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Abstract
Purpose—To determine the safety, target inhibition, and signals of clinical activity of tipifarnib
in combination with bortezomib in patients with advanced acute leukemias.

Experimental Design—In a 3+3 design, patients received escalating doses of tipifarnib (days
1–14) and bortezomib (days 1, 4, 8, 11) every 3 weeks until maximum tolerated dose was reached.
Peripheral blood mononuclear cells (PBMCs) were collected at days 1, 8, and 22 for measurement
of chymotrypsin-like and farnesyltransferase activity. Purified bone marrow leukemic blasts were
collected at baseline and at day 8 for measurement of NF-kB activity.

Results—The combination was well-tolerated, and maximum tolerated dose was not reached.
Dose-limiting toxicities included diarrhea, fatigue, and sensorimotor neuropathy. Chymotrypsin-
like and farnesyltransferase activity within PBMCs were decreased in a majority of patients at day
8. NF-kB activity within leukemic blasts was decreased in a majority of patients at day 8.
Complete response with incomplete count recovery was observed in 2 patients, and an additional 5
patients had stable disease.

Conclusions—Tipifarnib and bortezomib combination in patients with advanced leukemias was
well-tolerated, demonstrated relevant target inhibition, and was associated with signals of clinical
activity in patients with advanced and refractory acute leukemias. Future studies of this
combination may be warranted in more selected groups of patients in whom these molecular
targets are of particular importance.
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INTRODUCTION
Despite recent advances in therapy for adult patients with acute leukemias, the overall cure
rate remains only 25–30%. Outcomes are worse in older patients, patients who evolved from
previous myelodysplastic syndromes, and patients whose disease is linked to environmental
and occupational exposures (1,2). These patients frequently relapse, and the remission
duration is generally short. Thus, new strategies, including combinations of agents with non-
overlapping mechanisms of action and toxicities, are needed to improve clinical outcomes in
adult leukemia patients, especially in those who are refractory to current standard treatment
regimens.

Bortezomib (PS-341, Velcade, Millennium Pharmaceuticals, Cambridge, MA) is a
reversible inhibitor of the chymotrypsin-like activity of the proteasome, a key complex in
the ubiquitin-proteasomal system (UPS). The UPS is responsible for the degradation of
proteins involved in the regulation of important physiological processes such as cell cycle
division, cell death, and apoptosis (i.e., p53, Bax, and IκBα). For example, inhibition of the
proteasome results in decreased degradation of IκBα levels and leads to inactivation of
nuclear factor κB (NF-κB), which regulates many genes that code for mediators of immune
responses, inflammatory responses, and cell survival. NF-κB is constitutively active in acute
myelogenous leukemia (AML) (3), chronic myelogenous leukemia (CML), and acute
lymphoblastic leukemia (ALL) progenitor cells, making it an attractive target in these
diseases. Preclinical studies have also demonstrated that inhibition of NF-κB with a
proteasome inhibitor induces rapid cell death in leukemic progenitor cells with little effect
on normal stem cells (3). Other critical regulatory proteins thought to be regulated by the
UPS include cyclins, cyclin-dependent kinases, and p53 (4,5). Although bortezomib
currently has FDA-approved indications only for the treatment of multiple myeloma and
mantle cell lymphoma, it has also been studied in refractory acute leukemias. It has been
shown to be well-tolerated as a single agent in a phase I study that also demonstrated
proteasomal inhibition (6).

Tipifarnib (R115777, Zarnestra, Johnson & Johnson) is an orally available selective
inhibitor of farnesyltransferase (FTase), an enzyme that catalyzes the transfer of a 15 carbon
farnesyl moiety at a cysteine near the carboxyl terminus of a polypeptide, with the ability to
disrupt the prenylation of Ras and many other intracellular proteins, including Rheb and
Lamin proteins (7–9). FTase inhibitors have also been shown to target the phosphoinositide
3-OH kinase/Akt pathway (10), which appears to be critical in the transcription activation of
NF-κB (11). Multiple clinical studies have evaluated tipifarnib in AML, with complete
response rates in the range of 10–15% (12–14). A pivotal phase III trial, however, did not
demonstrate a survival advantage for elderly patients with newly diagnosed AML treated
with tipifarnib versus best supportive care (15).

Because bortezomib and tipifarnib act upon distinct, non-overlapping targets, a combination
of these agents was evaluated for synergistic anti-tumor activity; Yanamandra et al have
previously demonstrated synergistic activity between tipifarnib and bortezomib in multiple
myeloma and AML cell lines. Furthermore, this combination was shown to be particularly
synergistic in a fibronectin-adhesion model, a setting that is thought to confer properties of
drug resistance (16).

In this phase I combination trial (ClinicalTrials.gov identifier NCT00383474), we studied
the effect of combination treatment of tipifarnib and bortezomib in patients with advanced
acute leukemias. The primary objectives were to determine the toxicity and maximum
tolerated doses of tipifarnib and bortezomib in combination. Secondary endpoints were to
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determine the effect of combined therapy on putative drug targets, including FTase, CTL
proteasomal activity, and NF-κB activity within leukemic blasts.

PATIENTS AND METHODS
Patient Eligibility and Selection

Patients above the age of 18 years with relapsed or refractory AML (non M3 subtype), ALL,
and blast-phase CML were eligible for enrollment. Patients who had previously untreated
AML who were either not eligible or refused conventional cytotoxic therapy were also
eligible. All patients had to meet the following criteria: Eastern Cooperative Oncology
Group performance status 0–2, normal bilirubin, hepatic enzymes twice normal or less,
serum creatinine 1.5 times normal or less, and left ventricular ejection fraction ≥ 40%.
Patients were ineligible if they had a peripheral blast count of ≥ 30,000/μL (cytoreduction
with hydroxyurea was permitted up to 24 hours prior to beginning treatment); acute
promyelocytic leukemia (M3); disseminated intravascular coagulation; active central
nervous system leukemia; concomitant radiation therapy, chemotherapy, or immunotherapy;
coexisting medical or psychiatric conditions that could interfere with study procedures;
known allergy to imidazoles; or prior therapy with bortezomib or tipifarnib. Pregnant or
lactating women were ineligible. All patients were given written informed consent with the
approval of our Institutional Review Boards and according to the guidelines of each
participating institution.

Treatment Regimen
The planned dose-escalation schema is depicted in Table 1. A “3 + 3” dose-escalation design
was used. If dose-limiting toxicity (DLT) occurred in 1 of 3 patients, the group was
expanded to 6 patients. If no further toxicity was seen, 3 patients were enrolled at the next
dose level. Maximum tolerated dose (MTD) was defined as the dose level below the one in
which 2 or more DLTs occurred. Each treatment cycle was 21 days. Bortezomib was
administered as an intravenous infusion over 3–5 seconds on days 1, 4, 8, and 11 of each
cycle. Tipifarnib was administered every 12 hours by mouth (with food) on days 1–14 of
each cycle. The first 3 patients received tipifarnib at a dose of 300 mg every 12 hours by
mouth for 14 days (days 1–14) and bortezomib 1.0 mg/m2 for 4 doses on days 1, 4, 8, and
11. If a DLT occurred at the initial dosing level, then a dose level minus (−) 1 was
permitted. An expansion of up to 10 patients at the MTD or the final dosing cohort was
planned in order to gain additional experience and knowledge about the toxicity and
pharmacodynamic effects of this regimen.

Assessment of Response and Toxicity
All adverse events were graded according to the NCI Common Terminology Criteria for
Adverse Events version 3.0. A DLT was defined as any grade 3–4 drug-related non-
hematologic toxicity with the exception of alopecia, diarrhea, mucositis, nausea or vomiting,
and infection or febrile neutropenia adequately controlled with supportive measures.
Observations for DLT were performed during cycle 1 for a minimum period of 21 days.
Hematologic DLT was defined as grade 3–4 neutropenia and/or thrombocytopenia (thought
to be due to marrow hypoplasia and NOT leukemic burden) that did not recover to grade ≤ 2
by day 56.

Translational/Correlative Studies
Measurement of NF-κB—Nuclear extracts were prepared from 2 million Ficoll-purified
bone marrow nucleated cells using a nuclear extraction kit (Panomics Inc., Fremont, CA).
DNA binding activity was assayed using an NF-κB p50 DNA binding ELISA (Panomics
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Inc.). The manufacturer’s suggested methods were used with the addition of poly d(IC)
added to the assay buffer to prevent nonspecific binding. Excess cold probe was used in
control wells.

Measurement of proteasome chymotrypsin-like activity—Chymotrypsin-like
activity levels on day 8 pre- and post-bortezomib (1 hour) treatment were measured by
incubating the PBMC lysates in the presence of purified fluorogenic 20S proteasome peptide
substrate Suc-Leu-Leu-Val-Tyr-7-amido-4-methyl-coumarin for 2 hours at 37° C. After
incubation, chymotrypsin-like activity was determined by measuring the amount of
hydrolyzed 7-amido-4-methyl-coumarin groups using a fluorometer with an excitation filter
of 380 nm and an emission filter of 460 nm. The inhibitory activity of bortezomib on day 8
for each patient was then reported as the percentage measured 1 hour after the day 8
bortezomib dose compared with that of one hour before the day 8 bortezomib dose.

Measurement of FTase activity—The ability of FTase to transfer [3H]farnesyl from
[3H]farnesyl pyrophosphate to recombinant H-Ras was determined by adding equal protein
amounts from each patient’s PMBC lysate to 50 mM Tris-HCL (pH 7.5), 50 μM ZnCl2, 20
mM KCl, 1 mM DTT, and 3 mM MgCl2 in the presence of 1 μCi [3H]farnesyl
pyrophosphate and 20 μg H-Ras (FTase) and incubating at 37° C for 30 min. After the
reaction was stopped with 4% SDS, the proteins were precipitated with 30% TCA and
collected on glass microfiber filters as described previously (17). Baseline FTase activity
(without exogenous H-Ras) was also determined for each sample. Activity of each sample
was determined by scintillation counting, and basal FTase activity was subtracted out of
each sample to give total sample activity. Day 8 (pre- and 1 hour post-bortezomib) and day
22 samples were compared to baseline (before initial treatment day 1, cycle 1) and reported
as percent of baseline activity.

Statistics
The unpaired Student’s t test was used to analyze in vivo results for NF-κB, FTase activity,
and chymotrypsin-like enzyme activity. Statistical analysis was performed using Microsoft
Excel software.

RESULTS
Thirty-one patients were consented for this study, of which 27 were treated. The remaining
four patients were deemed ineligible, due to either rapid disease progression prior to starting
study therapy (2 patients) or development of intercurrent severe medical illness precluding
initiation of study therapy (2 patients). All 27 treated patients were evaluated for toxicity and
response. Patient demographics are shown in Table 2. Most patients had recurrent AML, the
majority of whom had received extensive prior therapy (median of 2 prior regimens).

Toxicities
A summary of all non-hematologic toxicities is shown in Table 3. The most common
toxicities that were observed included diarrhea, infection/febrile neutropenia, nausea/
vomiting, fatigue, and anorexia, most of which were grade 1 or 2. Three patients
experienced DLT, each occurring in different dosing cohorts. An 81-year-old female in
cohort 1 with AML who had been previously treated with low-dose cytarabine with no
response experienced recurrent grade 2 diarrhea on day 5, requiring hospitalization, with
resolution 1 day later. This event reached DLT criteria (per protocol definition) because it
recurred and resulted in > 1 occurrence of dose interruption or delay. A 65-year-old female
in cohort 3 with refractory AML developed severe fatigue beginning on day 10, which
improved after discontinuation of the study regimen, but the patient developed progressive
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disease shortly thereafter. Finally, a 67-year-old male in cohort 4, with no baseline
neurologic deficits, experienced grade 3 sensorimotor neuropathy starting on day 21, which
improved 2 months later, but never resolved. None of the 3 patients with DLTs received re-
treatment with the study combination following these events. Despite the occurrences of
these DLTs, the trial completed accrual to the final planned cohort.

Correlative Laboratory Studies
FTase activity within peripheral blood mononuclear cells (PBMC) was measured serially in
16 patients, with a median of 77.5% inhibition (range 50.7% to 98.8%) from baseline to day
8 (Figure 1). Patients in dosing cohorts 3 and 4 (tipifarnib 600 mg twice daily) had
significantly decreased FTase activity at day 8 (average 14.9% of baseline, 95% confidence
interval 1.3% – 28.5%) compared with patients treated with lower doses of tipifarnib (300
mg or 400 mg twice daily) in cohorts 1 and 2 (average 28.9% of baseline, 95% confidence
interval 13.9% – 43.9%) (p = 0.038), suggesting more potent FTase inhibition with higher
doses of tipifarnib. Interestingly, 5 out of 8 evaluable patients had sustained inhibition at day
22 (data not shown). We also found that the reduced FTase activity levels in 7 evaluable
patient samples did not change significantly 1 hour post-bortezomib infusion on day 8
compared with pre-infusion, indicating that the ability of tipifarnib to inhibit its primary
target was not affected by bortezomib. The 20S proteasomal function within PBMCs, as
measured by chymotrypsin-like enzyme activity, was evaluated in 13 patient PBMC samples
obtained pre-infusion and 1 hour post-infusion of bortezomib on day 8. Of these 13 samples,
11 showed a reduction in chymotrypsin-like enzyme activity by a median of 33.3% (range
6.2% to 76.9%), whereas two samples showed an increase in activity at day 8 (Figure 2). In
addition, chymotrypsin-like enzyme activity within PBMCs at day 22 decreased from
baseline in 5 out of 7 patient samples tested by a median of 45% (range 8.8% to 77.8%).
There was no significant difference in the chymotrypsin-like enzyme activity in dosing
cohorts 1–3 (bortezomib 1.0 mg/m2) compared to dosing cohort 4 (bortezomib 1.3 mg/m2).

In an attempt to assess the effects of this drug combination on a critical apoptotic regulator,
we measured NF-κB binding activity within leukemic marrow blasts. Figure 3 shows that
NF-κB activity decreased by a median of 39% (range 14% – 60%) from baseline to day 8 in
10 out of 14 paired samples tested. Again, there was no significant difference in the NF-κB
binding activity level at day 8 (compared with baseline) amongst any of the dosing cohort
tested (groups 1+2 versus 3+4 or groups 1+2+3 versus 4).

Anti-Tumor Efficacy
Two patients on the study demonstrated complete response with incomplete count recovery
(CRi); both received treatment on dose cohort 2 (i.e., tipifarnib 400 mg twice daily and
bortezomib 1.0 mg/m2 twice weekly). The first was a 70-year-old male with AML (normal
cytogenetics) in first relapse after 2 courses of induction chemotherapy, with a baseline bone
marrow aspirate sample revealing 54% blasts. CRi was achieved following cycle 2 of the
study regimen and lasted for 21 weeks. The patient was removed from study after 3 cycles
due to low-grade persistent sensory neuropathy and subsequently relapsed. The second
patient was also a 70-year-old male with AML (normal cytogenetics) in second relapse.
Bone marrow blast clearance and CRi were achieved following cycle 3, without peripheral
count recovery. The patient went on to receive 6 cycles (total) of study treatment before
relapse occurred. CRi lasted 14 weeks. Five additional patients had stable disease following
cycle 1 and were able to receive treatment for a total of 2 cycles or more. In comparing
patients with CRi or stable disease (i.e., received 2 or more cycles) with those patients who
had progressive disease or received < 2 cycles of treatment, we did not observe any
significant baseline-to-day 8 changes in NF-κB binding activity, FTase activity, or
chymotrypsin-like enzyme activity, although the number of patients with serial samples
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available for correlative assays was relatively limited. Similarly, baseline NF-κB and FTase
activity levels did not differ significantly between these groups of patients.

DISCUSSION
Intersecting inhibition of key regulatory proteins with small molecule inhibitors offers the
potential for more targeted therapy with less toxicity. However, signaling inhibitors are
often ineffective when used as single agents, possibly because malignancies develop as a
consequence of multiple genetic alterations leading to many aberrant signal transduction
pathways. Therefore, combination therapy of agents with non-overlapping mechanisms of
action is attractive for the purposes of increasing efficacy. Because of the putative effects of
tipifarnib and bortezomib on critical intracellular targets of proliferation and survival (e.g.,
Ras, NF-κB), along with demonstration of synergy in preclinical models, and the verified
single-agent clinical anti-leukemic activity of tipifarnib in AML, we chose to evaluate this
combination in a phase 1 trial. In this study, the combination of tipifarnib and bortezomib
was generally well-tolerated across all treatment cohorts with limited non-hematologic
toxicity. DLTs included fatigue, diarrhea, and sensorimotor neuropathy. The acceptable side
effect profile compares well with those seen in previous phase I and II studies using
tipifarnib or bortezomib as single agents in acute leukemias (6,12,13). Of note, MTD was
not reached with this combination, in contrast to other targeted therapy combination
regimens, where significant toxicities were observed, precluding maximum dose elevation
or the ability to administer the agents together chronically (18,19). Previous DLTs reported
for tipifarnib not seen in this study included enterocolitis, arrhythmias, and delayed
hematologic recovery after consolidation (12,20). Clinical anti-leukemic activity was
modest, as expected, in this primarily heavily pre-treated cohort of patients; however, bona
fide responses (CRi) were observed in 2 patients. An additional 5 patients maintained stable
disease beyond 2 cycles, indicating the potential to utilize this regimen on a more prolonged
or chronic basis.

The putative drug targets for these agents, FTase and chymotrypsin-like activity of the UPS,
were inhibited by the combination at all doses tested, and FTase inhibition persisted for
several days beyond drug discontinuation in several patients. Inhibition of chymotrypsin-like
activity at day 8 was more modest, even at the maximum dose of 1.3 mg/m2, but further
dose escalation of bortezomib is not likely possible, based on the previously described MTD
of this agent (21). Specifically, within leukemic blasts, NF-κB binding activity decreased
following treatment in the majority of patient samples tested, indicating the ability of this
combination to inhibit an important leukemic progenitor cell survival pathway that may be
the focus of future studies in AML. While the small number of responding patients, along
with a molecularly unselected overall population of patients, precluded an ability to correlate
response with degree of target inhibition in this study, the ability to inhibit these targets in a
majority of patients indicates that future studies of these agents, either alone or in
combination, will be viable in prospectively selected patient populations in whom inhibition
of these targets is determined to be desirable.

The future for successful small molecule and targeted therapy approaches in leukemia, and
cancer in general, likely depends on the ability to predict which patients express a molecular
profile that predicts response to a particular drug. In the case of tipifarnib, meaningful
strides have been undertaken to identify a molecular signature associated with response to
this agent. In their analysis of gene expression profiles from bone marrow of AML patients
treated with tipifarnib on 2 clinical studies, Raponi et al found that the expression ratio of 2
genes, RASGRP1 (encodes for a guanine nucleotide exchange factor that activates Ras) and
APTX (encodes for a protein involved with DNA excision repair), both positively and
negatively predicted response to single-agent tipifarnib (22,23). Using the same gene panel,
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investigators in Italy have also demonstrated a high response rate to tipifarnib combined
with bortezomib in patients with leukemia cells exhibiting the proper expression ratio (24).
As such, a bortezomib-tipifarnib combination to induce response may be feasible as primary
therapy in preselected patients or as adjunctive therapy via inhibition of targets such as NF-
κB.

In summary, combination therapy with tipifarnib and bortezomib in advanced acute
leukemias is well-tolerated, induces target protein inhibition, and produces modest anti-
leukemic clinical activity in patients with advanced, poor-risk acute leukemia. The results
from this trial may facilitate future development of this or similar combinations in selected
patients with an appropriate leukemic phenotype.
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Fig. 1.
FTase activity in PBMCs on day 8, compared with at baseline.
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Fig. 2.
Residual chymotrypsin-like activity in PBMCs on day 8, 1 hour after treatment with
bortezomib.
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Fig. 3.
NF-κB binding activity in leukemic blasts on day 8 compared with baseline.
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Table 1

Dose escalation schema

Dose Level

Dose Escalation Schedule

R115777 (Tipifarnib) PS-341 (Bortezomib)

Level (−) 1 200 mg BID 0.7 mg/m2 twice weekly

Level 1 300 mg BID 1 mg/m2 twice weekly

Level 2 400 mg BID 1 mg/m2 twice weekly

Level 3 600 mg BID 1 mg/m2 twice weekly

Level 4 600 mg BID 1.3 mg/m2 twice weekly

BID, twice daily.
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Table 2

Patient characteristics

Number of patients 27

Median age, years (range) 70 (47–82)

Sex, no. of patients (%)

 Male 21 (78)

 Female 6 (22)

Race or ethnicity, no. of patients (%)

 Hispanic 1 (4)

 Black or African American 2 (7)

 White 24 (89)

ECOG performance status, no. of patients (%)

 0–1 26 (96)

 2 1 (4)

Diagnosis, no. of patients (%)

 AML 26 (87)

 ALL 1 (13)

Median number of prior chemotherapy regimens 2 (0–2)

AML, acute myelogenous leukemia; ALL, acute lymphoblastic leukemia; ECOG, Eastern Cooperative Oncology Group.
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