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Abstract

Proteasome inhibitors have become indispensable in myeloma management
in transplant eligible and ineligible patients in both induction and salvage
settings. Excellent efficacy and a manageable toxicity profile haves made these
agents the backbone of myeloma care. After the first in class drug bortezomib
was approved, several newer agents have been developed. The parenteral
second generation drug carfilzomib has less peripheral neuropathy incidence
than bortezomib. Oral proteasome inhibitors such as ixazomib, oproxomib and
marizomib attempt to overcome the administration difficulties of the parenteral
agents and have a differentiated toxicity profile. This review will focus on the role
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of proteasome inhibitors in myeloma treatment.
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Abbreviations

MM: Multiple Myeloma; ASCT: Autologous Stem Cell
Transplant; PI: Proteasome Inhibitors; BMSC: Bone Marrow Stromal
Cells; VLA4: Very late antigen 4; VCAMI: Vascular Cell Adhesion
Molecule 1; CXC: Chemokine Receptor Type 4; CXCR4: C-X-C
Motif Chemokine Receptor 4; CXCL12: C-X-C Motif Chemokine
Ligand 12; IL-6: Interleukin 6; NF-kB: Nuclear Factor Kappa B; UPR:
Unfolded Protein Response; SNP: Single Nucleotide Polymorphism;
PES: Progression Free Survival; OS: Overall Survival; RRMM:
Relapsed Refractory Multiple Myeloma; ORR: Overall Response Rate;
VMPT: Velcade Melphalan Prednisone, Thalidomide

Introduction

The landscape of MM treatment was revolutionized with the
introduction of novel agents. Till the late 1990s treatment options
for myeloma were limited to steroids, alkylators, anthracyclines
and ASCT. The first breakthrough in MM management with novel
agents came in 1999 when Singhal, et al. demonstrated the efficacy of
thalidomide in the relapsed refractory disease [1]. Since then multiple
new agents have been approved for myeloma management including
proteasome inhibitors (PI), newer immunomodulators, monoclonal
antibodies and epigenetic therapies. This review will address the role
of PI in the management of MM and the potential mechanisms of
drug resistance to this class of agents.

Basis of proteasome inhibition as a therapeutic strategy
in MM

MM is a neoplasm arising from terminally differentiated,
long-lived plasma cells which are responsible for immunological
memory. Initial oncogenic mutations in myeloma appear to arise
in the germinal center during B cell somatic hypermutation and
antibody class switching; late oncogenic events including additional
mutations and epigenetic changes occur after differentiation into
plasma cells [2]. In addition to oncogenic mutations in the plasma
cells, the bone marrow microenvironment, through direct cellular

interactions and indirect effects mediated by cytokines, also plays
an important role in myelomagenesis [3]. MM cells adhere to BMSC
in the microenvironment. This adhesion is mediated by different
molecules on the surface of MM cells and BMSC. VLA4 on MM cells
binds to VCAM1 on BMSC and CXCR4 on MM cells bind to SDF-
1 (CXCL12) on BMSC [4,5]. These interactions between MM cells
and BMSC stimulate IL-6 production by the BMSC [6]. IL-6 is a key
growth factor for myeloma cells promoting their proliferation [7].
The production of IL-6 by BMSC is at least in part mediated by the
transcription factor NF-kB [4].

The proteasome complex has an essential role in processing of
the NF-kB1 precursor protein and activating NF-kB [8]. It also
modulates expression and degradation of various adhesion molecules
[9]. The intracellular ubiquitin proteasome pathway is responsible
for degradation of 80-90% of intracellular dysfunctional proteins.
In addition it modulates the turnover of key proteins involved in
cell cycle progression and apoptosis [10-12]. While the proteasome
complex is responsible for maintaining homeostasis in normal cells,
cancer cells appear more susceptible to the inhibition of this complex
than normal cells. Compared to peripheral blood mononuclear cells
or bone marrow cells of normal controls, myeloma cell lines and
patient samples showed about 170-fold greater sensitivity to effects of
bortezomib mediating apoptosis [13]. This differential sensitivity of
cancer cells has in part been attributed to NF-kB activation in cancer
cells. Therefore targeting the proteasome is an attractive strategy for
the treatment of myeloma.

Proteasome inhibitor: Bortezomib

Mechanisms of action of bortezomib: Bortezomib, a dipeptide
boronic acid analogue, reversibly inhibits the 26S proteasome
subunit, disrupting various signaling pathways and NF-kB function
resulting in cell cycle arrest and apoptosis [13,14]. Transcriptional and
protein level changes of apoptotic regulators occur with bortezomib
therapy. Gene expression profiling in bortezomib treated multiple
myeloma cell lines have shown bortezomib mediated transcriptional
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Figure 1: Important mechanisms of action of bortezomib.

upregulation of multiple proapoptotic molecules including pro-
caspase-8, pro-caspase-1, pro-caspase-7, caspase-4, caspase-9,
and pro-caspase-5. Proapoptotic BAX and BIM are stabilized.
Transcription of antiapoptotic BCL2 and BIRC3 are decreased [15].
Bortezomib also functionally activates the intrinsic and extrinsic
apoptotic pathways. These functional effects of bortezomib at protein
level mostly occur through modulation of the ubiquitin proteasome
pathway. Inhibition of proteasomal degradation of IkB by bortezomib
results in cytoplasmic sequestration of prosurvival transcription
factor NFkB and decreased cell proliferation [13]. Lack of proteasomic
degradation of misfolded proteins results in their sequestration in
the endoplasmic reticulum, activating a stress signaling pathway
called the unfolded protein response (UPR) which inhibits cell cycle
progression and activates apoptosis through the proapoptotic target
CHOP/GADD 153 [16]. Bortezomib selectively inhibits proteasome-
dependent degradation of proapoptotic p53, p21, Noxa, and TRAIL
receptors DR4 and DR5 [17]. Together these effects of bortezomib
appear to cause apoptosis of the malignant plasma cells. Plasma cells
appear uniquely sensitive to PI since their ability to turnover proteins
is reduced during the differentiation process [18] (Figure 1).

Clinical development of bortezomib: Bortezomib (PS-341) was
the first- in- class PI to be approved for the

treatment of myeloma in the year 2003. In preclinical studies,
bortezomib was found to inhibit cellular proliferation in 60 different
cell lines derived from various human tumors [19]. Subsequent in
vivo studies in myeloma xenograft models confirmed the efficacy of
the drug in shrinking tumor tissue [20]. In phase I trials bortezomib
proved safe and efficacious both as single agent and in combination
with liposomal doxorubicin with a maximum tolerated dose of 1.3 mg/
m?* administered intravenously on days 1,4,8 and 11 of a 21 day cycle
[21,22]. Pharmacokinetic studies showed that after IV administration
of bortezomib, about 83% is bound to plasma proteins and the drug
is also widely distributed in the tissues. Metabolism occurs via the
cytochrome P450 pathway in the liver and the drug is converted to

inactive deboronated form. The plasma half-life of the drug after a
single dose is 9 to 15 hours. The elimination mechanisms have notbeen
clearly characterized. Two large phase II trials, SUMMIT and CREST
were conducted in the relapsed refractory myeloma population. In
the SUMMIT trial 202 patients with relapsed refractory MM showed
a 35% ORR to single agent therapy with 27% achieving a CR or PR.
[23]. The CREST trial included 67 patients with relapsed refractory
MM and showed that reducing the bortezomib dose to 1 mg/m? could
still retain therapeutic benefit [24]. Combination phase II clinical trials
using doxorubicin and dexamethasone or dexamethasone alone with
bortezomib significantly increased the RR with ORR approaching
80-90% [25,26]. Initial FDA approval for the drug was based on the
large Phase IIT randomized trial comparing boretzomib to high dose
dexamethasone in relapsed refractory myeloma patients who had
received 1-3 prior lines of therapy. In this APEX study 669 patients
were randomized to bortezomib or dexamethasone with ability to
crossover; bortezomib was proven superior to dexamethasone in
terms of ORR, time to progression and OS [27]. Bortezomib has
since been evaluated in multiple settings in different combinations in
upfront and salvage therapy of both transplant eligible and ineligible
patients and shown dramatic results making it the mainstay of
therapy for the disease [28]. A summary of important trials and their
findings has been presented in Table 1.

Bortezomib in high risk myeloma patients: 15-20% of myeloma
patients have high risk disease at diagnosis based on tumor biology,
disease burden, presence of renal failure and genetic characteristics
[29]. Bortezomib is an effective agent in patients with renal failure
given that the drug is not cleared via renal route and no dose
adjustment is required. Rapid reversal of renal failure may occur
in about 50% of myeloma patients presenting with renal failure by
use of bortezomib [30]. High risk cytogenetic features in myeloma
include t(4;14), t(14;16), t(14:20), del(17/ 17p), 1q 21 amplifications,
1 p deletions, karyotype del 13, and non hyperdiploid karyotype [31-
33]. Novel agents have been evaluated in these high risk cytogenetic
subgroups and while outcomes remain inferior to standard risk
patients,improvements have been noted in response rates and survival.
In patients with t(4:14), bortezomib based induction, consolidation
and maintenance along with autologous stem cell transplant almost
completely obviates the adverse effect of the genetic mutation and
improves PFS and OS compared to conventional therapies [34-36].
Deletion 17p remains challenging. In the HOVONG65 trial where PAD
induction (Bortezomib, Adriamycin Dexamethasone) was compared
to VAD (Vincristine, Adriamycin, Dexamethasone) before single or

Table 1: Bortezomib combination therapy in myeloma: important clinical trials
summary.

Indication Bortezomib combination References
Bortezomib, lenalidomide and low dose [74,75]
dexamethasone
Bortezomib, adriamycin and low dose [36]

Upfront therapy for dexamethasone
transplant eligible |Bortezomib, thalidomide and low dose [76]
dexamethasone
Bortezomib, cyclophosphamide and low
[52]
dose dexamethasone
Bortezomib, melphalan and prednisolone [77]
Upfront therapy for | Bortezomib, cyclophosphamide and 52]
transplant ineligible |dexamethasone
Bortezomib, thalidomide and prednisolone [78]
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tandem autologous stem cell transplant; the bortezomib based regime
was shown to improve PFS and OS in 17p deletion, although not
completely obviate the effect [37]. On the contrary the IFM 2005-01
trial evaluating bortezomib and dexamethasone and the GEM 2005
trial evaluating bortezomib thalidomide and dexamethasone against
conventional therapy before ASCT were unable to detect a benefit
of bortezomib based therapy in 17p deletion [38,39]. Lenalidomide
maintenance may offer marginal benefit to those with 17p deletion,
and improved PFS in t(4:14) and del(17) patients [40]. The 2016
IMWG consensus statements suggests that combining a proteasome
inhibitor with lenalidomide and dexamethasone greatly reduces the
negative impact of t(4:14) and del(17) and should be considered for
upfront management of patients with high risk myeloma followed by
single or tandem high dose melphalan and ASCT and maintenance
with PI and lenalidomide combination. Allogeneic transplant
maybe considered in the setting of a clinical trial in younger patients
[33,41,42]. Patients with multiple adverse cytogenetic abnormalities,
especially those with 3 or more clonal abnormalities do not appear to
benefit from these novel agents and have an estimated OS less than
2 years. Managing these patients remains an urgent unmet need in
myeloma care.

Bortezomib effect on bone density: MM is characterized by
imbalanced bone remodeling and increased osteoclastic activity
resulting in lytic bone lesions [43]. Bortezomib has been shown
to have an anabolic effect on bones in myeloma. In vitro studies
co-culturing MM cells with preosteocytes and osteocytes showed
evidence of autophagic cell death of the osteocytes due to the MM
cells. Addition of bortezomib mitigated this effect and potentiated the
effect of parathromone on bone formation [44].

Toxicities of bortezomib: Asthenia and mild gastrointestinal
side effects of nausea, constipation and anorexia are reported in more
than 40% of patients receiving bortezomib. The most disabling side
effect requiring dose modification is peripheral neuropathy; grade
3 or 4 neuropathy can occur in up to 10% of patients receiving the
drug and even higher incidence is noted when combined with other
neurotoxins such as thalidomide [45]. Neuropathy is dose dependent,
typically occurs by cycle 5 and incidence thereafter reaches a plateau.
The mechanism of peripheral neuropathy caused by bortezomib
remains unclear. Bortezomib accumulates in dorsal root ganglia of
the nerves and also causes dysregulation of calcium homeostasis in
mitochondria which have been postulated as pathogenic [46]. Gene
expression profiling studies and SNP analyses from pretreatment
myeloma samples in the HOVON 65 study suggest that myeloma
characteristics and patient genetic composition may also influence the
risk of neuropathy with bortezomib [47]. A SNP in the PKNOX]1 gene,
namely rs2839629 has recently been shown to have an association
with bortezomib induced peripheral neuropathy [48]. The incidence
of neuropathy has been reduced significantly by adopting once weekly
dosing and subcutaneous administration of the drug [49,50]. About
30% of the patients develop transient thrombocytopenia, neutropenia
is less common and occurs in 10-30% of treated patients [27]. Patients
receiving bortezomib should receive prophylaxis against zoster
reactivation [51].

Alternative bortezomib administration regimes: The significant
neurotoxicity of the drug prompted evaluation of different dosing
regimens to reduce the adverse events. In the randomized phase IIT

GIMEMA study where VMPT followed by VT maintenance was
compared to VMP, the VMPT arm was superior in terms of CR
and PFS but incidence of grade 3 /4 neurotoxicity was significant at
28%, prompting about 15% of the patients to discontinue therapy.
A protocol modification was then made to administer once weekly
bortezomib to patients on both arms. Post-hoc analysis comparing
once versus twice weekly dosing of bortezomib showed no
significant difference in outcomes. However the incidence of grade
3 /4 neuropathy was significantly reduced to 8% in the once weekly
arm compared to 28% in the twice weekly arm. (p< 0.001) [49]. In
a phase 2 study evaluating the CyBorD regimen with once versus
twice weekly bortezomib, a higher dose of 1.5 mg/m? was used in
the once weekly regimen compared to 1.3 mg/m? in the twice weekly
regimen. The total bortezomib dose per cycle was higher in the once
weekly versus twice weekly regimen (6 mg/m? vs. 5.2 mg/m?) however
neuropathy rates were similar [52]. In a phase 3 non inferiority trial,
of 222 patients randomized in a 2:1 fashion to subcutaneous versus
intravenous bortezomib in a twice weekly regimen, no significant
difference in efficacy was observed. Subcutaneous dosing was
associated with a significantly lower risk of peripheral neuropathy of
any grade (38% vs. 53%; p=0-044), and grade 3 or worse (6% vs. 16%;
p=0-026). Most centers now adopt subcutaneous once weekly dosing
of bortezomib in all regimens.

Resistance to bortezomib: Bortezomib is a very effective first
line and salvage therapy for MM. However about 30% of patients
are resistant to this drug. Different mechanisms have been proposed
for Bortezomib resistance. Proteasome inhibitor resistant NF-kB
activity has been described [53]. Mutations in the bortezomib binding
proteasome b5 subunit (PSMB5) have also been noted in resistant
MM cell lines [54]. Studies have been performed in myeloma cell
lines evaluating different anti and proapoptotic molecules and their
effects on bortezomib resistance. The mucin 1 C-terminal subunit
(MUCI1-C) oncoprotein is aberrantly expressed in most MM cells,
upregulates expression of p53-inducible regulator of glycolysis and
apoptosis (TIGAR) and facilitates myeloma cell survival [55,56].
Inhibition of MUCI has shown synergy with bortezomib treatment
in myeloma cell lines. Myeloid cell leukemia-1 (Mcl-1) is another
prosurvival molecule belonging to the bcl-2 family, targeting of
which, in cell lines, results in c-Jun upregulation and MM cell death
[57]. Tight junction protein 1(TJP1) suppresses the EGFR/JAK1/
STAT3 pathway which in turn decreases proteasome activity and
increases sensitivity to proteasome inhibition [58]. Higher levels
of TJP1 appear to correlate to increased proteasome sensitivity,
although its role in drug resistance remains to be explored. Multiple
myeloma cells are greatly dependent on the UPR pathway to relieve
stress on the ER given the large amounts of paraproteins produced.
XBP-1 is a transcriptional regulator of the UPR and low levels of this
protein are associated with resistance to bortezomib [59]. Targeting
bcl-2 with venetoclax has shown to improve response rates in patients
with myeloma receiving bortezomib and dexamethasone [60].

Genome wide association studies have shown certain micro RNA
profiles to be correlated with bortezomib resistance. miR-29B targets
PSME4 that encodes the proteasome activator PA 200. Synthetic
miR-29B replacement inhibits PA200 aggregation with proteasomes,
reduces the proteasome function and also acts synergistically with
bortezomib in inhibiting proteasome function. Members of the miR-

Submit your Manuseript | www.austinpublishinggroup.com

Ann Hematol Oncol 3(7): id1102 (2016) - Page - 03



Margaret HL Ng

Austin Publishing Group

29B family also have epigenetic activity in hematological malignancies
[61]. Comparison of bortezomib resistant versus naive myeloma cells
have shown decreased levels of miRNA29B in resistant cells and
replacement of miRNA29B may be explored as a therapeutic option
in this setting [62-64].

Second generation proteasome inhibitors

Carfilzomib: Carfilzomib is an epoxyketone, selective and
irreversible proteasome inhibitor. It appears to have more selectivity
for the chymotrypsin site of the proteasome and less off-target
effects compared to bortezomib [65]. In 266 relapsed refractory
myeloma patients treated with 1 to 5 prior lines of therapy including
bortezomib based regimens, an ORR of 23.7% was seen with a median
duration of response of 7.8 months with single agent carfilzomib at
a dose of 20 mg/m” intravenously twice weekly for 3 of 4 weeks in
cycle 1, then 27 mg/m? for < 12 cycles [66]. The phase III ASPIRE
study in the relapsed refractory setting randomized 792 patients to
either lenalidomide or dexamethasone alone or in combination with
carfilzomib. The addition of carfilzomib resulted in a significant
improvement of ORR (87.1% and 66.7, p< 0.001) and PFS (26.3
vs. 17.6 months, p: 0.0001). No significant increase in toxicities or
treatment discontinuation was observed [67]. In the ENDEAVOR
randomized phase III study carfilzomib with dexamethasone was
compared against bortezomib with dexamethasone in RRMM and
the carfilzomib combination showed an increase in PFS compared
to bortezomib (18.7 v5.9.4 months, p< 0.0001). Subgroup analyses
showed persistence of the PFS benefit of carfilzomib irrespective of
bortezomib pretreatment [68]. Common toxicities observed with
carfilzomib include fatigue and cytopenias; peripheral neuropathy is
less frequent. Carfilzomib is FDA approved for treatment of relapsed
myeloma as single agent; in combination with dexamethasone alone
or with lenalidomide. Carfilzomib has shown good efficacy and a
manageable safety profile in combination with dexamethasone and
lenalidomide or cyclophosphamide in upfront treatment of myeloma
both in transplant eligible and the elderly [69,70].

Oral proteasome inhibitors

The need for parenteral administration and degradation of
peptide proteasome inhibitors by proteases prompted research
into developing non-peptide orally active compounds. Several oral
PIs are now in clinical trials. Ixazomib and delanzomib are boronic
acid derivatives, oproxomib is an epoxyketone and marizomib is a
salinosporamide [71]. Ixazomib is the most advanced oral PI in the
pipeline. In a large phase IIT randomized placebo-controlled trial
of 722 patients with RRMM, ixazomib orally administered once a
week with lenalidomide and dexamethasone was compared against
lenalidomide and dexamethasone alone. The ixazomib combination
arm was associated with significant improvement in PFS, rates of
serious adverse events being similar between both arms. Ixazomib
was associated with thrombocytopenia, skin rash, peripheral
neuropathy and gastrointestinal side effects [72]. Ixazomib is now
approved for treatment of RRMM after failing at least 1 prior therapy
in combination with lenalidomide and dexamethasone. Marizomib
may be administered either intravenously or orally and has specificity
distinct from bortezomib and carfilzomib in 20S proteasome
inhibition. In a phase 1b trial in RR MM patients, intravenous
administration of marizomib was associated with clinical benefit

and had a tolerable side effect profile [73]. Gastrointestinal toxicities
and asthenia were observed. Combination studies of marizomib with
pomalidomide and dexamethasone are now being conducted. Early
phase trials of oproxomib in RRMM are also underway.

Conclusion

Proteasome inhibitors have greatly improved outcomes in
myeloma patients. Patients with high risk myeloma are best treated
with triple induction therapy comprising lenalidomide, bortezomib
and steroid (RVD) followed by ASCT if eligible, RVD consolidation
therapy and maintenance with both lenalidomide and bortezomib
combination. Standard risk patients undergo similar RVD induction
and ASCT if eligible, single agent lenalidomide maintenance appears
adequate. Induction and maintenance regimes are modified based on
host factors and tolerability. Ultra-high risk myeloma patients with
3 or more cytogenetic abnormalities do not respond well to novel
agents and optimal therapy for this group remains to be explored.
Recently new monoclonal antibodies have been developed such
as daratumumab against CD38 which shows efficacy in PI and
immunomodulator refractory patients and elotuzumab against
SLAME-7 which has activity in combination with immunomodulators
[2]. Immune checkpoint inhibitors are also being studied in myeloma
with the promise of new breakthroughs for this hitherto incurable
disease.
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