was designed to determine the maximum-
tolerated dose (MTD) and dose-limiting toxicity (DLT), and to
evaluate the PD of PS-341 in this patient population. The current
report details these results and provides preliminary evidence of
antitumor activity.

PATIENTS AND METHODS

Patient Selection

Patients with a histologically confirmed hematologic malignancy refrac-
tory to standard therapy, or for whom no standard therapy was available,
were eligible for enrollment. Inclusion criteria included the following: (1)
Eastern Cooperative Oncology Group performance status of 0 to 2; (2) age
= 18 years; (3) expected survival = 6 weeks; (4) no radiation/chemotherapy/
immunotherapy in the previous 4 weeks, and no maor surgery in the
previous 2 weeks, (5) absence of active infection; (6) adequate cardiovas-
cular function without ischemia, conduction abnormalities, or myocardial
infarction in the previous 6 months; and (7) adequate hepatic function, with
bilirubin less than 1.5 times the upper limit of normal, and AST and ALT of
less than 2.5 times the upper limit of norma. A total WBC count =
2,000/mm?, absolute neutrophil count = 1,000/mm?3, hemoglobin = 8.0
g/dL, and a platelet count = 50,000/mm? were required. Patients receiving
supportive care could continue to do so, but had to be transfusion-
independent. An estimated creatinine clearance of = 50 mL/min was
required, and was calculated using the formula of Cockroft and Gault.?*
When the activity of PS-341 against multiple myeloma was identified,
because renal function had been noted to be a common reason for such
patients to be excluded, this was subsequently amended to allow a serum
creatinine of = 2.5 mg/dL. Exclusion criteria included (1) pregnancy or
breast-feeding; (2) New Y ork Heart Association class 11 to 1V congestive
heart failure; and (3) serious medical/psychiatric conditions that could
interfere with treatment. All patients had to practice effective birth
control and gave written informed consent in accordance with federal and
institutional guidelines before treatment.
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Sudy Design

This was a phase | trial designed to determine the MTD and DLT of
PS-341 in patients with hematologic malignancies and to study the PD of
PS-341. Secondary objectives were to study the response of hematologic
malignancies, to correlate toxicity with proteasome inhibition, and to
evaluate serum levels of interleukin-6 (IL-6) in patients with multiple
myeloma receiving PS-341. DLT was defined using the National Cancer
Institute Common Toxicity Criteria Version 2.0 as grade 4 hematologic
toxicity or hyperbilirubinemia, or a grade 3 toxicity in any other system
except for alopecia. MTD was defined as the highest dose studied for which
the incidence of DLT was = 33%.

The dosing of PS-341 was in milligrams per meter squared, which was
based both on preclinical studies®® and on preliminary clinical experience
from phase | trials conducted in solid tumor patients.?*?® As an initial dose
level, 0.13 mg/m? had been chosen because this was one-sixth of the MTD
identified in nonhuman primate studies.?® At the time that this trial was to
begin accrual, however, two other phase | studies had already identified this
level as being well-tolerated.>*?° Therefore, after approval by the institu-
tional review board, accrual was begun at 0.40 mg/m?, the highest level that
had at that time been shown to be well tolerated, and further escalation
occurred according to a modified Fibonacci schema. Dosing for individuals
more than 30% above their ideal body weight was adjusted to reflect 50% of
the difference between their actual and ideal weights. For dose escalation,
three assessable patients had to complete their first cycle without a DLT.
When one DLT was seen, an additional three assessable patients had to be
accrued, and further escalation could occur if no additional DLTs were seen.
In certain instances, information about the safety profile of PS-341 from
phase | trials at other institutions, obtained through Millennium Pharmaceu-
ticals, was used to skip dose levels that were considered biologically inactive,
or that had been adequately proven well tolerated, subject to the approval of
the ingtitutional review boards at each clinical center. Additional patients
were accrued once it was felt that the MTD had been identified to further
confirm the safety of this dose.

Drug Administration

Millennium Pharmaceuticals provided PS-341 as a sterile, lyophilized
powder containing PS-341 and mannitol. Each via was reconstituted with
normal saline to a find PS-341 concentration of 1 mg/mL, which was
administered as an intravenous push over 3 to 5 seconds. Patients were
treated twice weekly for 4 weeks on days 1, 4, 8, 11, 15, 18, 22, and 25,
followed by a 2-week rest period, with this 6-week period constituting one
cycle. Treatment days could be changed by up to 24 hours, provided there
was a 72-hour span between doses.

Response Criteria

A complete response (CR) was defined as total resolution of measurable
disease parameters, whereas a partial response (PR) was defined as a = 50%
resol ution without the appearance of new disease. Stable disease was defined
as between a less than 50% resolution and a = 25% increase in measurable
parameters, again without new disease. Progressive disease was defined as an
increase of more than 25% in measurable disease parameters.

PD

In preclinical studies, PS-341 rapidly exited the intravascular compartment
and was widely distributed, and serum concentrations approached the limits
of detection of the assay within 1 hour. Because pharmacokinetic parameters
were not likely to adequately guide dosing and characterize this agent, a PD
assay measuring the percentage of inhibition of proteasome function in
whole blood® was used to provide a more biologically relevant character-
ization. Blood samples were collected before therapy, and then 1, 6, and 24
hours after each PS-341 dose for measurement of 20S proteasome activity.
PD data were then analyzed and modeled using WinNonlin Professional
software, Version 3.2 (Pharsight Corp, Mountain View, CA). In addition,
serum samples were collected and evaluated for |L-6 with an enzyme-linked
immunosorbent assay, which was used according to the manufacturer’s
specifications (R&D Systems, Minneapolis, MN).



4422

Table 1. Patient Characteristics
Characteristic No. %
No. of patients 27
MSKCC 7
UNC 20
Sex
Male 17 63
Female 10 37
Age, years
Mean 56
Range 22-77
Race
American Indian 1 4
African American 7 26
White 19 70
Diagnoses
Hodgkin's disease 4
Non-Hodgkin’s lymphoma 10
SLL/CLL 2
DLCL 2
Mantle cell 3
Plasma cell dyscrasias 12
Waldenstrém’s 1
Multiple myeloma 11
MDS with excess blasts and POEMS 1
ECOG performance status
0 6 22
1 16 59
2 5 19
Prior therapy
Chemotherapy 27
Median no. of regimens 3
Range 1-12
Radiation therapy 13
Marrow or stem-cell transplantation 10

Abbreviations: CLL, chronic lymphocytic leukemia; DLCL, diffuse large-cell lym-
phoma; MDS, myelodysplasia; MSKCC, Memorial Sloan-Kettering Cancer Center;
POEMS  syndrome, polyneuropathy/organomegaly/endocrinopathy/monoclonal
protein/skin changes; SLL, small lymphocytic lymphoma; UNC, University of North
Carolina.

RESULTS

Patients

A total of 27 patients at two clinical centers were enrolled
between November 1999 and May 2001, with the last patient
dosed in June 2001. Two of these patients were treated as
protocol exceptions because they had received chemotherapy
more recently than 4 weeks before PS-341. One had been treated
with cyclophosphamide and prednisone 19 days before PS-341,
whereas the second had discontinued thalidomide only 1 week
before dosing. The patient demographics are listed in Table 1.

Dose Escalation

The first cohort was enrolled at 0.40 mg/m?/dose, the second
at 1.04 mg/m?/dose, the third at 1.20 mg/m?%dose, and the fourth
at 1.38 mg/m?/dose. No DLTs were observed in the initial three
cohorts of three patients each at doses ranging from 0.40 to 1.20
mg/m?/dose. At the 1.38-mg/m? dose level, two of five patients
experienced DLTs, consisting of two episodes of grade 3
hyponatremia and grade 3 fatigue. In addition, grade 3 throm-
bocytopenia was seen and PS-341 was withheld because of the
anticipation that grade 4 thrombocytopenia was inevitable.
Because of these DLTS, the 1.20-mg/m? cohort was expanded,
but two of four additional patients experienced DLTSs, including
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Table 2. Adverse Events Occurring in More Than 10% of All Patients at All
Dose Levels Whether Considered Related to PS-341 or Not (N = 27)

Frequency

Adverse Event No. %
Thrombocytopenia 20 74
Fatigue 16 59
Nausea 14 52
Anemia 13 48
Leukopenia 13 48
Headache 12 44
Diarrhea 10 37
Neutropenia 10 37
Constipation 8 30
Vomiting 8 30
Arthralgia 7 26
Dyspnea 7 26
Hyponatremia 7 26
Fever 7 26
Back pain 6 22
Hypocalcemia 6 22
Rigors 6 22
Abdominal distention 5 19
Decreased appetite 5 19
Dizziness 5 19
Peripheral neuropathy 5 19
Somnolence 5 19
Anorexia 4 15
AST elevation 4 15
Crepitations 4 15
Insomnia 4 15
Malaise 4 15
Myalgia 4 15
Lower extremity edema 4 15
aPTT prolongation 3 11
Alkaline phosphatase increase 3 1
Amylase increase 3 11
Cough 3 11
Depression 3 11
Epistaxis 3 11
Hypokalemia 3 11
Hypotension 3 11
Extremity pain 3 11
Pleural effusion 3 11
PT prolongation 3 1

Rash

w

11

Abbreviations: aPTT, activated partial thromboplastin time; PT, prothrombin time.

grade 3 malaise and fatigue in one and grade 3 hypokalemiain
another. Therefore, enrollment continued in the cohort at 1.04
mg/m? for an additional nine patients to further refine the
side-effect profile. Of the 27 patients dosed with PS-341, three
received 0.40 mg/m?dose, 12 received 1.04 mg/m?/dose, seven
received 1.20 mg/m?/dose, and five received 1.38 mg/m?/dose.

Adverse Events

Adverse events were documented in all patients at all dose
levels. Among those seen in = 10%, listed in Table-2, cytope-
nias were prominent, with thrombocytopenia most common and
seen in 74%, anemia and leukopenia in 48%, and neutropeniain
37%. Fatigue was seen in 59%, and constitutional symptoms
included fevers, rigors, maaise, and anorexia. Gastrointestinal
events included nausea in 52%, vomiting in 30%, constipation
and diarrhea, and elevations of the AST and amylase levels in
11%. Neurologic symptoms included headache in 44%, back
pain in 22%, dizziness or peripheral neuropathy in five patients,
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Table 3. PS-341-Related Adverse Events During Cycle 1 of Intensity = Grade 3

PS-341 Dose Level (mg/m?)

0.40 (n = 3) 1.04 (0 =12) 1.20 (n = 7) 1.38 (n = 5) Total (N = 27)

Adverse Event No. % No. % No. % No. % No. %

At least one adverse event 0 7 58 6 86 4 80 17 63
Blood and lymphatic system 0 5 42 6 86 4 80 15 56
Thrombocytopenia 0 4 33 4 57 2 40 10 37
Anemia 0 1 8 3 43 1 20 5 19
Neutropenia 0 2 17 1 14 1 20 4 15
Leukopenia 0 2 17 1 14 0 3 1
Metabolism and nutrition 0 4 33 1 14 2 40 7 26
Hyponatremia 0 2 17 0 2 40 4 15
Hypokalemia 0 1 8 1 14 0 2 7
Other 0 0 1 14 0 1 4
Malaise 0 0 1 14 0 1 4

and somnolence in some but insomniain others. Muscul oskel etal
events including arthralgias, and pulmonary events such as
dyspneawere seen in 26%. Finally, electrolyte disturbances were
notable, including hyponatremia and hypokalemia.

Thrombocytopenia was the most commonly reported grade 3
event attributed to PS-341, occurring in 10 patients during cycle
1 (37%) (Table 3), and in 11 overall (41%) at some point during
therapy, with one patient requiring a platelet transfusion. This
study enrolled patients with = 50,000 plateletsymm?, and those
with less than normal platelet counts were at greatest risk for
thrombocytopenia, with none completing a full cycle. Patients
who entered with normal platelet counts experienced up to grade
3 thrombocytopenia, but only one of nine had a PS-341 dose
withheld on this basis. At the MTD of 1.04 mg/m?, six of 12
patients reached their platelet nadir in week 3 of therapy,
whereas the other six did so in week 4, with three patients each
doing so on days 15, 18, 22, and 25 of cycle 1. These nadirs
tended to persist until the onset of the 2-week rest period, at
which point all patients experienced a platelet recovery by day
38 to levels that were generally comparable to, or in two cases
even substantially higher than, those before initiation of PS-341
dosing. Across the three higher dose groups, a slight dose-
dependent increase in the incidence of grade 3 thrombocytopenia
was seen, with 33%, 57%, and 60% of patients at the 1.04-mg/
m?, 1.20-mg/m?, and 1.38-mg/m? cohorts, respectively, experi-
encing this toxicity. The incidence of nausea also suggested a
dose dependence, with 0%, 50%, 57%, and 80% of patients,
respectively, developing this adverse event at the four doses.
Findly, the incidence of patients suffering any grade 3 or 4
adverse event also was dose dependent, with 33%, 75%, 86%,
and 100% of patients reporting such toxicity at the dose levels
evaluated, respectively.

Several grade 4 serious adverse events (SAEs) occurred
during cycle 1, none of which were felt to be linked to PS-341.
The first of these occurred in one patient at 1.20 mg/m? with a
prior history of coronary artery disease, myocardial infarctions,
a decreased gection fraction, and congestive heart failure,
including one episode during previous vincristine, doxorubicin,
and dexamethasone (VAD) chemotherapy. During a transfusion
initiated for fatigue and anemia, this patient developed a fever
and bacteremia with what was later identified as Stomatococcus
mucilaginosus and coagulase-negative staphylococci, became
tachycardic, suffered recurrence of heart failure, and later suf-
fered a myocardia infarction. This patient also had a history of

prior episodes of mood alteration and suffered a recurrent grade
4 mood alteration with suicidal ideation that resolved without
intervention. One additional grade 4 SAE noted during cycle 1
occurred at 1.20 mg/m? in another patient who devel oped anuria
and renal failure. Radiographic evaluation revealed massive
progression of perinephric adenopathy with new hydronephrosis,
and this event was felt to be because of disease progression.
Other SAEs not attributed to PS-341 included two episodes of
grade 3 dyspnea, one in a patient with baseline obstructive/
restrictive pulmonary disease receiving home oxygen therapy
who had a transient worsening in pulmonary status. A second
occurred in a patient with a prior pulmonary embolus and
recurrent malignant pleural effusion that had been drained by
thoracentesis, but which recurred again during therapy.

Overdll, five (19%) of the patients developed treatment-
emergent peripheral neuropathy felt in three cases to be related
to PS-341. In four patients, the neuropathy was assessed as grade
2 in severity and was not dose-limiting, whereas in the sole
patient with grade 3 neuropathy this was attributed to progres-
sive disease with spinal cord and nerve root compression. All
patients had received prior therapy with other potentially neuro-
toxic agents, including vinca alkaloids and thalidomide.

Late Toxicity

Ten patients who completed cycle 1 went on to receive oneto
three additional cycles, with 11 complete and five incomplete
courses, and some experienced SAES. One patient receiving 1.04
mg/m? developed a grade 2 maculopapular rash during cycle 1
that, on biopsy, showed a superficia perivascular lymphocytic/
eosinophilic infiltrate with prominent derma mucin deposition
felt to represent an unusua hypersensitivity reaction. After
resolving spontaneously, this rash reappeared during cycle 2,
was more confluent, and was accompanied by dyspnea and
arthritis consistent with a systemic hypersensitivity reaction.
These manifestations resolved with a brief course of steroids and
discontinuation of PS-341. A second event occurred in a patient
with Waldenstrom’s and known hepatitis C with normal liver
function tests before treatment. During cycle 2 at 1.20 mg/m?,
this patient self-treated with up to 4.0-g acetaminophen daily for
abdominal discomfort, and developed grade 2 hyperbiliru-
binemia and grade 4 ALT and AST elevations. With supportive
care, the patient’ s hepatic enzymes returned to normal. In athird
patient, postural hypotension and orthostatic symptoms devel-
oped that resolved after discontinuation of PS-341 and initiation
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Fig 2. PS-341 pharmacodynamics. (A) 20S proteasome inhibition induced 1
hour after dose 1 of cycle 1 for each patient as a function of dose in milligrams per
meter squared. (B) 20S proteasome inhibition as a function of the absolute dose of
PS-341 in milligrams.

of steroids. None of these patients were rechallenged with
PS-341. Finally, one patient treated as an exception at 1.04
mg/m? developed a nosocomial pneumonia with hypoxia, and
urinary retention because of lumbosacra varicella-zoster reacti-
vation. After recovery, this patient received a third cycle of
PS-341 without a recurrence of any of these toxicities.

No patients on this study died during therapy, but one did so
within 25 days of their last PS-341 dose. This patient with
myeloma and cutaneous plasmacytomas was treated as a proto-
col exception at 1.04 mg/m? and developed progressive abdom-
inal pain with grade 2 transaminase elevations and grade 3 lipase
elevations after five PS-341 doses. An evaluation reveaed
negative hepatitis serologies, but computed tomography showed
amass in the pancreatic head with multiple hepatic and pulmo-
nary nodules suggestive of metastatic pancreatic cancer or
visceral plasmacytomas. This patient died within 4 weeks, and
no pathologic diagnosis of the underlying disease process was
obtained. All other deaths that occurred beyond 30 days from the
last PS-341 dose were judged to be because of disease progres-
sion or an associated complication, and none were felt to be
drug-related.

PD

PS-341 induced a dose-dependent inhibition of 20S protea
some function compared with pretreatment controls, with 0.40-,
1.04-, 1.20-, and 1.38-mg/m? doses yielding an inhibition of 36%
+ 9%, 60% =+ 1%, 65% *+ 2%, and 74% =+ 2%, respectively. PD
datarelative to 1 hour after dosing on day 1 for each patient were
also suitable for inclusion in a sigmoid maximum effect model,
which showed a dose-response relationship between proteasome
inhibition and both the dose of PS-341 in milligrams per meter
squared (Fig 2A) and the total dose of PS-341 (Fig 2B).
Significant inhibition of 20S proteasome activity was seen within
1 hour of dosing, after which the inhibition slowly decayed (Fig
3A), returning toward baseline by 72 hours (not shown). To
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Fig 3. PS-341 pharmacodynamics as a function of time. (A) 20S proteasome
inhibition 1, 6, and 24 hours after PS-341 for every patient at 1.04 mg/m? (n =
12) (mean = SEM). (B) 20S proteasome inhibition 1 hour after each dose of PS-341
during cycle 1 for patients at 1.04 mg/m? (mean + SEM).

evaluate the possibility that toxicity was caused by an accumu-
lation of proteasome inhibition, this was followed throughout a
treatment cycle (Fig 3B). No significant increase in proteasome
inhibition was demonstrable throughout therapy, suggesting that
a 72-hour period between dosing was adequate to alow for
recovery of normal function.

The ability of protessome inhibitors to block activation of
NF-kB,2° and the important role of this transcription factor in
induction of 1L-6,%° led to evaluations of the impact of PS-341 on
this cytokine's levels as another PD measure. Interestingly, sys-
temic IL-6 levels increased an average of 24%, 10%, 19%, and
20%, respectively, at the four dose levels evaluated in this study.

Antitumor Activity

Twelve patients with plasma cell dyscrasias were treated on
this study, nine of whom completed at least one full cycle and
were assessable for response. Patient 4 had an immunoglobulin
(Ig) G-kappa multiple myeloma and was treated initially with
radiation to a lytic hip lesion. Although the disease first re-
sponded to three cycles of VAD chemotherapy, neither addi-
tiona VAD nor topotecan/dexamethasone resulted in further
decreases of the serum monoclonal protein or the bone marrow
plasmacytosis. Before starting PS-341, a biopsy showed plasma
cells constituting 41% of the total marrow cellularity (Fig 4A),
immunoglobulins included an IgA of 25 mg/dL (normally 40 to
390), IgM of 15 (normally 25 to 210), and IgG of 3,011
(normally 525 to 1,650), whereas immunofixation showed large
monoclonal 1gG heavy-chain and kappa light-chain bands (Fig
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Fig 4. Response of one multiple my-
eloma patient to PS-341. Patient 4's
bone marrow biopsy before therapy
(A), and after cycle 1 of PS-341 (B). Also
presented are this patient’s serum pro-
tein electrophoresis (SPE) and immuno-
fixation for IgG and kappa light chains

before therapy (C), and after cycle 3 of
PS-341 (D).

7lgG K

4C). After cycle 1 of eight doses at 1.04 mg/m?/dose, the bone
marrow plasmacytosis declined to 1% (Fig 4B); IgA and IgM
rose to 69 and 44, respectively; and 1gG declined to 1,215. This
patient went on to receive a total of four cycles, and by
completion of cycle 3 the immunofixation took on a polyclonal
pattern (Fig 4D), indicative of a CR. In follow-up, a faint
monoclonal band reappeared 6 months after discontinuation of
therapy, but no additional myeloma-directed chemotherapy has
been necessary for 1 year.

Among the eight other patients with myeloma who aso
received one full cycle at 1.04 mg/m?dose, there was additional
evidence of antitumor activity. Two patients had a decrease in
their serum monoclona protein of 44% and 27% (Fig 5A),
accompanied by adecrease in marrow plasmacytosis of 47% and
91% (Fig 5B), respectively. Three patients had stable disease
judged by paraprotein levels, with changes ranging from a 1.5%
decrease to a 13% increase, athough all had a decline in marrow
plasmacytosis ranging from 43% to 82%. One myeloma patient
had a mixed response, with a paraprotein decrease of 3.6% but a
138% increase in marrow plasmacytosis. A single patient with
light-chain disease had a 31% decrease in their urinary light-
chain excretion and a 25% decrease in marrow plasmacytosis.
Finaly, one patient with Waldenstrom’ s was treated whose IgM
increased by 34%, but the initial value was felt to be falsely low
because it was obtained immediately after plasmapheresis, and
on bone marrow evaluation there was a 79% decrease in

SPE IgG K

plasmacytoid lymphocytes. Therapy with PS-341 was continued
for all of these patients, but three showed signs of disease
progression after cycle 2, and two did so after cycle 3. Two
patients discontinued because of SAEs in the form of one
hypersensitivity reaction and one episode of transaminitis, as
described above, and a third was removed from the study
because of a decline in their performance status.

PS-341 aso showed activity against non-Hodgkin's lympho-
mas in a patient with mantle-cell lymphoma who had previously
received cyclophosphamide, doxorubicin, vincristine, and pred-
nisone chemotherapy; autologous stem-cell transplantation; and
radiation therapy. Treatment with almost two cycles of PS-341 at
1.38 mg/m? induced a PR, and the patient discontinued therapy
to receive a nonablative alogeneic transplantation. A second
patient at this level with refractory follicular lymphoma who had
received cyclophosphamide, vincristine, and prednisone fol-
lowed by rituximab also responded with a PR on the basis of a
greater than 50% shrinkage of mediastinal and intra-abdominal
adenopathy. This patient self-discontinued therapy to return to
work after four cycles, missing two of 32 doses because of
hyponatremia, and has remained in a stable PR for more than 12
months off therapy.

DISCUSSION

Laboratory and preclinical studies have established the pro-
teasome as a potential target for cancer therapy, and it seemed
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Fig 5. Plasma cell dyscrasia patients receiving one full PS-341 cycle. (A)
Changes in the quantitative immunoglobulins of eight patients after cycle 1. One
patient with light-chain disease is excluded. (B) Changes in bone marrow plasma-
cytosis in all nine patients with plasma cell dyscrasias after therapy with cycle 1.

possible that such inhibitors would be effective in patients with
refractory hematol ogic malignancies. Thiswas based on findings
that showed that proteasome inhibitors were active agents in
models of human non-Hodgkin's lymphoma,*® chronic lympho-
cytic leukemia,*® multiple myeloma,*” and adult T-cell leuke-
mia?’ We sought to determine the MTD of the proteasome
inhibitor PS-341 in this population and found that a dose of 1.04
mg/m? was well tolerated using a dose-intensive, twice-weekly
administration for 4 weeks, followed by a 2-week rest. Acute
infusion-related side effects were minimal, and routine premedi-
cations were not generaly required. DLTs at least possibly
related to PS-341 included thrombocytopenia, malaise and fa-
tigue, and electrolyte disturbances in the form of hyponatremia
and hypokalemia. Thrombocytopenia was not dose-limiting by
the protocol definition, but the occurrence of grade 3 thrombo-
cytopenia was relatively common and did influence dosing
behavior. Leukopenia and neutropenia were noted, but neither
was dose-limiting, and no episodes of febrile neutropenia were
seen. Five patients developed a treatment-emergent peripheral
neuropathy; however, in the cases in which this was judged to be
drug-related, the severity did not surpass grade 2.

Petients who continued on therapy at times developed delayed
toxicities, which in some cases seemed likely to be drug-related.
One patient with prior hepatitis C developed significant transami-
nitis and hyperbilirubinemia in the setting of a self-administered
acetaminophen ingestion double the 2.0-g limit recommended for
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patients with viral hepatitides®® suggesting the need for close
monitoring of patients with hepatitis receiving PS-341. Therewasa
trend for the frequency and severity of the more common toxicities
to be dose-related, and because PS-341 induced a dose-dependent
inhibition of the 20S proteasome, it is likely that these toxicities
were also related to the extent of proteasome inhibition.

This protocol did not include provisions for initiation of
colony-stimulating growth factors or for continued therapy with
PS-341 in the face of a need to start transfusion support. It is
therefore possible that, with management such as platelet sup-
port, a higher dose could be safely administered. In addition, the
schedule of administration may relate to the induction of
toxicity. Among the patients who had to have their cycle 1
therapy interrupted for toxicity, this most commonly occurred
during the third week of treatment. Other studies of PS-341
have used twice-weekly therapy for 2 weeks with the third
week off, and this schedule, which delivers the same total
dosage over 6 weeks, may prove better tolerated. Indeed, this
schedul e has been chosen for subsequent phase |1 studies, and
appears to allow PS-341 to be well tolerated by myeloma
patients at 1.30 mg/m?.%°

PD modding of the 20S proteasome activity data showed
dose-dependent proteasome inhibition that was related both to the
PS-341 dose in milligrams per meter squared, and to the total dose
of PS-341. To determine whether incorporation of dose/body
surface area yields a superior PD model to dosing without normal-
ization, analysis of the residuals was conducted using the r> method
as part of evaluating the robustness of the models. Mean residua
squares were 116 for the milligrams per meter squared model and
114 for the total dose model, suggesting that the latter might better
predict the extent of proteasome inhibition. Very smilar and large
SDs of 217 and 208, respectively, were obtained, however, indicat-
ing that this feature of the models will require further testing. This
in part isaresult of the dope of the curves being highly influenced
by the small number of data points a the lowest dose of 0.40
mg/m?, the close proximity of the remaining three doses in the
plateau, and the limited number of observations overal. In an
attempt to further clarify the possibility that one of these two models
could be superior, the occurrence of any DLT, any grade 3 or 4
adverse event, any SAE, or termination because of an adverse event
was analyzed in relationship to both the absolute dose and the dose
adjusted for body surface area. Logistic regression analysis showed
no statigtically significant findings for preferring either model for
predicting an association between dosing and toxicity. The
small data set makes it unfeasible to perform other explor-
atory analyses such as inclusion of multivariate analysis into
the model. In conjunction with other ongoing clinical trials
with PS-341, PD data are continually being gathered, and this
additional information may allow a future analysis of these
two models, and others as appropriate, to arrive at a more
definitive conclusion.

Pharmacokinetic studies of PS-341 have been performed in
conjunction with other clinical trials of this agent, and have
shown that it has arapid t,,,, of 0.22 to 0.46 hour and alarge (>
500 L) volume of distribution.*® Additional pharmacokinetic
studies are being performed in conjunction with trials studying
combination regimens with standard chemotherapeutic drugs
and PS-341. One area of interest isthe dosing of PS-341 in obese
patients, which in the current study was adjusted empiricaly in
those who were more than 30% above their ideal body weight.
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Subsequent preclinical work in obese mouse models and clinical
experience®® has indicated that this adjustment is not necessary.
A second area of particular interest is the dosing of PS-341 in
patients with renal impairment, which was allowed in the current
study for patients with multiple myeloma and a creatinine of up
to 25 mg/dL. Patients with even more compromised renal
function have been treated on a phase Il trial of PS-341,° and
preliminary results have shown that there was no correlation
between 20S proteasome inhibition and reduced creatinine clear-
ance. Also, those patients with impaired renal function did not
appear to have increased toxicity, suggesting the possibility that
renal function may not need to be considered in the dosing of
PS-341. Detailed pharmacokinetic and PD studies are currently
underway to address this important question further.

PS-341 showed evidence of antitumor activity in patients with
refractory multiple myeloma, with one patient achieving aCR. It is
interesting that this CR was associated with a rapid, sustained
recovery of the other immunoglobulins to norma levels during
therapy, suggesting that proteasome inhibitors may be sdectively
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toxic to transformed cellsin vivo, asthey have proven in laboratory
studies.*>” Because adherence of myeloma cells to bone marrow
stromatriggers synthesis of the myeloma survival and growth factor
IL-6®* through an NF-kB—dependent mechanism,? the ability of
proteasome inhibitors to block NF-«B signaling®® may in part
explain the effects of PS-341 in this disease. We evaluated the
impact of PS-341 on patients’ serum IL-6, and found that
systemic levels actually increased after therapy, but this does
not rule out a possible effect at the level of the marrow
microenvironment. More recently, PS-341 has been shown to
potently inhibit proliferation and growth pathway signaling,
and to directly induce apoptosis in both laboratory- and
patient-derived multiple myeloma cells.*” Furthermore, the
ability of PS-341 to enhance the antimyeloma efficacy of
dexamethasone in vitro'’ suggests therapy using combina-
tions such as dexamethasone and PS-341 might be particu-
larly effective. This provides a strong argument for further
study of such regimens in patients with multiple myeloma,
and a phase Il trial using thisrationale is currently underway.

ACKNOWLEDGMENT

The acknowledgment is available online at www.jco.org.

REFERENCES

1. Goldberg AL, Akopian TN, Kisselev AF, et a: New insights into the
mechanisms and importance of the proteasome in intracellular protein
degradation. Biol Chem 378:131-140, 1997

2. Zwickl P, Baumeister W, Steven A: Dis-assembly lines: The proteasome
and related ATPase-assisted proteases. Curr Opin Struct Biol 10:242-250, 2000

3. Ciechanover A, Orian A, Schwartz AL: Ubiquitin-mediated proteoly-
sis: Biological regulation via destruction. Bioessays 22:442-451, 2000

4. Orlowski M, Wilk S: Catalytic activities of the 20 S proteasome: A
multicatalytic proteinase complex. Arch Biochem Biophys 383:1-16, 2000

5. Hershko A: Roles of ubiquitin-mediated proteolysis in cell cycle
control. Curr Opin Cell Biol 9:788-799, 1997

6. Kloetzel PM: Antigen processing by the proteasome. Nat Rev Mol Cell
Biol 2:179-187, 2001

7. OikawaT, Sasaki T, NakamuraM, et al: The proteasomeisinvolved in
angiogenesis. Biochem Biophys Res Commun 246:243-248, 1998

8. Orlowski RZ: The role of the ubiquitin-proteasome pathway in apo-
ptosis. Cell Death Differ 6:303-313, 1999

9. Grimm LM, Osborne BA: Apoptosis and the proteasome. Results Probl
Cell Differ 23:209-228, 1999

10. Magnani M, Crinelli R, Bianchi M, et a: The ubiquitin-dependent
proteolytic system and other potential targets for the modulation of nuclear
factor-«B (NF-«B). Curr Drug Targets 1:387-399, 2000

11. Imgoh-Ohmi KT, Sugiyama S, Tanaka K, et a: Lactacystin, a
specific inhibitor of the proteasome, induces apoptosis in human monoblast
U937 cells. Biochem Biophys Res Commun 217:1070-1077, 1995

12. Shinohara K, Tomioka M, Nakano H, et al: Apoptosis induction
resulting from proteasome inhibition. Biochem J 317:385-388, 1996

13. Tanimoto Y, Onishi Y, Hashimoto S, et a: Peptidyl adehyde
inhibitors of proteasome induce apoptosis rapidly in mouse lymphoma RVC
cells. J Biochem (Tokyo) 121:542-549, 1997

14. Drexler HC: Activation of the cell death program by inhibition of
proteasome function. Proc Natl Acad Sci USA 94:855-860, 1997

15. Orlowski RZ, Eswara JR, Lafond-Walker A, et a: Tumor growth
inhibition induced in a murine model of human Burkitt's lymphoma by a
proteasome inhibitor. Cancer Res 58:4342-4348, 1998

16. Masdehors P, Omura S, Merle-Bera H, et al: Increased sensitivity of
CLL-derived lymphocytes to apoptotic death activation by the proteasome-
specific inhibitor lactacystin. Br J Haematol 105:752-757, 1999

17. Hideshima T, Richardson P, Chauhan D, et a: The proteasome
inhibitor PS-341 inhibits growth, induces apoptosis, and overcomes drug
resistance in human multiple myelomacells. Cancer Res 61:3071-3076, 2001

18. Adams J, Palombella VVJ, Sausville EA, et d: Proteasome inhibitors:
A novel class of potent and effective antitumor agents. Cancer Res
59:2615-2622, 1999

19. Teicher BA, Ara G, Herbst R, et al: The proteasome inhibitor PS-341
in cancer therapy. Clin Cancer Res 5:2638-2645, 1999

20. Lightcap ES, McCormack TA, Pien CS, et a: Proteasome inhibition
measurements: Clinical application. Clin Chem 46:673-683, 2000

21. Cockcroft DW, Gault MH: Prediction of creatinine clearance from
serum creatinine. Nephron 16:31-41, 1976

22. CTEP, NCI: Common Toxicity Criteria Manual, Version 2.0. Be-
thesda, MD, National Cancer Institute, 1999, pp 1-35

23. Millennium Pharmaceuticals: Investigator’s Brochure: PS-341 (ed 5).
Cambridge, MA, Millennium Pharmaceuticals, 2001

24. Aghajanian C, Elliott P, Adams J, et a: Phase| trial of the proteasome
inhibitor PS-341 in advanced malignancy. Proc Am Soc Clin Oncol 19:189,
2000 (abstr 736)

25. Papandreou CN, Pagliaro L, Millikan R, et a: Phase | study of
PS-341, a novel proteasome inhibitor, in patients with advanced malignan-
cies. Proc Am Soc Clin Oncol 19:190a, 2000 (abstr 738)

26. Vanden Berghe W, Vermeulen L, De Wilde G, et d: Signa trans-
duction by tumor necrosis factor and gene regulation of the inflammatory
cytokine interleukin-6. Biochem Pharmacol 60:1185-1195, 2000

27. Tan C, Waldmann TA: Proteasome inhibitor PS-341, a potential
therapeutic agent for adult T-cell leukemia. Cancer Res 62:1083-1086,
2002

28. Riley TR Ill, Bhatti AM: Preventive strategies in chronic liver
disease: Part |. Alcohol, vaccines, toxic medications and supplements, diet
and exercise. Am Fam Physician 64:1555-1560, 2001

29. Richardson PG, Berenson J, Irwin D, et a: Phase Il study of PS-341, a
novel proteasome inhibitor, done or in combination with dexamethasone in
patients with multiple myeloma who have relapsed following front-line therapy
and are refractory to their most recent therapy. Blood 98:774a, 2001 (abstr 3223)

30. Papandreou C, Ddiani D, Millikan RE, et a: Phase | study of
intravenous proteasome inhibitor PS-341 in patients with advanced malig-
nancies. Proc Am Soc Clin Oncol 20:86a, 2001 (abstr 340)

31. Anderson KC, Kyle RA, Dalton WS, et al: Multiple myeloma: New
insights and therapeutic approaches. Hematology 2000, pp 147-165

32. Chauhan D, Uchiyama H, Akbarali Y, et a: Multiple myeloma cell
adhesion-induced interleukin-6 expression in bone marrow stromal cells
involves activation of NF-kappa B. Blood 87:1104-1112, 1996



