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Abstract
The successful clinical development of thalidomide, bortezomib and lenalidomide not only
transformed the therapeutic management of multiple myeloma (MM), but also catalyzed a renewed
interest in the development of additional classes of novel agents for this disease. This review focuses
on a series of new therapeutics that have shown promising preclinical results, as well as encouraging
safety profiles and early evidence of anti-MM activity in clinical studies, either alone or in
combination with other, conventional or novel, anti-MM treatments. These agents include second-
generation proteasome inhibitors and immunomodulatory agents, as well as members of other
therapeutic classes, such as histone deacetylase inhibitors (HDAC), heat shock protein 90 inhibitors
and the alkylphospholipid Akt inhibitor perifosine.

Introduction
The successful clinical development of thalidomide, bortezomib and lenalidomide has
significantly changed the treatment landscape for multiple myeloma (MM) and contributed to
improved overall survival of MM patients compared to patients diagnosed in the era prior to
the development of these novel therapies 1. These 3 new agents have catalyzed renewed interest
in development of additional classes of novel agents for this otherwise incurable malignancy.
Current investigational compounds include not only second-generation proteasome inhibitors
and immunomodulatory agents, but also members of other therapeutic classes. This review
focuses on the recent progress in the translational and clinical development of novel anti-MM
agents beyond bortezomib, thalidomide and lenalidomide. Particular emphasis is placed on
agents which have shown promising preclinical results, as well as encouraging safety profiles
and early evidence of anti-MM activity in clinical studies, either alone or in combination with
other, conventional or novel, anti-MM treatments.
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Second-generation proteasome inhibitors: carfilzomib (PR-171) and
salinosporamide (NPI-0052)

The successful clinical development of bortezomib not only changed the natural history of MM
patients, but also provided indisputable clinical validation of the role of proteasome as a
therapeutic target for this disease. Specifically, the fact that bortezomib can be administered
safely at doses and schedules which provide meaningful clinical benefit addressed previous
concerns about the clinical feasibility of proteasome inhibition. It also created new interest in
the development of other proteasome inhibitors that would hopefully exhibit improved
properties compared to bortezomib. The efforts to develop second generation proteasome
inhibitors aimed at achieving increased potency of inhibition of the intended target, but also
attempted to address two important clinical needs, namely bioavailability via the oral route and
decreased peripheral neuropathy, which is key dose limiting adverse event of bortezomib.

The two new proteasome inhibitors that have emerged so far from both preclinical and clinical
studies in MM include the lactacystin-like agent NPI-0052 (Salinosporamide A) 2,3 and the
epoxyketone carfilzomib (PR-171) 4,5. Both compounds are considered irreversible inhibitors
of the proteasome, in contrast to bortezomib which reversibly inhibits the chymotryptic-like
activity of the 20S proteasome through non-covalent interaction with its β5 subunit. At the
molecular level, the irreversible binding of carfilzomib to its target is attributed to its structural
similarity to epoxomicin, a natural product which forms irreversible adducts only with the N-
terminal threonine of the β5 subunit 6 and not the other proteasome subunits. Because of this
substrate-selective adduct formation, the activity of carfilzomib is restricted to the
chymotryptic-like activity of the 20S proteasome 5. In contrast, pre-clinical reports indicate
that NPI-0052 inhibits not only the chymotryptic-like activity of the 20S proteasome, but also
its other 2 proteolytic activities (tryptic-like and caspase-like) 3. In preclinical in vitro studies
with MM cell lines and primary tumor cells, carfilzomib has exhibited anti-MM activity at nM
concentrations 5, with IC50 values that are in the same order of magnitude as those for
bortezomib 7. Similarly to bortezomib, short exposures to carfilzomib can trigger irreversible
activation of MM cell death5, although this effect appears to require shorter exposures to
carfilzomib than to equimolar concentrations of bortezomib. This may be due to the distinct
irreversible binding of carfilzomib with the proteasome, as opposed to bortezomib’s reversible
binding to its target.

NPI-0052 is derived from fermentation of the marine gram-positive actinomycete
Salinospora and although it is structurally distinct from bortezomib, it shares several of its
properties. NPI-0052, like bortezomib can induce death of MM cells resistant to diverse
conventional and novel anti-MM agents. Consistent with the effect on the chymotryptic-like
activity of the 20S proteasome, NPI-0052 suppresses the transcriptional activity of NF-κB in
MM cells, although it is likely that its anti-MM activity includes other mediators as well.
NPI-0052 overcomes, similarly to bortezomib, the proliferative/anti-apoptotic effects
conferred by BMSCs or by BM-derived cytokines (e.g. IL-6). These in vitro observations
provide an understanding of the similarities between these proteasome inhibitors.

It is notable that both NPI-0052 and carfilzomib have been reported to have in vitro anti-MM
activity against primary MM cells that are derived from patients relapsing from or refractory
to bortezomib 3. For NPI-0052, its ability to overcome bortezomib resistance has been ascribed,
at least in part, to the fact that this agent blocks not only the chymotryptic activity of the
proteasome, but also its other 2 proteolytic activities. It is plausible that this broader spectrum
of activity of NPI-0052 allows it to more comprehensively block the degradation of
ubiquitinylated proteins and thereby trigger pro-apoptotic pathways that are either not triggered
by bortezomib-mediated suppression of the chymotryptic-like activity of the 20S proteasome
or require higher concentrations/longer exposures to achieve this effect. In contrast, carfilzomib
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selectively inhibits chymotryptic-like activity of the proteasome, similarly to bortezomib.
Because the in vitro IC50 values for these 2 inhibitors are also comparable, it is plausible that
the activity of carfilzomib against bortezomib-resistant MM cells is not due to a broader
spectrum of activity or more potent inhibition of chymotryptic-like 20S proteasome function.
Instead, it is more likely related to the irreversibility of the effect of carfilzomib, because
irreversible inhibition of the proteasome could allow tumor cells less time to recover from the
impact of treatment.

An attractive feature of both NPI-0052 and carfilzomib is the potential for oral bioavailability.
Both agents have been administered orally in preclinical models and have shown that this route
of administration is associated with anti-tumor activity. This aspect distinguishes these agents
from bortezomib, which is currently available only for use as an injectable preparation. So far,
however, the clinical development of carfilzomib and NPI-0052 is based on intravenous
administration.

A multicenter phase I study was performed to evaluate the safety and clinical activity of
carfilzomib in patients with relapsed or refractory hematological malignancies 8. The trial
enrolled 51 patients, including 21 MM patients, 17 of whom had previously been treated with
bortezomib. Four of the MM patients in that trial responded to carfilzomib treatment (PR of
19%). Based on these early data, open-label, single-arm, phase II studies of carfilzomib were
initiated in relapsed and refractory MM 9 as well as in relapsed MM 10, respectively.
Preliminary results of these studies were presented at the 2008 meeting of the American Society
of Hematology. In the first study, carfilzomib was administered as 20 mg/m2 IV push on days
1, 2, 8, 9, 15 and 16 of each 28-day cycle (i.e. twice-weekly on the first 2 days of each week
during the first 3 weeks of 4-week cycles). Enrolled patients had to have relapsed from at least
2 prior therapies (including bortezomib and thalidomide or lenalidomide) and also had to be
refractory to their last treatment, defined as <25% response to their last treatment or progression
while on therapy (or within 60 days of its completion). Patients were heavily pretreated, with
a median number of prior lines of therapy of 5 (range of 2–15), while 80% of patients had
received at least 4 prior lines of therapy. More than 50% of patients had received bortezomib
as their last therapy. The overwhelming majority of patients had also previously received
lenalidomide (89%), thalidomide (91%), alkylating agents (94%), anthracycline (80%), or stem
cell transplant (SCT) (83%). In a preliminary analysis of 39 patients evaluable for response,
the rates of partial response (PR), minor response (MR), and stable disease (SD) were 13% (5
patients), 13% (5 patients), and 41% (16 patients), respectively, for a combined rate of MR or
better of 26% (95% CI 13%–42%.) In bortezomib-refractory patients, 1 PR and 4 MRs were
observed, for a combined rate of MR or better of 5/26 (19%). Anemia, cytopenia or neutropenia
at grade 3 or higher were reported in 33%, 24% and 4.3% of patients, respectively.
Thrombocytopenia was cyclical, and similarly to bortezomib, platelet counts recovered during
the end of each cycle, returning to their baseline levels at the beginning of the next. Grade 3
or higher non-hematologic side effects included fatigue, increases in creatinine levels,
hypocalcemia, hyperkalemia and hyperuricemia, all of which were reported in <10% of
patients. It is notable that the reported changes in creatinine levels were transient, reversible,
and non-cumulative and did not appear to limit treatment duration or efficacy of carfilzomib
9. It is also important to note that carfilzomib treatment was not associated with clinically
significant peripheral neuropathy, or significant deterioration of it in patients with pre-existing
neuropathy.

In the phase II trial of carfilzomib in relapsed MM patients10, the drug was administered using
the same schedule as in the trial for relapsed and refractory MM, i.e. at 20 mg/m2 IV push (with
dexamethasone (Dex) 4 mg PO premedication during cycle 1) on days 1,2, 8, 9, 15 and 16 of
each 28-day cycle (QDx2 weekly for 3 weeks of each cycle) for up to 12 cycles. Enrollment
was limited to patients with 1–3 prior lines of therapy. In this trial, 17 of 31 patients had been
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previously exposed to bortezomib, while the percentage of patients previously exposed to
thalidomide or lenalidomide was lower than in the study of Jagannath et al 9. In bortezomib-
naïve patients, the rates of complete response (CR), very good partial response (VGPR) and
PR were 7%, 14%, and 36%, respectively, for an overall response rate of 57%. In patients
previously exposed to bortezomib, the overall response (PR or better) rate was 18%, with an
additional 6% of patients having MR. SD was observed in 29% of bortezomib-naïve patients
and 59% of patients previously exposed to bortezomib. Grade 3 or 4 neutropenia, anemia and
thrombocytopenia were observed in 10%, 6.5% and 6.5%, respectively, of patients in this trial.
Grade 3 or 4 nonhematologic adverse events were limited to dyspnea (6.5% of patients).
Importantly, in terms of peripheral neuropathy only one grade 1 event (3.3% of patients) was
reported. As more mature data from these trials, as well as future ones, become available, the
patterns of safety and anti-MM activity of carfilzomib will become more evident and will
hopefully better define the role of carfilzomib in the management of MM.

The aforementioned preclinical data on NPI-0052 provided the framework for a phase I dose-
escalation of NPI-0052 monotherapy in MM patients with relapsed/refractory disease,
including patients that had previously received bortezomib and/or lenalidomide. NPI-0052 was
administered as a weekly IV injection on Days 1, 8 and 15 of every 4 week-cycle with
concomitant hydration. NPI-0052 dose was escalated in cohorts of 3 patients dependent on
observed adverse events utilizing a 3+3 design. Preliminary results were presented at the
Annual Meeting of the American Society of Hematology in 2008 11. The first 10 patients in
the trial were treated with NPI-0052 doses ranging from 0.025 mg/m2 to 0.075 mg/m2 without
reaching an MTD so far. From the safety standpoint, marked but reversible elevation in serum
creatinine was observed in one patient (in the context of possible progression of underlying
light chain nephropathy and with interval worsening of renal function noted prior to enrollment)
who responded to drug discontinuation and glucocorticoids. No peripheral neuropathy or
myelosuppression has been observed so far in this trial. Other drug-related adverse events were
manageable at all dose levels tested. No major reductions in M-protein had been observed in
this trial so far but two patients with relapsed/refractory MM had stable disease and remained
on study for >6 months and 1 year, respectively, with no significant toxicity. Dose escalation
continues in order to determine a phase 2 dose for further trial(s) in advanced MM.

Pomalidomide (CC-4047)
Despite its structural similarity with thalidomide and lenalidomide, pomalidomide (formerly
known as CC-4047 or IMID-1) exhibits distinct properties in terms of the qualitative and
quantitative pattern of its activity in different preclinical models and bioassays. The first
preclinical documentation of anti-MM activity of pomalidomide came from in vitro studies
conducted by Hideshima et al 12. These studies showed that pomalidomide demonstrated a
pleiotropic range of anti-MM actions, including direct anti-proliferative/pro-apoptotic effect
on MM cell lines and primary MM patient tumor cells; modulation of MM cell adhesion to
BMSCs; and suppression of proliferative/anti-apoptotic cytokines produced as a result of MM-
BMSC interaction 12. Additional studies also documented the ability of pomalidomide to
enhance immune effector cell killing of MM cells 13. Other studies showed that pomalidomide,
similarly to lenalidomide, can have enhanced anti-MM activity when combined with
bortezomib 14. A phase I trial of pomalidomide (CC-4047) in relapsed or refractory MM 15

determined a maximum tolerated dose of 2 mg per day and showed that this compound was
active in MM. Its side effects included deep venous thrombosis and neutropenia. MR or better
was observed in 67% of patients in that trial, while 54% of patients achieved PR or better,
including 4 of 24 patients (17%) with CR15. A second phase I trial conducted by Streetly et al.
16 determined that pomalidomide can be administered on alternate days at a MTD of 5 mg p.o.
without thromboembolic events. PR or better was achieved in 10 of 20 (50%) of patients, while
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complete remission was achieved in 2 of 20 patients (10%). Progression free survival was 10.5
months, with a median overall survival of 33 months.

These results provided the impetus for a phase II trial of pomalidomide plus Dex in relapsed
or refractory MM 17. Pomalidomide was administered at 2 mg p.o. daily on days 1–28 of each
four-week cycle while Dex was administered at 40 mg p.o. on days 1, 8, 15 and 22 of each
cycle, with aspirin (325 mg p.o. days 1–28) prophylaxis also administered. In the trial, 65% of
patients had been previously treated with SCT and 60% of patients had prior use of either
thalidomide or lenalidomide. In terms of the safety profile of the compound, 32% of patients
had grade 3 or 4 neutropenia, while the rates of grade 3 or 4 thrombocytopenia or anemia were
less than 5%. Nonhematologic adverse events included a fatal case of pneumonia in a
neutropenic patient and grade 3 events (overall in 28% of patients) which included fatigue,
constipation and hyperglycemia. It is notable that grade 1 or 2 peripheral neuropathy was
observed in up to 30% of patients (23% of all patients had only grade 1 peripheral neuropathy).
No cases of deep venous thromboses or pulmonary embolism were documented. Thirteen
percent of patients had dose reductions of pomalidomide due to neutropenia or neuropathy,
while 32% of patients had dose reductions of Dex due to edema, hyperglycemia, confusion,
mood alteration or muscle weakness. In 60 evaluable patients, followed-up for a median of 4
months, stringent CR, VGPR, PR, and SD were observed in 1, 14, 20, and 11 patients,
respectively (i.e. 2%, 23%, 33%, and 18%, respectively), for an overall response rate of 58%
and a combined CR plus VGPR rate of 25%. Importantly, 13 out of the first 37 patients enrolled
in the trial were lenalidomide-refractory and, in these patients, responses were observed in
29%. These results suggest that the combination of pomalidomide with Dex is active for the
management of advanced MM and that its profile of adverse events predominantly consists of
myelosuppression with neutropenia. Phase II clinical trials of this combination in patients with
lenalidomide refractory and bortezomib refractory disease are expected to take place.

Deacetylase inhibition (Vorinostat, LBH589, and other DAC inhibitors)
The degree of acetylation of histones influences their physical interaction with DNA and how
it is packaged in the nucleus, which can in turn have large scale impact on gene expression.
Histone acetylation is regulated by the opposing effects of histone acetyltransferases (HATs)
and histone deacetylases (HDACs). Inhibition of HDACs triggers accumulation of acetylated
histones and induces differentiation and/or apoptosis of many types of malignant cells.
Preclinical studies in our group had indicated that the HDAC inhibitor vorinostat (also known
formerly as suberoylanilide hydroxamic acid, SAHA) is active in vitro against MM cells,
including cells resistant to conventional and/or novel anti-MM agents, and overcomes
protective effects of IL-6 and BMSCs 18. Exposure of MM cells to vorinostat is associated
with antiproliferative and/or proapoptotic molecular sequelae, which include suppression of
transcripts for diverse growth factors and/or their receptors; caspase inhibitors; oncogenic
kinases; DNA synthesis/repair enzymes; as well as proteasome subunits.

Previous studies by our group had shown that, when exposed to bortezomib treatment, MM
cells exhibit distinct compensatory stress responses, which include up-regulation of transcripts
for various members of the ubiquitin-proteasome pathway, such as proteasome subunits and
ubiquitin conjugating enzymes19. This stress response can be interpreted as an attempt of the
MM tumor cells to withstand the stress caused by bortezomib treatment. The production of
more proteasome particles could conceivably compensate for the bortezomib-induced
suppression of the enzymatic activity of the already existing proteasomes. In that context, our
observation that HDAC inhibition suppresses the expression of proteasome subunits and other
ubiquitin proteasome pathway members suggested that the combination of a proteasome
inhibitor with an HDAC inhibitor could conceivably have synergistic anti-MM activity, not
only through the broad spectrum proapoptotic/anti-proliferative activity of these two drug
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classes, but also through a specific cooperation of these two agents to comprehensively
suppress the activity of the ubiquitin proteasome pathway20. Indeed, preclinical experiments
confirmed that vorinostat plus bortezomib exhibit enhanced in vitro anti-MM activity 20 and
subsequent studies using different types of HDAC and/or proteasome inhibitors in MM 21,22,
as well as other types of neoplasias 23–28, further validated these original observations. These
findings coupled with the oral bioavailability of vorinostat and its manageable profile of
adverse events in clinical trials in other neoplasias 29 provided the basis for a phase I trial of
single agent oral vorinostat 30. In that trial, vorinostat was administered orally at 200, 250 or
300 mg twice daily for 5 days per week in 4-week cycles or at 200, 300, or 400 mg twice daily
for 14 days in 3-week cycles, until progressive disease or intolerable toxicity was observed.
That trial enrolled 13 patients who had received a median number of 3 prior lines of therapy.
One patient treated with vorinostat at 250 mg twice daily 5 days per week developed grade 3
fatigue as dose-limiting toxicity (DLT), but no other DLTs were observed. Due to early study
termination, following sponsor’s decision, MTD was not determined in that trial. Maximum
administered doses were 250 mg twice daily for 5 days/week of 4-week cycles and 200 mg
twice daily for 14 days of 3-week cycles. Drug-related side effects were mostly grade ≤2 and
included fatigue, anorexia, dehydration, diarrhea, and nausea. Among 10 evaluable patients, 1
MR and 9 SDs were observed.

Although these observations might imply that vorinostat had only modest single-agent activity
in relapsed/refractory MM, it should be emphasized that this monotherapy study did not intend
to exclusively focus on single-agent activity, but was designed to become the basis for potential
trials combining vorinostat with other anti-MM agents. Furthermore, vorinostat monotherapy
was administered in this MM trial twice daily. This schedule was different from that used for
the studies that led to the FDA approval of vorinostat for cutaneous T cell lymphoma (CTCL).
The experience with vorinostat in the CTCL field has revealed that once daily dosing is more
potent and better tolerated 31 than twice daily administration. This implies that the modest
activity of vorinostat in that MM trial may have been a repercussion of a shorter duration of
treatment and lower cumulative dose administered due to side effects related to the twice daily
schedule. Taking all these parameters into consideration and in view of preclinical data on the
anti-MM activity of bortezomib in combination with vorinostat, two separate multi-center
phase I clinical trials for advanced MM patients were initiated to evaluate the safety and
efficacy of this combination

Preliminary results from two separate multi-center phase I trials were presented at the 2007
Annual Meeting of the American Society of Hematology by Badros 32 and by Weber 33, and
updated analyses of the 2 trials were presented by Weber et al at the 2008 ASH meeting 34. In
the first study 32, the combination of vorinostat with bortezomib was administered in 21 heavily
pretreated patients who were resistant to multiple key anti-MM therapies: their median time
from diagnosis was 5.3 yrs, and their median number of prior regimens was 6 (range 3–10).
Nineteen of 21 patients were refractory to their last therapy prior to enrollment in that trial.
Double autologous SCT and single SCT had been performed in 11 of 21 and in 8 of 21 patients,
respectively. All 21 patients had previously received thalidomide-based treatment, while 14 of
21 patients had previously received lenalidomide; and 19 of 21 had received bortezomib-based
treatment, with a median of 2 lines of prior bortezomib-based regimens (range: 1–5). It is
notable that 14 of 21 patients had not responded to their last bortezomib-based therapy. Among
16 evaluable patients, 1 nCR, 7 PRs (50% nCR+PR rate) and 5 SDs were observed. Overall,
stabilization or drop in M-protein was observed in 13 of 16 patients. These results were
consistent with those reported in another multi-institution phase I clinical trial 33 which enrolled
17 patients with advanced MM: stabilization or decrease in M-protein was observed in all 17
patients (4 PRs, 2 MRs, 11 SDs) evaluable for response. These 2 trials indicate that combination
of HDAC inhibitors with bortezomib, or perhaps other proteasome inhibitors, warrant further
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evaluation in MM and a randomized clinical trial comparing the anti-MM activity of
bortezomib plus vorinostat vs bortezomib alone is currently underway in MM.

The early preclinical results of SAHA (vorinostat) in MM stimulated further interest towards
the study of other HDAC inhibitors, including hydroxamic acid-based HDAC inhibitors such
as LAQ824 35 and LBH589 22; as well as HDAC6-selective inhibitors, such as tubacin 36–38.
Tubacin primarily inhibits the activity of HDAC6 (e.g. tubulin deacetylation) in the cytosol
36,37. Therefore, in contrast to hydroxamic acid inhibitors (vorinostat, LAQ824), tubacin
functions more as a “cytoplasmic deacetylase” rather than as a “nuclear deacetylase”, although
reported preclinical data suggest a functional overlap between these 2 classes. For instance,
LBH589 can inhibit deacetylase function in the cytoplasm 22,39. LAQ824 and LBH589 have
been shown to have direct anti-MM activity in preclinical models, while clinical trials of
LBH589 have been initiated. Tubacin has limited, if any, single-agent in vitro anti-MM activity.
However, it inhibits in preclinical in vitro studies the microtubule-associated deacetylase
HDAC6, which supports the transport of misfolded protein aggregates to the aggresome. The
formation of aggresomes, as a stress response to proteasome inhibition, and the inhibition of
aggresome function by tubacin have been proposed to explain, at least in part, the enhanced in
vitro activity of the combination of tubacin and bortezomib 38.

Perifosine – Akt inhibition
The PI-3K/Akt cascade mediates the proliferative/anti-apoptotic signaling events triggered by
activation of upstream growth factor receptors 40–42, and consequently its components
constitute promising therapeutic targets for MM. Extensive efforts have been made to develop
small molecule inhibitors which have been shown in preclinical studies to target PI-3K (e.g.
BEZ235) 43 or Akt (e.g. EXEL-6075) 44 and plans to translate these preclinical observations
into clinical trials are in place. However, earlier in this decade, the development of these small
molecule inhibitors was much further away from clinical trials. Therefore, the early focus on
the clinical applications of Akt in MM was placed on perifosine, a synthetic novel
alkylphospholipid which inhibits Akt activation. Perifosine inhibits constitutive and cytokine
(IL-6, IGF-1)-induced Akt activation in MM cells and, therefore, induces MM cell death even
when the MM cells are adherent to BMSCs cells. In addition, perifosine downregulates survivin
levels 45; augments Dex-, lenalidomide- or bortezomib-induced MM cell cytotoxicity; and has
in vivo anti-MM activity in a human plasmacytoma mouse model, 46. These preclinical data
provided a platform for phase I/II studies of perifosine in combination with Dex, Bortezomib
and/or lenalidomide in MM patients.

A phase II study of perifosine + low-dose (20 mg biw) Dex in relapsed/refractory MM patients
(n=67) showed an overall response rate of 35% 47 which was encouraging given the heavily
pre-treated patient population of this study (median of 4 prior lines of therapy, with 66% of
patients being refractory to their last therapy). In addition, a phase I trial of the triplet of
perifosine, lenalidomide and Dex in relapsed or refractory MM patients (n=30) has shown an
overall response rate of 70%. This study involves a less heavily pre-treated patient population
(1–4 lines of prior therapy, median of 2, 33% of patients being refractory to their last therapy)
48

The combination of perifosine + bortezomib was evaluated in a phase I/II trial 49. Bortezomib,
administered at the standard dose (1.3 mg/m2 dose, with dose reductions permitted to 1.0 and
to 0.7 mg/m2) and schedule (days 1, 4, 8 and 11 of 21-day cycles), was combined with oral
perifosine (50 mg or 100 mg daily throughout each cycle). On progression, Dex was added (20
mg 4x/wk). This trial enrolled a heavily pre-treated population of patients: the median number
of prior therapies was 5 (range 1 – 13, including a median of 2 lines of prior bortezomib-
containing therapies, range 1–4). It is notable that among all patients in the trial, 83% were
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relapsed and refractory, and 69% were bortezomib-refractory. Overall, prior treatment with
bortezomib, Dex, lenalidomide, thalidomide or SCT had been administered in 100%, 98%,
75%, 74%, and 57% of patients respectively. No DLTs were reported in the phase I portion of
the study, while the 50 mg qd of perifosine and 1.3 mg/m2 of bortezomib were identified as
being better tolerated, with longer duration of treatment beyond cycle 1. These doses were
therefore selected for evaluation in the phase II part of the trial. Overall, no unexpected
toxicities were observed in this trial. Thrombocytopenia, anemia, neutropenia, and pneumonia
were the most frequent grade ≥3 adverse events, but were manageable with dose reduction and
supportive care in this heavily pre-treated patient population. No grade 4 peripheral neuropathy
was observed, only 1 patient had grade 3 neuropathy and treatment-emergent neuropathy of
any grade was observed in only 16% of patients. In 72 evaluable patients (cutoff date of Nov
2008), best response analysis (according to EBMT/Uniform Criteria) showed that 3 patients
(4%) achieved CR/nCR; 12 had PR (17%); and 12 had MR (17%), for an overall response rate
(CR/nCR + PR + MR) of 38%, while 29 patients (40%) had SD. Among bortezomib-refractory
patients, the combined CR+PR+MR rate to bortezomib plus perifosine was 15% and after
addition of Dex was 31%. SD was maintained in 23% with bortezomib plus perifosine and in
44% of patients overall after addition of Dex. The median TTP in all evaluable patients was
6.3 months, and 6.2 months in bortezomib-refractory patients. These results indicated that this
combination is active and well tolerated in previously bortezomib-treated pts with advanced
disease 49.

Heat shock protein 90 inhibitors
Heat shock protein 90 (Hsp90) is expressed in both normal and neoplastic cells (as reviewed
in 50,51) and functions as a molecular chaperone for diverse client proteins. It helps them
maintain their 3-dimensional structure in conformations essential to carry out their function.
For example, various receptors for growth factors and cytokines; mutated or chimeric
oncoproteins; and effectors of proliferative/anti-apoptotic signaling (e.g. Akt, IKK, Raf) are
regulated by Hsp90 function. Therefore, Hsp90 has also been the topic of intense research in
the field of oncology. Geldanamycin, the parent compound of the family of ansamycin
inhibitors of Hsp90, as well as its various analogs, such as 17-allylamin-17-demethoxy-
geldanamycin (17-AAG, or tanespimycin) bind to the ATP binding pocket of Hsp90 and
perturb the ability of Hsp90 to execute its chaperoning function. As a result, the ansamycin
Hsp90 inhibitors inhibit the function of several key anti-apoptotic/proliferative cascades in
MM tumor cells and sensitize them to other therapeutics, including the proteasome inhibitor
bortezomib 52. These initial pre-clinical observations have been subsequently extended in vitro
53–58 and in vivo 53,55,59 by several groups in different experimental settings and with different
Hsp90 inhibitors or formulations thereof.

The preclinical studies of Hsp90 inhibitors in MM led to a phase I trial of single-agent
tanespimycin (17-AAG) administered in a cremophor-based formulation (KOS-953) 60. That
study showed that this formulation of 17-AAG can be administered safely, without the
significant peripheral neuropathy associated with bortezomib or thalidomide. Importantly,
although MTD for 17-AAG was not reached in that trial, signs of antitumor activity were
observed, including durable clinical benefit (PR/MR or SD) in 9 out of 22 (41%) of the heavily
pre-treated patients enrolled in the trial. Overall, the manageable profile of adverse events,
especially the lack of peripheral neuropathy, as well as the evidence for anti-MM activity in
some heavily pre-treated patients, coupled with the enhanced preclinical anti-MM activity of
combinations of Hsp90 inhibitors with proteasome inhibitors provided the framework for a
multicenter phase I trial of tanespimycin (17-AAG) and bortezomib 61. In that trial, the profile
of adverse events was manageable without significant cardiotoxicity, peripheral neuropathy or
deep vein thrombosis. Clinical responses were observed at all dose levels of KOS-953 while
the bortezomib dose was > 1.0 mg/m2. The overall response rate (PR+MR+SD) was 71% for

Mitsiades et al. Page 8

Semin Hematol. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bortezomib-naive patients. Among bortezomib-refractory patients (i.e. with progressive
disease on bortezomib-containing regimen prior to study entry or no response to prior
bortezomib exposure) 33% responded, while the response rate for bortezomib-pretreated, but
not refractory, patients, was 38% 61. The encouraging results from this phase I/II study of
KOS953 + bortezomib, including the lack of additive adverse effects or pharmacokinetic
interactions provided the basis for an ongoing randomized phase III trial of bortezomib plus
KOS-953 vs. bortezomib alone.

The preclinical and early clinical experience with 17-AAG and other Hsp90 inhibitors of the
ansamycin family has sparked new interest in the study of other Hsp90 inhibitors, such as the
water soluble IPI-504 55,62–65; the resorcinylic isoxazole amide NVP-AUY922 66; and
SNX-2112 67.

Future directions
The treatment of MM has radically changed during the last decade, with the introduction of
bortezomib, thalidomide and lenalidomide clearly improving the outcome of MM patients.
However, curative treatments for MM patients are still not available and their development
will require further research. The advances achieved in the last decade were largely driven by
the development of novel classes of therapeutics, as opposed to incremental changes in the
methods of using previously existing treatment paradigms. It is therefore logical to expect that
major further progress will have to involve, at least to some extent, the development of new
therapeutic drug classes that are currently not established for the treatment of MM. As the
research efforts further intensify, additional drug classes will be developed, and hopefully some
of them will receive FDA approval for the treatment of MM.

In the effort to develop combination regimens, it will be important to maintain a balance
between the attempt to maximize the quality of response and avoiding additive or synergistic
toxicity by the components of the combination. For example, the combination of lenalidomide,
bortezomib and dexamethasone (RVD) showed encouraging safety and efficacy data in
relapsed/refractory (MR or better of 73%, PR or better of 55%) 68 and newly diagnosed MM
patients (PR or better of 100% so far, VGPR or better of 74% and CR/nCR of 44%) 69. This
prompted further studies of combination where additional agents are incorporated into the RVD
backbone, such as the combination of RVD-cyclophosphamide 70. While such combinations
have high rates and pronounced depth of responses, as observed with RVD, it is important to
emphasize the need to develop such combinations in a manner that does not lead to increased
toxicity, a theme that has recently been highlighted by studies such as the ECOG trial of
lenalidomide combination with low- vs. high-dose Dex 71 or the experience from other
regimens combining proteasome inhibition, IMIDs, glucocorticoids and cytotoxic
chemotherapy 72.

As more investigational agents are being tested preclinically and clinically in MM, it is
tempting to compare the results of their early clinical studies with the historical experience of
those initial clinical trials of thalidomide, lenalidomide, or bortezomib for MM treatment. An
important cautionary note is that the early clinical development of these 3 currently established
anti-MM agents (especially of thalidomide and bortezomib) took place at a time when the
population of MM patients enrolled in clinical trials was less heavily pretreated than today.
Indeed, the clinical trials reviewed in this article typically involved populations of patients of
whom the majority had been previously exposed to bortezomib, thalidomide, and lenalidomide,
including multiple combinations thereof. Therefore, it may not be realistic to expect that
monotherapy with investigational anti-MM agents can match the early experience of
thalidomide, bortezomib and lenalidomide, especially as resistance to not only glucocortioids
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and/or conventional cytotoxics, but also multiple other recently established anti-MM agents
and combinations has become a feature of the relapsed and refractory patient population.

Notwithstanding these considerations, it is important to note that the experience with
“backbone” agents such as bortezomib, thalidomide and lenalidomide has already shown that
it will be highly unlikely that any new drug class, no matter how potently active against MM,
will be able to achieve curative responses in this disease as monotherapy. Combination
regimens involving both novel and conventional anti-MM agents will likely remain a key
strategy to improve the rates, depth, and durability of clinical benefit of any new drug classes
that will be incorporated in the future therapeutic armamentarium against MM.
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