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          9.1   Introduction 

 Multiple myeloma (MM) represents a paradigm in drug development with an 
improved understanding of the biology and derived clinical trials translating into six 
new US Food and Drug Administration (FDA)-approved treatments over the past 10 
years. The proteasome inhibitor, bortezomib, and the immunomodulatory drugs, 
thalidomide and lenalidomide, have been the cornerstone of the improvement in 
outcomes during the last decade  [  1,   2  ] . However, almost all patients with MM 
relapse and the outcome of patients who progress after therapy with the immuno-
modulatory drugs and bortezomib remain dismal  [  3  ] . Novel biologically based 
therapeutic approaches that target not only the MM cell but also the interaction with 
other cells and cytokines in the bone-marrow milieu have the potential to overcome 
resistance to conventional agents and improve patient outcomes in MM, with next 
generation targets now emerging  [  4,   5  ] . Here we will review novel targets in MM 
used either alone or in combination strategies.  

    9.2   Drug Combinations of Novel Agents in Myeloma 

 The introduction of thalidomide, lenalidomide and bortezomib has led to important 
changes in the management of patients with MM. Bortezomib received accelerated 
FDA approval for the treatment of patients with relapsed and refractory multiple 
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myeloma in 2003  [  6  ] . Subsequently, bortezomib also received full approval for the 
treatment of patients with relapsed multiple myeloma and as initial therapy on the 
basis of favorable results from phase III trials  [  7,   8  ] . The immunomodulatory drugs 
thalidomide, lenalidomide and pomalidomide target myeloma cells in the bone-
marrow microenvironment. Speci fi cally, these agents trigger caspase-8-mediated 
apoptosis, decrease binding of tumour cells to bone-marrow stromal cells, inhibit 
secretion of cytokines from the bone marrow (through both constitutive secretion as 
well as secretion induced by the binding of myeloma cells), inhibit angiogenesis 
and stimulate immunity against myeloma cells mediated by autologous natural 
killer cells, T cells or both  [  9,   10  ] . 

 In the upfront setting, thalidomide with dexamethasone (thal/dex) and borte-
zomib (Velcade) in combination with melphalan and prednisone (MPV) increased 
the overall response rate (RR) and signi fi cantly prolonged time to progression (TTP) 
and are FDA-approved for this indication,  [  8,   11  ]  with overall RRs for thal/dex of 
64% and 71% with MPV. In the relapsed setting, bortezomib alone  [  6,   7  ]  and the 
combinations of lenalidomide/dexamethasone (len/dex)  [  12,   13  ]  and bortezomib 
and liposomal doxorubicin (Vel/Doxil) have all been approved  [  14  ] . Importantly, 
results of a phase III randomized trial suggest that lower doses of dex (40 mg weekly 
for 4 weeks) in combination with len provide a survival advantage mainly due to the 
decreased toxicity associated with lower doses of dex  [  15  ] . 

 In order to improve upon current outcomes, optimal combinations of bortezomib, 
thal and len have been evaluated in phase II/III clinical trials, with the combination 
of lenalidomide–bortezomib–dexamethasone (RVD) showing particularly promis-
ing activity  [  16  ] . Preclinical data indicate synergistic cytotoxicity results from com-
bining lenalidomide (which induces caspase-8-mediated apoptosis) with bortezomib 
(which induces predominantly caspase-9-mediated apoptosis) in  in vitro  models of 
myeloma (Fig.  9.1 ). Lenalidomide and bortezomib achieved 61% responses in 
patients with relapsed and refractory multiple myeloma and who were refractory to 
each agent alone  [  17  ] . In the setting of newly diagnosed disease, RVD produced an 
unprecedented overall RR of 100%, with 74% of patients achieving at least a very 
good partial response and 52% of patients showing complete or near-complete 
responses  [  16  ] .   

    9.3   Next Generation Novel Agents in Clinical Development 

    9.3.1   Monoclonal Antibodies 

    9.3.1.1   CS1-, CD38- and CD138-Targeting Antibodies 

 One of the major ongoing efforts is to identify MM cell-surface antigens and design-
speci fi c antibodies with cytotoxic properties. CS-1, CD38 and CD138 are multifunc-
tional glycoproteins widely and highly expressed on MM cell surface. Elotuzumab 
(HuLuc63) is a CS1-targeting monoclonal antibody which triggers ADCC-mediated 
cell death  in vitro  and effectively reduces tumour growth in an in vivo MM model  [  18  ] . 
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In relapsed and refractory MM patients, elotuzumab has a manageable toxicity pro fi le, 
and stable disease was observed on a low-dose schedule with monotherapy  [  19  ] . 
Preliminary data indicate exciting results with the combination of elotuzumab with 
lenalidomide and dexamethasone  [  20  ] , with ef fi cacy evaluable patients, 22/26 (85%) 
achieving a con fi rmed or an uncon fi rmed response, including 31% VGPR/CR and the 
remaining 4/26 (15%) stable disease in one study. 

  In vitro , antibodies against CD38 induce antibody-dependent cell cytotoxicity 
(ADCC) and complement-dependent cytotoxicity (CDC) against MM cells. There 
are ongoing clinical trials to further evaluate the CD38 antibodies with early results 
showing promise  [  21,   22  ] . 

 Similarly, the maytansanoid toxin conjugated to an anti-CD138 monoclonal anti-
body has shown promising results  in vitro , and xenograft models of human MM in 
mice have provided the framework for a clinical trial of this immunotoxin  [  23  ] .  

    9.3.1.2   IL-6-Targeting Antibodies 

 Interleukin-6 (IL6) is an in fl ammatory cytokine that is both an autocrine and para-
crine survival factor for malignant plasma cells. IL-6 is secreted by myeloma cells 
which also stimulate its production in the tumour niche by both bone-marrow 
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stromal cells (BMSC) and osteoclasts (OC). In addition, IL-6 stimulates osteoclas-
togenesis  [  24  ] . CNTO328 is a novel human–mouse chimeric monoclonal antibody 
against IL6 currently undergoing clinical evaluation. CNTO328 enhances borte-
zomib-induced cytotoxicity on MM cells increasing the activation of the pro-apop-
totic caspases 8, 9 and 3  [  25  ] , with stable disease and partial responses observed in 
MM patients treated with single-agent CNTO328, which in turn has led to combina-
tion studies of bortezomib-based therapy and CNTO328.  

    9.3.1.3   BAFF-Targeting Antibody 

 B-cell activating factor (BAFF) is a potent osteoclast (OC)-derived MM growth fac-
tor, and its inhibition reduces tumour burden as well as OCs and lytic lesions in 
in vivo models of myeloma bone disease  [  26  ] . Clinical trials of BAFF-neutralizing 
antibody in combination with bortezomib are currently ongoing to con fi rm the 
effects on bone lesions and tumour burden [NCT00689507].  

    9.3.1.4   Pomalidomide 

 CC-4047 (Pomalidomide) is a potent immunomodulatory analog (IMiDs), derived 
using the thalidomide backbone  [  27  ] . As mentioned above, IMiDs have multiple 
mechanisms of action beyond immunomodulation alone. Phase I clinical studies of 
pomalidomide in combination with low-dose dexamethasone showed activity in 
relapsed patients with MM who were resistant to other agents, including thalido-
mide, lenalidomide and bortezomib  [  28  ] . Pom/dex was found to be highly active 
and well tolerated including responses among patients who were lenalidomide and 
bortezomib refractory  [  29,   30  ] . No grade 3 neuropathy was seen, and thromboem-
bolic events have been rare. Pom therefore appears to be a very promising agent in 

   Table 9.1    Promising novel agents in clinical trials in multiple myeloma   
 Drug  Category  Comments 

 Pomalidomide  Immunomodulatory drug  Ongoing phase III trial [NCT01311687] 
 Car fi lzomib 
 NPI-0052 
 MLN 9708 
 ONX 0912 

 Proteasome inhibitors  Ongoing phase III trial [NCT01080391] 
 Orally bioavailable proteasome inhibitors 

currently in phase I, II, III trials 

 Elotuzumab  Anti CS-1 antibody  Ongoing phase III trials 
 [NCT01239797; NCT01335399] 

 ACY-1215 
 Panobinostat
Romidepsin 

 Histone deacetylase inhibitors  Phase I [NCT01323751] 
 Phase III [NCT01023308]
Phase I-II trials 

 Perifosine  Phosphatidylinositol 3-kinase/
Akt pathway inhibitor 

 Ongoing phase III trial 
 [NCT01002248] 
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the therapy of MM and provides an alternative to patients who have received lenali-
domide-, thalidomide- and bortezomib-based treatments (Table  9.1 ).     

    9.4   Modulators of Protein Homeostasis 

 Bortezomib, the  fi rst in class boronate peptide proteasome inhibitor, reversibly 
inhibits chymotrypsin-like activity of the 20S proteasome. Peripheral neuropathy, 
thrombocytopenia and gastrointestinal symptoms, although manageable, are impor-
tant side effects. More potent inhibitors of chymotryptic activity, including 
car fi lzomib and MLN 9708, have been noted to overcome bortezomib resistance in 
preclinical and early clinical trials. Car fi lzomib, an irreversible proteasome inhibi-
tor in the epoxyketone-category-induced partial response in approximately 23% of 
heavily pretreated relapsed and refractory MM patients, and importantly, the overall 
RR was noted to be 57% in a subset of bortezomib-naïve patients  [  31  ] . The toxicity 
pro fi le was manageable, consisting mainly of myelosuppression and markedly 
reduced rates of neuropathy. Phase III clinical trials comparing car fi lzomib–
lenalidomide–dexamethasone with lenalidomide–dexamethasone in patients with 
relapsed multiple myeloma are now ongoing  [  32  ] . MLN 9708 is an oral proteasome 
inhibitor in the boronate peptide category  [  33  ]  that has shown encouraging results 
in early phases I–II clinical trials both as a single agent and in combination with 
lenalidomide and dexamethasone [NCT00963820, NCT01383928]. ONX 0912, an 
oral epoxyketone proteasome inhibitor, is also now undergoing evaluation as a sin-
gle agent in hematologic malignancies [NCT01416428]  [  34  ] . 

 A broader and more potent proteasome inhibitor, NPI-0052 or marizomib, tar-
gets chymotryptic, tryptic and caspase-like activities and overcomes bortezomib 
resistance in preclinical studies and with early clinical trials con fi rming consistent 
activity in bortezomib-refractory patients  [  35–  37  ] . Importantly, in preliminary 
results from a phase I study in patients with relapsed and refractory MM, NPI-0052 
has not appeared to induce signi fi cant peripheral neuropathy or myelosuppression 
and was generally well tolerated and demonstrated unique safety pro fi les compared 
to bortezomib in spite of up to 100% proteasome inhibition  [  37  ] . 

 Inhibitors of de-ubiquitinating enzymes located upstream of the proteasome, such 
as the USP-7 inhibitor P5091, have shown activity against multiple myeloma  [  38  ] . 

 PR-924, an inhibitor of the LMP-7 immunoproteasome subunit, inhibits myeloma 
cells  in vitro  and  in vivo . Owing to the selective expression of immunoproteasome 
subunits in malignant, but not in normal, haematological cells, inhibitors of the 
immunoproteasome should also have a favourable therapeutic index, and studies of 
these are awaited with interest  [  39  ] . 

 In a similar context, NEDD8-activating-enzyme inhibitor MLN4924 targets the 
neddylation pathway upstream of the 20S proteasome, with downstream molecular 
sequelae which generates signi fi cant preclinical anti-myeloma activity that is dis-
tinct from that of established 20S proteasome inhibitors  [  40  ] .  
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    9.5   Histone Deacetylase Inhibitors 

 Histone deacetylase (HDAC) inhibitors are novel antineoplastic agents that correct 
the transcriptional deregulation of genes involved in the induction of apoptosis and 
cell-cycle arrest. They have multiple mechanisms of action, including mediating 
tumour cell death via caspase-dependent and non-caspase-dependent apoptosis as 
well as autophagy. They also block the aggresome complex which represents a pro-
tein–scavenger system that mediates protein degradation in the event of either pro-
teasome overload or inhibition. Intriguingly, the high protein turnover characteristic 
of plasma cells and MM cells requires aggresome formation, and so the synergistic 
activity seen in combination with the proteasome inhibitor, bortezomib, is particu-
larly promising. Speci fi cally, HDAC inhibitors suppress proteasome activity, 
decrease expression of proteasome subunits and critically inhibit the aggresome. For 
example, inhibition of this pathway via tubacin, a speci fi c HDAC6 inhibitor, syner-
gizes with proteasome inhibition achieved with bortezomib. The HDAC6 inhibitors 
also have the potential of reduced toxicity, and the HDAC6-speci fi c inhibitor, ACY 
1215, is currently being studied in a phase I clinical trial. HDAC inhibitors have been 
shown to be effective anticancer agents in both  in vitro  and  in vivo  studies  [  41,   42  ] . 

 Other HDACi which have been developed in the clinical setting include SAHA 
(suberoylanilide hydroxamic acid, vorinostat), LBH589 (panobinostat) and 
romidepsin with both vorinostat and romidepsin FDA-approved in cutaneous lym-
phomas. The multitude of effects of these compounds are complex, with the tran-
scriptional signature of SAHA, for example, revealing downregulation of IGF-1R/
AKT and IL6R/STAT3-signalling pathways, as well as DNA synthesis and repair 
enzymes  [  43  ] . 

 The effects and toxicities of HDACi differ according to the speci fi c compound, 
the formulation and schedule of administration. Intravenous doses of SAHA cause 
myelosuppression and thrombocytopenia, while with the oral formulation, fatigue, 
diarrhoea and dehydration are more common. Adverse effects of oral LBH589 con-
sist of thrombocytopenia and neutropenia. HDACi have now been assessed also in 
combination strategies with novel anti-MM agents, including bortezomib and len 
with considerable promise shown with both panobinostat and bortezomib, vorinos-
tat and lenalidomide and romidepsin and bortezomib  [  44–  48  ] . 

 The combination of HDACi and bortezomib  in vivo  not only effectively reduced 
tumour burden but also improved osteolytic lesions in a mouse model of bone 
disease  [  49  ] .  

    9.6   HSP90 Inhibitors 

 Heat-shock protein 90 (HSP90) is a chaperone protein that regulates protein folding 
and translocation into the different cellular compartments. Studies demonstrate that 
bortezomib treatment of MM cells  in vitro  induces death signalling, downregulates 
survival signalling and upregulates both ubiquitin/proteasome and stress response 
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gene transcripts.  In vitro  studies show that Hsp90 inhibitor 17AAG can block the 
Hsp90 stress response induced by bortezomib and thereby increase MM cell apop-
tosis. These studies therefore provided the framework for a clinical trial coupling of 
these agents in MM with favourable tolerability and encouraging responses seen in 
relapsed and refractory patients  [  50,   51  ] . As a result of production dif fi culties with 
17 AAG, studies of this compound are no longer going forward. However, other 
HSP 90s are now under study.  

    9.7   PI3K/Akt Inhibitors 

 Cytokine-induced activation of Akt has been reported to induce growth and survival 
advantage to MM cells and mediate dex-resistance in MM cells in the context of the 
BM microenvironment  [  52  ] . Agents targeting PI3K/Akt network directly, in particular 
the pleiotropic Akt inhibitor perifosine, the PKC inhibitor enzastaurin and the mTOR 
inhibitors RAD001 and CCI-779, have been examined in MM preclinical models. 

 The novel oral Akt inhibitor perifosine (Keryx Biopharmaceuticals) triggers 
cytotoxicity against MM cells, both  in vitro  and  in vivo   [  53,   54  ] . Molecular studies 
revealed that perifosine-induced inhibition of Akt phosphorylation and its down-
stream molecules (GSK)-3 b  and FKHRL1 was associated with c-jun NH2-terminal 
kinase activation. Perifosine treatment also triggered the formation of the death-
inducing signalling complex as well as the recruitment of TRAIL-R1/DR4 and 
TRAIL-R2/DR5, resulting in potent apoptosis  [  55  ] . 

 Preclinical data has also been reported on bortezomib-induced activation of Akt 
as a putative mechanism of resistance, which in turn has been completely blocked 
by perifosine, while bortezomib successfully abrogated perifosine-induced ERK 
phosphorylation  [  54  ] . This blockade of both Akt and ERK signalling cascades by 
perifosine and bortezomib enhances JNK phosphorylation, caspase/PARP cleavage 
and apoptosis. Results of a phases I–II trial with the combination of perifosine and 
bortezomib showed durable responses, even in the setting of bortezomib refractori-
ness. In 73 evaluable patients, an overall response rate (ORR; de fi ned as minimal 
response or better) of 41% was demonstrated with this combination, including an 
ORR of 65% in patients who relapsed following bortezomib treatment and 32% in 
bortezomib-refractory patients. Median PFS was 6.4 months, with an encouraging 
median overall survival of 25 months (and 22.5 months in bortezomib-refractory 
patients)  [  56  ] . A phase III clinical trial of bortezomib versus bortezomib with peri-
fosine in patients with relapsed multiple myeloma is ongoing [NCT01002248].  

    9.8   mTOR Inhibitors 

 PI3K/Akt/mTOR kinase cascade plays a critical role in cell proliferation, survival 
and development of drug resistance in MM  [  57  ] . Rapamycin is a universal inhibitor 
of mTORC1-dependent S6K1 phosphorylation  [  58,   59  ] . Rapamycin-induced 
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 cytotoxicity is predominantly triggered as a consequence of autophagy (programmed 
cell death type II) via excessive cell digestion. Therefore, activated Akt can be a key 
upstream inhibitor of two cell death-inducing events: autophagy via mTOR activa-
tion and apoptosis via phosphorylation of BAD and inhibition of the catalytic sub-
unit of caspase-9. In vitro and in vivo preclinical studies have demonstrated anti-MM 
activity of rapamycin and its analogs (CCI-779 and RAD001)  [  59,   60  ] . 

 However, resistance to rapamycin results from a strong positive feedback loop 
from mTOR/S6K1 to Akt with consequent Akt activation  [  61,   62  ] . This effect in 
some cancer types is due to rapamycin activity only on mTORC1 complex, whereas 
mTORC2, the one responsible for Akt activation, remains unaffected. Promising 
data reported on combined targeting of mitogen-activated protein kinase (MAPK) 
and PI3K/mTOR pathways by rapamycin with len  [  59  ]  have been translated to clini-
cal trials. In the phase I study of RAD001 with lenalidomide, stable disease or better 
was observed in 68% of patients (13/19–90%, CI: 30–76%) with grade 3/4 adverse 
events (5%) included thrombocytopenia (11%) and neutropenia (22%)  [  63  ] . In the 
phase 2 study of the combination of temsirolimus with bortezomib in heavily pre-
treated, advanced MM patients , the proportion of patients with a partial response or 
better was robust at 33% (14 of 43; 90% CI 21–47)  [  64  ] . 

 There are ongoing and planned trials with dual inhibitors of mTORC1/2-INK 
128 and AZD 8055  [  65,   66  ]  and the composite mTORC1/2 and PI3-kinase inhibi-
tors NVP-BEZ235  [  67  ] .  

    9.9   Cyclin-Dependent Kinase Inhibitors 

 Dysregulated and/or increased expression of cyclin D1, D2 or D3 occurs as an early, 
unifying event in MM pathogenesis, predisposing MM cells to proliferative stimuli, 
and is frequently seen in relapsed patients with poor prognosis  [  68  ] . Speci fi c inhibi-
tion of Cdk4/6 by PD 0332991, an orally bioavailable small-molecule Cdk inhibitor, 
has demonstrated only growth arrest in MM cells  [  69  ] , suggesting that selective 
cyclin-dependent kinase (CDK) inhibition may not be suf fi cient in inducing MM 
cell death. Rather, effective MM cytotoxicity may be best achieved when multiple 
CDKs are inhibited concurrently, as demonstrated in preclinical studies with multi-
targeted CDK inhibitors such as AT7519  [  70  ] . Additionally, they target CDK com-
plexes that phosphorylate RNA pol II resulting in inhibition of RNA pol II 
phosphorylation and transcriptional inhibition and also modulate expression/activ-
ity of multiple signalling pathways critical for MM cell proliferation and survival in 
the context of the bone-marrow microenvironment. AT7519, independent of its 
potent inhibitory effects on CDKs, effectively induces the dephosphorylation of 
glycogen synthase kinase (GSK)-3 b   [  71  ] , another important target in MM therapy. 
AT7519 is being evaluated in combination with bortezomib and dexamethasone in 
patients with relapsed and/or refractory MM [NCT01183949].  
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    9.10   Aurora Kinase Inhibitors 

 The aurora kinases regulate cell-cycle transit from G2 through to cytokinesis. 
Myeloma is characterized by genetic instability and disruption of cell-cycle check-
points which renders myeloma cells suspectible to induction of apoptotic death in 
mitosis. Aurora kinase inhibitors have been shown to inhibit the growth of MM cell 
lines and primary myeloma samples at nanomolar concentrations with minimal 
effect on proliferating lympocytes and hematopoietic cells  [  72–  75  ] . Phase I/II stud-
ies of MLN8237, an aurora kinase inhibitor, are now ongoing in multiple myeloma 
[NCT01034553].  

    9.11   Telomerase Inhibitors (GRN163L) 

 Telomerase is a reverse transcriptase that protects chromosome endings and there-
fore expands cell lifespan. It is expressed at high levels in cancer cells, including 
MM, while almost no expression detected in normal somatic cells. Targeting telom-
erase via a novel inhibitor, GRN163L, results in MM cell death  in vitro . In vivo 
studies demonstrated that GRN163L impaired tumour growth and enhanced animal 
survival  [  76  ] . There is a completed phase I study of the telomerase inhibitor 
GRN163L alone and in combination activity with bortezomib and dexamethasone 
in patients with relapsed or refractory MM and an ongoing phase II study of GRN 
163 L (Imetelstat) currently under way [NCT00594126, NCT00718601].  

    9.12   Farnesyltransferase Inhibitors 

 Mutations of Ras are commonly encountered and are associated with disease pro-
gression and decreased survival  [  77  ] . Because Ras and other proteins require farne-
sylation, a lipid posttranslational modi fi cation, for malignant transformation activity, 
farnesyltransferase inhibitors (FTIs) were studied as potential anticancer drugs. In a 
phase II trial of patients with advanced MM, disease stabilization was achieved in 
64% of patients treated with FTI5777 (Zarnestra)  [  78  ] . Preclinical evaluation of the 
combination of the speci fi c FTI, tipifarnib, and bortezomib revealed synergistic 
anti-MM activity. This combination has been shown to enhance the ER-stress-
induced apoptosis and overcome the CAM-DR phenotype, therefore delineating a 
treatment strategy that speci fi cally targets microenvironment-mediated drug resis-
tance  [  79  ] . Based upon these observations, a phase I trial combining escalating 
doses of tipifarnib (100–400 mg/BID) with bortezomib (1.0 mg/m 2 ) in patients with 
relapsed MM was initiated, and encouraging preliminary data reported stabilization 
of disease or better seen among 7/16 patients with 2 of the 7 achieving an MR; no 
serious drug-related toxicities were noted, including the absence of cardiac events 
or DVT  [  80  ] . Future studies are anticipated with interest.  
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    9.13   Conclusions and Future Directions 

 The availability of several classes of agents targeting biologically relevant pathways 
and proteins in MM remains remarkably exciting and productive. Patients with MM 
now have increasing therapeutic options with agents active alone and in combina-
tion. Future studies will focus on biologic risk strati fi cation and optimizing drug 
combinations relevant to speci fi c patient pro fi les, including adverse cytogenetics 
and extramedullary disease. Given that several of these agents have different toxic-
ity pro fi les, the future holds promise in terms of novel drug combinations with 
improved ef fi cacy and tolerability with rational combination strategies derived from 
both preclinical models and clinical experience, providing real hope for further 
improving patient outcome  [  81,   82  ] .      
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