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Aims and Scope

For several decades, treatment of cancer consisted of chemotherapeutic drugs, radi-
ation, and hormonal therapies. Those were not tumor specific and exhibited several 
toxicities. During the last several years, targeted cancer therapies (molecularly tar-
geted drugs) have been developed and consisting of immunotherapies (cell medi-
ated and antibody) drugs or biologicals that can block the growth and spread of 
cancer by interfering with surface receptors and with specific dysregulated gene 
products that control tumor cell growth and progression. These include several 
FDA-approved drugs/antibodies/inhibitors that interfere with cell growth signaling 
or tumor blood vessel development, promote the cell death of cancer cells, stimulate 
the immune system to destroy specific cancer cells, and deliver toxic drugs to cancer 
cells. Targeted cancer therapies are being used alone or in combination with conven-
tional drugs and other targeted therapies.

One of the major problems that arise following treatment with both conventional 
therapies and targeted cancer therapies is the development of resistance, preexisting 
in a subset of cancer cells or cancer stem cells and/or induced by the treatments. 
Tumor cell resistance to targeted therapies remains a major hurdle, and, therefore, 
several strategies are being considered in delineating the underlining molecular 
mechanisms of resistance and the development of novel drugs to reverse both the 
innate and acquired resistance to various targeted therapeutic regimens.

The new series Resistance of Targeted Anti-Cancer Therapeutics was inaugu-
rated and focuses on the clinical application of targeted cancer therapies (either 
approved by the FDA or in clinical trials) and the resistance observed by these thera-
pies. Each book will consist of updated reviews on a specific target therapeutic and 
strategies to overcome resistance at the biochemical, molecular, and both genetic 
and epigenetic levels. This new series is timely and should be of significant interest 
to clinicians, scientists, trainees, students, and pharmaceutical companies.

David Geffen School of Medicine,  
University of California Los Angeles 

Benjamin Bonavida

Los Angeles, CA, USA
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Objective

Multiple myeloma remains an incurable malignancy with a 5-year survival rate of 
about 51% despite a plethora of advances in therapy. It is genetically and clonally 
heterogeneous with no single genetic target. It is usually sensitive to first-line treat-
ment. However, as disease progresses, it invariably becomes resistant to treatment 
and almost all patients develop refractory disease.

There are multiple different types of targeted therapies and many of them are 
used in combination at different stages of disease. Targeted therapies that are 
approved to be used include proteasome inhibitors, immunomodulatory drugs, and 
monoclonal antibodies. Second and third generations of these drugs have been 
developed to overcome resistance and have unique mechanism of actions. Targeted 
therapies that are undergoing clinical trials include CAR-T cells, bi-specific anti-
bodies, vaccines, ubiquitin ligase inhibitors, and BCL-2 inhibitors.

The purpose of this book is to develop an understanding of targeted therapies in 
multiple myeloma. Its goal is to provide a unique review of the mechanism of action 
and resistance of the many targeted therapies in multiple myeloma. The targeted 
audience includes students in medical science, clinicians, health professionals, sci-
entists, pharmaceutical industry, drug developers, and policy makers.

This book will provide an insightful knowledge of the biology of multiple 
myeloma, the mechanism of action and resistance of targeted therapies, interactions 
of complex pathways, potential novel molecular markers, targets and strategies in 
overcoming resistance.
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Preface

Multiple myeloma is an incurable malignancy of the plasma cells. The treatment of 
multiple myeloma has evolved from palliative, traditional chemotherapy 70 years 
ago to the current multi-targeted therapies which have significantly improved the 
survival and lives of multiple myeloma patients. This advancement is a credit to 
many clinicians and scientists who work on the biology of this disease.

I thank Dr. Ben Bonavida for the opportunity to be the author and editor of this 
volume. The goal is to review the science that underpins targeted therapies in mul-
tiple myeloma. My coauthors, Dr. Alice Kwok, Dr. Adrian Yeung, Dr. Opelo 
Sefhore, and Dr. Ashley McEwan decipher and discuss the evolution of therapies in 
myeloma, the mechanism of action and resistance of immunomodulatory drugs, 
HDAC inhibitors, and targeted bone therapies. Dr. Craig T. Wallington-Beddoe, Dr. 
Melissa K. Bennett, and Dr. Stuart M. Pitson evaluate the clinical impact, mecha-
nism of action, and resistance of proteasome inhibitors. Dr. Minh Hua reviews the 
latest evidence of daratumumab, a monoclonal antibody which targets CD38, a high 
expressed antigen on myeloma cells. Dr. Adam Bryant describes the unique target 
of elotuzumab, SLAMF7 which underscores the importance of this drug and pos-
sible future development. Dr. Christian Bryant and Dr. Caroline Dix covers a wide 
array of novel targeted agents undergoing clinical development. These include the 
excitement and promises of CAR-T cell therapies, bi-specific antibodies, and small 
molecular inhibitors.

I sincerely thank my coeditor, Steven Trieu, for his generous and timely contri-
bution and Dr. Bonavida for his unwavering encouragement. I thank the many 
reviewers of the manuscripts.

Liverpool Hospital, NSW, Australia Silvia CW Ling 
Liverpool Hospital, NSW, Australia  Steven Trieu  
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Chapter 1
The Role of Targeted Therapy in Multiple 
Myeloma

Alice C. Y. Kwok and Silvia CW Ling

Abstract Targeted therapies are the cornerstone of the treatment of all stages of 
multiple myeloma (MM), from newly diagnosed to relapsed/refractory myeloma 
(RRMM). The advent of targeted therapies has improved the overall survival for 
MM patients compared to conventional cytotoxic therapies alone. Despite increas-
ing response rates, deeper depths of response, and prolonged survival, MM remains 
incurable. Almost all patients with MM eventually relapse, suggesting the presence 
of residual clones that are resistant to therapy. This review series explores the avail-
able evidence and literature on previous, current, and emerging therapies in MM, as 
well as the mechanisms of resistance to these therapies. A deeper understanding of 
these resistance mechanisms will be necessary for the development of improved 
treatments, potentially reaching a cure for MM.

Targeted therapies are widely incorporated into treatment strategies across the 
scope of MM including incorporation into induction regimens for transplant- eligible 
patients. For transplant-ineligible patients, combination therapies including targeted 
agents are used with the aim to prolong disease free progression. In the setting of 
RRMM, targeted therapies have become the backbone of treatment in combination 
with chemotherapy. This chapter will review the history and classes of targeted 
therapies as well as recent therapies still under trial.
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Abbreviations

BCMA B-cell maturation antigen
CAR Chimeric antigen receptor
ECOG Eastern Cooperative Oncology Group
Fc Fragment crystallizable
FDA US Food and Drug Administration
FISH Fluorescence in situ hybridization
HDAC Histone deacetylase
HDACi Histone deacetylase inhibitor
IgG1 Immunoglobulin G1
IL-6 Interleukin-6
IMiD Immunomodulatory imide drug
IMWG International Myeloma Working Group
MGUS Monoclonal gammopathy of undetermined significance
MM Multiple myeloma
MoAb Monoclonal antibody
NK Natural killer
ORR Overall response rate
OS Overall survival
PFS Progression free survival
PI Proteasome inhibitor
RANK Receptor activator of nuclear factor kappa-B
RANKL Receptor activator of nuclear factor kappa-B ligand
RRMM Relapsed/refractory multiple myeloma
SLAMF7 Signaling lymphocytic activation molecule F7
SWOG Southwest Oncology Group
VAD Vincristine, doxorubicin, and dexamethasone
VEGF Vascular endothelial growth factor
XPO1 Exportin 1

1.1  Multiple Myeloma Overview

Multiple myeloma is the malignant proliferation of plasma cells derived from a 
single clone. It accounts for approximately 1% of neoplastic disease and 13% of all 
hematologic cancers [1]. Multiple myeloma usually evolves from an asymptomatic 
premalignant stage of clonal plasma cell proliferation—known as monoclonal gam-
mopathy of undetermined significance (MGUS) that progresses to smoldering 
(asymptomatic) MM and finally to symptomatic MM [1]. Commonly, MGUS may 
progress to MM or related malignancy at a rate of 1% per year [2]. The annual inci-
dence of MM in the US is 4–5 per 100,000. With advancements in treatment options, 
the 5-year survival has steadily increased in the last decade and is currently 49%.

A. C. Y. Kwok and S. C. W. Ling
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In MM, there are important prognostic factors which stratify patients into high 
and standard risks. These factors include cytogenetic abnormalities deletion 17p or 
immunoglobulin heavy chain translocations t(4;14) or t(14;16) detected by inter-
phase FISH (fluorescence in situ hybridization). The median overall survival (OS) 
of patients with high-risk disease is only 2–3  years even with tandem stem cell 
transplantation compared to >7–10 years in those with standard risk disease [3].

Multiple myeloma displays a complicated karyotype and high levels of genomic 
instability associated with various gene mutations and chromosomal translocations 
[4]. Elevated aberrant homologous recombination in myeloma cells is one of the 
main contributing mechanisms to this instability, resulting in loss of cell cycle con-
trol and apoptosis and thus increased disease aggressiveness and treatment resis-
tance [4]. Many studies over the years have demonstrated that MM has complex 
genetic features. At the chromosome level, MM can be classified into hyperdiploid 
(48–74 chromosomes) and non-hyperdiploid (common in MGUS) although cur-
rently there are no known triggers leading to change in ploidy [5]. There are also 
various chromosomal gains and losses with no known triggers for chromosomal 
changes. Furthermore, translocation rearrangements can occur within the immuno-
globulin heavy chain gene which can be seen in MGUS and acts as a potential trig-
ger for transformation to MM. Genetic mutations can also affect cell signaling 
pathways such as RAS, which is one of the most commonly mutated pathways in 
MM. Due to the capability of various and complex genetic and molecular abnor-
malities, MM is a very genetically heterogeneous disease.

Currently, there is no strong evidence that early treatment of patients with smol-
dering MM prolongs survival. However, there are ongoing clinical trials to deter-
mine whether targeted agents can delay progression and improve survival in 
smoldering MM. In transplant-eligible patients with standard risk disease, the cur-
rent recommendation is induction with triple therapy, with one or two targeted 
agents followed by stem cell transplant. In patients with high-risk disease, the rec-
ommendation is initial treatment with proteasome inhibitor-containing therapy with 
consideration of clinical trials given that high-risk disease does not respond well to 
conventional therapy.

The introduction of novel agents has dramatically improved outcomes for MM 
patients. However, there is no established curative therapy and consequently patients 
will relapse and eventually develop refractory disease with a limited duration of 
response to subsequent lines of treatment. The choice of salvage therapy is affected 
by several considerations including initial therapy, degree, and duration of response 
to primary therapy, age, performance status, and previous toxicities. Novel agents 
including proteasome inhibitors (PI) and immunomodulatory imide drugs (IMiD) 
are currently part of the treatment paradigm.

1 The Role of Targeted Therapy in Multiple Myeloma
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1.2  Historical Treatment of Multiple Myeloma Until Present

There have been substantial changes in drug design and treatment regimens which 
have transformed MM from an acute to a chronic condition. With the advent of 
novel agents introduced as first-line therapy, the 5-year survival rate has been 
reported to be as high as 80% [6]. A review of the historical treatments for MM 
demonstrates both the significant changes over the last century and continuing 
development of new agents.

The first documented case of MM was in 1844 with the first treatment consisting 
of rhubarb and orange peel mixture with the application of leeches as “maintenance 
therapy” [2]. In 1947, Alwall reported that urethane reduced serum globulin and 
decreased bone marrow plasma cells [2]. This was proven to be ineffective as dem-
onstrated in a small trial by Holland [7] in 1966 whereby 83 patients were random-
ized to either urethane or placebo and no differences in objective improvement or 
survival were observed.

From 1958 to 1962, Blokhin reported significant improvement in MM patients 
treated with melphalan [8]. This was followed by Hoogstraten [2] who found that a 
melphalan loading dose followed by maintenance therapy achieved a response in 
approximately 78% of patients with either newly diagnosed or previously 
treated MM [9].

In 1962, Maas was the first to test corticosteroids in MM. At the time, prednisone 
was trialed as a single agent; however, no difference in survival was observed. The 
first regimen of melphalan and prednisone was established after Alexanian et al. 
completed a randomized trial with 183 multiple myeloma patients [10]. This study 
observed that patients receiving combination regimen had a 6 months longer sur-
vival compared to melphalan alone [10]. Pulsed corticosteroids have been an impor-
tant backbone of myeloma therapy until now [11]. The combination of multiple 
alkylating agents is efficacious in MM. For example, the M-2 protocol, consisting 
of carmustine, melphalan, cyclophosphamide, and prednisone resulted in response 
rates of up to 87% were observed in some groups of patients [12]. Triple therapy of 
vincristine, doxorubicin, and dexamethasone (VAD) was the main treatment for 
about 2 decades as induction therapy in newly diagnosed and RRMM [13, 14].

Autologous stem cell transplantation has been a standard first-line therapy for 
patients who can tolerate the intensity of high dose chemotherapy, due to its impact 
on survival advantage [15]. This procedure consists of induction chemotherapy, fol-
lowed by autologous stem cell harvest, high dose melphalan chemotherapy, and 
reinfusion of harvested stem cells. Prior to the advent of target therapy, induction 
therapy/chemotherapies included dexamethasone [16], VAD and VAD with dexa-
methasone, cyclophosphamide, etoposide, and cisplatin [14, 17, 18]. However, the 
incorporation of novel targeted agents into induction regimens was proven to be 
superior to conventional cytotoxic chemotherapy like VAD [19]. Hence, the current 
standard of care involves targeted therapy in the induction phase followed by autol-
ogous stem cell transplant.

A. C. Y. Kwok and S. C. W. Ling
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Maintenance therapy post autologous stem cell transplantation or other induction 
therapy is important in prolonging the duration of remission and possibly overall 
survival. Maintenance therapy has evolved over the years from corticosteroids and 
interferon to novel targeted therapies such as thalidomide, lenalidomide, and 
bortezomib.

The first targeted agent used in myeloma therapy was thalidomide, an IMiD. An 
Eastern Cooperative Oncology Group (ECOG) randomized trial demonstrated that 
the thalidomide-dexamethasone combination was superior to dexamethasone alone 
as an induction regimen for newly diagnosed MM [20]. This led to the accelerated 
approval for thalidomide-dexamethasone in 2006 by the US Food and Drug 
Administration (FDA) for the treatment of newly diagnosed MM. For transplant- 
ineligible patients, melphalan, prednisone, and thalidomide demonstrated higher 
response and progression free survival (PFS) when compared with standard mel-
phalan and prednisone [21].

The next targeted therapy utilized in MM was bortezomib, the first PI with sig-
nificant survival benefit in both transplant-eligible and ineligible MM patients [19, 
22]. The combination of melphalan, prednisone, and bortezomib in patients older 
than 65 years of age has achieved an associated response rate of 89% and increased 
PFS [23]. Thereafter, there has been ongoing development in subsequent genera-
tions of IMiDs and PIs with the aim to further improve overall survival and side 
effect profiles.

Despite the ongoing development of IMiDs and PIs, resistance to these agents 
does occur in RRMM. This has led to the development of other agents including 
monoclonal antibodies (MoAb) such as daratumumab, which have demonstrated 
rapid and deep responses when used as monotherapy [24] and in combination with 
bortezomib, lenalidomide, and pomalidomide [25–29].

Histone deacetylase inhibitors (HDACi) target the deacetylation of histones and 
nonhistone proteins and have synergistic activity with other target therapies. 
Panobinostat is a pan-HDACi which targets the protein degradation pathway, 
aggrephagy, and has synergistic activity with bortezomib in MM.

Immunotherapy including chimeric antigen receptor (CAR) T cell therapies and 
bispecific T cell and natural killer (NK) antibodies are currently being tested in 
clinical trials. In CAR T cell therapy, T cells are engineered to target specific anti-
gens on myeloma cells such as CD38 or B cell maturation antigen (BCMA). 
Bispecific antibodies have two targets, engaging T cells or NK cells and specific 
antigens on the myeloma cells, bringing the myeloma cells in close proximity to 
activated T cells or NK cells which cause the demise of the myeloma cells.

The outcomes of MM have improved substantially over the past 20 years with 
the introduction of PIs and IMiDs. These agents, either in triplets or doublets, form 
the backbone of therapy for MM.

1 The Role of Targeted Therapy in Multiple Myeloma
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1.3  Immunomodulatory Imide Drugs

Immunomodulatory imide drugs were the first targeted therapy in MM. As a class, 
IMiDs have a wide spectrum of mechanisms of action including augmentation of 
NK cells, alterations in cytokine production and T cell activity, and decreasing vas-
cular endothelial growth factor (VEGF) and interleukin-6 (IL-6) expression which 
inhibits angiogenesis. The introduction of IMiDs into induction regimens has been 
observed to increase rates of complete response.

Thalidomide was the first IMiD introduced in 1957. Although initially intro-
duced as a sedative and treatment for morning sickness in pregnancy, severe terato-
genic malformations were associated with thalidomide use and was subsequently 
removed from most markets globally by the end of 1961. In certain conditions, 
thalidomide continued to be used as a therapeutic agent and was approved for the 
treatment of erythema nodosum leprosum in 1998 [30]. In 1994, thalidomide was 
found to have significant antiangiogenic properties [31]. Subsequently, in 1997 
Barlogie et al. initiated a compassionate-use trial of thalidomide as antiangiogenic 
therapy [32]. At the time, 84 patients were enrolled with 32% responding to single 
agent thalidomide [32]. Response rates in newly diagnosed and RRMM were 63% 
and 50%, respectively when combined with dexamethasone [20, 33]. The response 
rate of the three-drug combination of thalidomide, steroids, and cyclophosphamide 
ranged from 60% in RRMM to 80% in newly diagnosed MM [34–36].

Due to the significant neurotoxicity of thalidomide that commonly results in 
therapy cessation, the second- and third-generation IMiDs, lenalidomide, and 
pomalidomide, respectively, were developed. Lenalidomide is a derivative of tha-
lidomide, interfering with multiple signaling and survival pathways within myeloma 
cells and the bone marrow microenvironment. It is more potent than thalidomide but 
has significantly less neurotoxicity. The FIRST trial demonstrated better median 
PFS and trends towards better OS when lenalidomide and dexamethasone were 
used in an upfront setting for transplant-ineligible patients with PFS of 22.5 months, 
compared to 21.2 months in the melphalan, prednisone, and thalidomide group [37]. 
This led to its approval in 2015 by the FDA for use as first-line therapy in transplant- 
ineligible patients. Lenalidomide was also studied in RRMM, with the MM-009 
trial demonstrating an improvement in median time of progression (11.1 months in 
the lenalidomide group compared to 4.7 months in the placebo group) with com-
plete, near-complete, or partial response rates of 60.2% in the lenalidomide group 
compared to 24% in the placebo group [38].

Pomalidomide is the third-generation IMiD that is chemically related to both 
thalidomide and lenalidomide but is more active and potent. Currently, pomalido-
mide is approved by the FDA for third-line treatment in patients with relapsed or 
progressive MM who have received at least two prior therapies, including lenalido-
mide and bortezomib. This is based on its significant improvement in PFS and OS 
in this group of MM patients.
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1.4  Proteasome Inhibitors

Proteasome inhibitors were developed following an increased understanding of the 
role of the ubiquitin-proteasome pathway in MM. This pathway is responsible for 
the degradation of misfolded and unfolded intracellular proteins. Proteasome inhi-
bition leads to the accumulation of these unfolded or misfolded proteins that induce 
stress in the endoplasmic reticulum and ultimately apoptosis [39, 40]. Bortezomib 
is the first in-class PI developed and used for the treatment of MM and acts through 
multiple mechanisms to suppress tumor survival pathways and arrest tumor growth, 
spread, and angiogenesis [40]. Preclinical studies demonstrated that bortezomib had 
potent cytotoxic and growth inhibitory effects on myeloma cells [41]. An open-label 
phase II study of bortezomib in 202 patients with RRMM and who had failed two 
prior lines of therapy observed an overall response rate (ORR) of 28% [42]. This led 
to FDA approval in 2004 for bortezomib to be used as a single agent for the treat-
ment of RRMM. Many randomized studies including the MM5 German study dem-
onstrated the efficacy of bortezomib combined with cyclophosphamide and 
dexamethasone in untreated MM patients, resulting in lower rates of disease pro-
gression and high response rates. Bortezomib has also been used as induction ther-
apy for both transplant-eligible and transplant-ineligible patients [43, 44]. The 
Southwest Oncology Group (SWOG) S0777 trial demonstrated that combining a PI 
with an IMiD (bortezomib combined with lenalidomide and dexamethasone) 
improves OS and PFS compared to the conventional regimen of lenalidomide and 
dexamethasone [45]. Bortezomib has also been investigated as a potential posttrans-
plantation maintenance therapy. There is evidence that bortezomib-based mainte-
nance may increase response rates and prolong PFS [46, 47].

Despite its efficacy, resistance to bortezomib in MM is inevitable. The mecha-
nism of resistance is heterogeneous and is difficult to predict. The potential resis-
tance mechanisms studied so far include mutations in the β5-subunit of the 
proteasome, derangement of stress responses, increased proteasomes and survival, 
and anti-apoptotic pathways [48–52]. In response to developing resistance, the 
second- generation PI carfilzomib was developed and approved for the treatment 
of RRMM.

Carfilzomib is indicated for RRMM after at least one previous therapy. It is an 
epoxyketone-based, irreversible PI that binds the chymotrypsin catalytic site within 
the β5-subunit of the 20S proteasome. Carfilzomib is active against bortezomib- 
resistant myeloma cells. It induces extrinsic and intrinsic apoptosis and activates 
stress response pathways in human MM [53]. In the ASPIRE trial, carfilzomib, 
lenalidomide, and dexamethasone were compared with lenalidomide and dexa-
methasone. A longer PFS was observed in the carfilzomib group [54]. Carfilzomib 
is also superior to bortezomib in RRMM with improved response rates and PFS [55].

Ixazomib is an oral, selective, and reversible PI. It preferentially binds and inhib-
its the chymotrypsin-like activity of the β5-subunit of the 20S proteasome [56]. 
Ixazomib demonstrated in vitro cytotoxicity against primary myeloma cells from 
patients who had relapsed after multiple prior therapies including bortezomib, 
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lenalidomide, and dexamethasone. Ixazomib in combination with a regimen of 
lenalidomide and dexamethasone was shown to result in a significantly longer 
median PFS of 20.6 months when compared to 14.7 months with lenalidomide and 
dexamethasone, with a hazard ratio of 0.74 [57].

1.5  Monoclonal Antibodies

Monoclonal antibodies were developed to target specific antigens and pathways 
driving MM. Current MoAbs available for treatment are daratumumab and elotu-
zumab, both of which are approved for RRMM.

Daratumumab is a human MoAb that targets the highly expressed CD38 glyco-
protein on MM cells [58, 59]. It is generated by immunized transgenic mice. 
Daratumumab is approved for use in combination with lenalidomide and dexameth-
asone, or with bortezomib and dexamethasone, for the treatment of patients with 
MM and who have received at least one prior therapy [60]. Approval for the use of 
daratumumab was based on two randomized clinical trials where the addition of 
daratumumab to lenalidomide and dexamethasone (POLLUX), and to bortezomib 
and dexamethasone (CASTOR) improved the 12-month PFS significantly; 83.2% in 
the daratumumab group versus 60.1% in the control group in the POLLUX trial, 
and 60.7% in the daratumumab group versus 29% in the control group in the 
CASTOR trial [29, 61]. Daratumumab has also been found to improve PFS when 
combined with carfilzomib and dexamethasone in RRMM (CANDOR study).

Isatuximab is a chimeric immunoglobulin G1 (IgG1) kappa anti-CD38 MoAb 
which is generated by immunized wild type mice [59]. ICARIA-MM43, a multi-
center, multinational, randomized, open-label phase III study comparing isatux-
imab, pomalidomide, and low-dose dexamethasone against pomalidomide and 
low-dose dexamethasone showed a 40% reduction in risk of disease progression or 
death with the addition of isatuximab [62]. This led to the FDA approval of isatux-
imab for use in RRMM.

Elotuzumab is a humanized IgG1 immunostimulatory MoAb targeted against the 
signaling lymphocytic activation molecule F7 (SLAMF7), a glycoprotein expressed 
on myeloma cells and NK cells [63]. Expression of SLAMF7 is nearly universal in 
MM irrespective of cytogenetic abnormalities and disease progression. Elotuzumab 
exerts a dual effect by directly activating NK cells and mediating antibody- 
dependent, cell-mediated cytotoxicity through the CD16 pathway [64]. As a single 
agent, elotuzumab has little clinical activity; however, when combined with lenalid-
omide and dexamethasone, it reduced the risk of progression or death by 30% with 
a median PFS of 19.4 months [63, 65]. Elotuzumab attained FDA approval in 2015 
for use in the treatment of RRMM.
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1.6  Histone Deacetylase Inhibitors

Histone deacetylase inhibitors (HDACi) acetylate histones and nonhistone proteins. 
The hyperacetylation of histones can reverse the silencing of specific genes. 
Moreover, hyperacetylation of nonhistone proteins affects their cellular function. 
Currently, panobinostat is the only HDACi approved for the treatment of relapsed 
myeloma. Panobinostat, bortezomib, and dexamethasone have been reevaluated as 
a third-line therapy in MM patients with improvement in PFS when compared to 
bortezomib and dexamethasone (11.99  months versus 8.08  months), leading to 
accelerated FDA approval in 2015 [66].

Despite these survival benefits, panobinostat has significant toxicity including 
diarrhea and cardiac events such as arrhythmias [66]. As such, selective HDACIs 
are being developed. Ricolinostat is a selective HDAC6 inhibitor which inhibits 
autophagic protein degradation. In a phase I/II trial, promising results were shown 
in RRMM when ricolinostat was combined with bortezomib and dexamethasone, 
with ongoing phase I/II trials further investigating other combinations including 
ricolinostat with lenalidomide and pomalidomide [67].

1.7  Bone Targeted Therapy

Bone targeted therapy is important in MM as it reduces skeletal lesions and has 
antitumor effects. Multiple myeloma is characterized by osteolytic lesions, osteope-
nia, tumor-induced hypercalcemia, and skeletal complications such as pathologic 
fractures in the long bones or vertebral collapses. Skeletal complications are a major 
cause of morbidity and mortality.

Targeted agents such as IMiDs and PIs have some direct effects on bone remod-
eling. Immunomodulatory imide drugs inhibit osteoclasts in vitro and in vivo and 
also reduces bone resorption in some MM patients. Bortezomib inhibits osteoclasts 
and activates osteoblast differentiation, reducing bone resorption in MM patients 
and increasing the receptor activator of nuclear factor kappa-B ligand (RANKL) to 
osteoprotegerin ratio [68].

Bisphosphonates are the main agent for bone directed therapy in MM. Zoledronic 
acid, the nitrogen-containing bisphosphonate is likely to have anticancer activity as 
it improves the PFS and OS of newly diagnosed MM when compared with clodro-
nate [69]. The International Myeloma Working Group recommends that intravenous 
bisphosphonates be initiated in all patients with active MM and administered in 3–4 
weekly intervals to reduce skeletal complications [70].

Denosumab is a fully humanized MoAb that binds to RANKL, inhibiting the 
interaction with the receptor activator of nuclear factor kappa-B (RANK) receptor 
and leading to the inhibition of osteoclasts [71]. A phase III study demonstrated the 
non-inferiority of denosumab to zoledronic acid at delaying time to the first 
skeletal- related events in MM patients and prolonged PFS [72]. In 2018, the FDA 
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approved denosumab for use in the prevention of skeletal-related events in MM 
patients.

1.8  New Agents on the Horizon

Despite the advent of a wide variety of novel agents, MM remains an incurable 
hematological malignancy with drug resistance an ongoing issue. Research is 
focused on developing new generations of targeted therapies, finding new targets, 
and discovering novel targeted therapies with unique mechanisms of action. New 
drugs currently in phase I and II trials include bispecific T cell or NK cell engager 
antibodies, CAR T cell therapy, Ulocuplumab (an anti-CXCR4 MoAb), 
Pembrolizumab (an anti-PD1 MoAb) in combination with radiation therapy, 
Nivolumab, and various other targeted therapies.

Bispecific antibodies are immunoglobulins that lack fragment crystallizable (Fc) 
regions and can simultaneously bind to two different epitopes—CD3 molecules on 
T cells and a specific antigen on myeloma cells—resulting in the destruction of 
myeloma cells. Currently, there are ongoing early phase clinical trials in RRMM.

Chimeric antigen receptor T cell therapy refers to the adoptive transfer of effec-
tor immune cells, either T cells or NK cells, which are engineered to recognize 
tumor-specific antigens such as the BCMA on myeloma cells and consists of a co- 
stimulatory molecule [73]. A number of early phase clinical trials of anti-BCMA 
CAR T cell therapy have reported the safety and toxicity profile in RRMM [74–76].

Ulocuplumab is a CXCR4 chemokine receptor MoAb that induces apoptosis in 
myeloma cells. In a phase Ib trial, Ulocuplumab, lenalidomide, and dexamethasone 
showed a high response rate of over 50% in patients with RRMM and who had been 
previously treated with two lines of therapy including lenalidomide and bortezo-
mib [77].

Several targets have been investigated following the development of pathway 
receptor inhibitors. These drugs include Vemurafenib (BRAF inhibitor), Dovitinib 
(FGFR3 inhibitor), Alvocidib and Dinaciclib (targeted kinase inhibitors), 
Selumetinib (MEK inhibitors), Selinexor (Exportin-inhibitor), and Venetoclax 
(BCL-2 inhibitor).

Early clinical trials suggest that MM carrying t(11;14) translocations is sensitive 
to Venetoclax [78]. Currently, Venetoclax, Bortezomib, and dexamethasone are 
being tested in t [11, 14] RRMM in an ongoing clinical trial.

Selinexor is a selective inhibitor of exportin 1 (XPO1) which blocks export 
nuclear proteins such as tumor suppressor proteins. It inhibits nuclear factor kappa-
 B and reduces oncoprotein messenger RNA translation. In an early-phase clinical 
trial, Selinexor showed a tolerable safety profile and an ORR of 26% [79].

Dinaciclib (cyclin-dependent kinase inhibitor) and Filanesib (kinesin spindle 
protein inhibitor) have been tested in early phase clinical trials [80–83]. Filanesib 
was tested in RRMM as monotherapy and in combination with bortezomib and 
carfilzomib [81–83].
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1.9  Conclusion

Although MM remains incurable, the advent of new and novel agents in recent 
times has transformed it from an acute disease into a chronic condition. However, 
the increasing availability of therapeutic options is leading to a developing era of 
drug resistance in MM. To overcome drug resistance and improve patient outcomes, 
the research and development of improved targeted agents continue. These novel 
agents and current therapies outlined in this chapter will be further explored in 
this series.
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Chapter 2
Lenalidomide

Adrian Jun-Ting Yeung and Silvia CW Ling

Abstract Lenalidomide is the second-generation immunomodulatory imide drug 
(IMiD) derived from thalidomide, approved for the treatment of multiple myeloma 
(MM). Lenalidomide exerts its anti-myeloma action through multiple effects, 
including effects on the cereblon pathway, cytokine production, immune cells, and 
angiogenesis. Despite high overall response rates (ORR) to lenalidomide, resistance 
to lenalidomide can be seen in the proportion of MM patients that fail to respond. 
This chapter will review data from notable clinical trials of lenalidomide, the mech-
anisms of action, and explore the potential mechanisms of lenalidomide resistance 
in MM. Previous attempts to manage patients with lenalidomide resistance/refrac-
tory disease will also be reviewed.

Keywords Multiple myeloma · Lenalidomide · Immunomodulatory drug · 
Cereblon pathway · Lenalidomide resistance
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IMiD Immunomodulatory imide drug
IRF4 Interferon regulatory factor 4
MM Multiple myeloma
MoAb Monoclonal antibody
MRD Minimal residual disease
mRNA Messenger RNA
NF-κβ Nuclear factor-kappa B
NK Natural killer
ORR Overall response rate
OS Overall survival
PFS Progression-free survival
PI Proteasome inhibitor
PR Partial response
RRMM Relapsed/refractory multiple myeloma
shRNA Short hairpin RNA
TGA Therapeutic Goods Administration
TNF-ɑ Tumor necrosis factor alpha
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2.1  Introduction

Lenalidomide is an immunomodulatory imide drug (IMiD) and derivative of tha-
lidomide, an earlier IMiD. Thalidomide was originally synthesized in the early 
1950s as a remedy for morning sickness but was withdrawn from the market after it 
was found to be teratogenic. Further research revealed the anti-angiogenic proper-
ties of thalidomide, leading to interest in its potential as a cancer treatment. However, 
the ongoing concerns with its side effects led to the development of thalidomide 
analogs such as lenalidomide. Lenalidomide shares the same glutarimide portion 
with thalidomide but has a modified phthalimide portion. This modification resulted 
in increased potency and less severe adverse side effects [1].
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2.2  Indications

Within the realm of multiple myeloma (MM), lenalidomide is approved for use by 
the Therapeutic Goods Administration (TGA) in Australia for (1) treatment of MM 
whose disease has progressed after one therapy, (2) newly diagnosed MM, and (3) 
maintenance therapy post autologous stem cell transplantation. Lenalidomide is 
approved by the US Food and Drug Administration (FDA) for the treatment of MM 
and as maintenance therapy post autologous stem cell transplantation. Likewise, the 
European Medicines Agency (EMA) has also approved lenalidomide for use in 
maintenance therapy following autologous stem cell transplant, as well as the com-
mon indications of relapsed/refractory multiple myeloma (RRMM), and newly 
diagnosed MM in patients not eligible for stem cell transplantation (European 
Medicines Agency, 2019).

2.3  Efficacy of Lenalidomide

2.3.1  Efficacy in Relapsed or Refractory Multiple Myeloma

2.3.1.1  Lenalidomide and Dexamethasone

Initial data regarding the efficacy of lenalidomide was produced in the context of 
RRMM. Pivotal studies demonstrating the efficacy of lenalidomide include the 
MM-009 [2] and MM-010 studies [3], where patients treated with lenalidomide and 
dexamethasone were compared in a randomized control trial to dexamethasone 
alone. Both treatment arms consisted of 28-day cycles, with lenalidomide dosed at 
25 mg daily on days 1–21, and dexamethasone dosed at 40 mg once daily on days 
1–4, 9–12, and 17–20 for the first 4 cycles, then subsequently reduced to 40 mg 
once daily on days 1–4. In a pooled follow-up analysis of the two studies combined 
[3], the addition of lenalidomide to dexamethasone demonstrated a significantly 
longer time to progression (48.3 weeks compared to 20.1 weeks), and progression- 
free survival (PFS) (median time 47.3 weeks compared to 20.1 weeks). Complete 
response (CR) and overall response rates (ORR) were also higher in the lenalido-
mide treated patient groups. Overall survival (OS) at 1 year was 82% in patients 
treated with lenalidomide and dexamethasone compared to 75% in the placebo and 
dexamethasone group. A meta-analysis of seven randomized controlled trials inves-
tigating lenalidomide by Qiao et al. (2015) further confirmed the efficacy of lenalid-
omide compared to control groups, with improved ORR, PFS, and OS [4].
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2.3.1.2  Bortezomib, Lenalidomide, and Dexamethasone

Along with IMiDs, proteasome inhibitors (PI) such as bortezomib have changed the 
landscape of MM treatment, demonstrating superior results compared to dexameth-
asone. The combination therapy of bortezomib, lenalidomide, and dexamethasone 
was investigated in a phase II study [5] in patients with RRMM who had received 
one to three prior regimes but were naïve to combination bortezomib and lenalido-
mide therapy. Bortezomib was dosed at 1 mg/m2 intravenously on days 1, 4, 8, and 
11 in a 21-day cycle. Lenalidomide was dosed at 15 mg/day on days 1–14, in com-
bination with dexamethasone 40 mg for the first 4 cycles, then decreased to 20 mg 
in cycles 5–8 on the day of and day after bortezomib dosing. This regime of bort-
ezomib, lenalidomide, and dexamethasone demonstrated a median OS of 30 months, 
with median PFS of 9.5 months. The 6-month progression-free survival rate was 
75% and the ORR was 64%. The median treatment duration was 8 months, suggest-
ing that despite toxicities including myelosuppression and peripheral neuropathy, 
the combination regime was generally well tolerated.

2.3.1.3  Daratumumab, Lenalidomide, and Dexamethasone

Since its introduction into the MM sphere, daratumumab has shown promising effi-
cacy. Triple therapy with daratumumab, lenalidomide, and dexamethasone was 
compared to lenalidomide and dexamethasone alone in a randomized control trial 
[6]. The enrolled patients had RRMM and had previously received and responded to 
one or more lines of therapy. Of note is that patients who had lenalidomide refrac-
tory disease were excluded. Daratumumab was dosed at 16 mg/kg and administered 
weekly for the first 8 weeks, followed by every 2 weeks for the following 16 weeks, 
and then every 4 weeks thereafter. Lenalidomide was given at a standard dose of 
25 mg/day daily from days 1 to 21 of each cycle (or reduced to 10 mg daily if creati-
nine clearance was 30–60  mL/min), while dexamethasone was dosed at 40  mg 
weekly in the lenalidomide and dexamethasone group. In the triple therapy group, 
dexamethasone was split in 20  mg prior to daratumumab infusion for infusion- 
related reaction prophylaxis, and 20 mg the next day. Patients older than 75 years of 
age or with body mass index (BMI) <18.5 could have their dexamethasone dose 
reduced to 20 mg weekly instead of the standard 40 mg dose. The results demon-
strated a benefit for daratumumab combination therapy with lenalidomide with PFS 
at 12 months of 83.2% compared to 60.1% in the lenalidomide and dexamethasone 
group. Overall response rates were also higher in the daratumumab group (92.9% 
compared with 76.4%), with higher rates of deeper responses (evidenced by higher 
rates of very good partial responses [VGPR] or better) in the daratumumab combi-
nation arm (75.8% vs 44.2%), as well as higher rates of CR or better (43.1% vs 
19.2%). In a subgroup analysis, the benefits of daratumumab addition were irre-
spective of previous treatment, as well as the number of lines of previous treatment. 
As expected, the higher efficacy with the addition of daratumumab was associated 
with increased rates of serious adverse effects (48.8% vs 42%). Despite this, the 
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percentage of patients with adverse events leading to treatment discontinuation was 
similar in both groups (6.7% vs 7.8%).

2.3.1.4  Carfilzomib, Lenalidomide, and Dexamethasone

Carfilzomib has been studied in combination with lenalidomide and dexamethasone 
in patients with relapsed multiple myeloma. In a phase III study [7], carfilzomib in 
combination with lenalidomide and dexamethasone was compared with lenalido-
mide and dexamethasone. The addition of carfilzomib demonstrated reduced risk of 
disease progression or death, where the median PFS was improved by 12 months 
after the first relapse and by 9 months in patients with >2 previous lines of therapy. 
Subgroup analysis showed that the addition of carfilzomib to lenalidomide and 
dexamethasone consistently improved PFS, even in patients previously exposed to 
bortezomib as well as lenalidomide [8].

2.3.2  Efficacy in Newly Diagnosed Multiple Myeloma

2.3.2.1  Transplant Ineligible Patients

Lenalidomide and Dexamethasone

The combination of lenalidomide and dexamethasone first demonstrated efficacy in 
newly diagnosed MM in 2014 when it was compared in a randomized control trial 
[9] against the standard combination therapy at the time; melphalan, prednisone, 
and thalidomide. In this trial, the lenalidomide-dexamethasone regime consisted of 
lenalidomide 25 mg administered on days 1–21 of each 28 day cycle and dexa-
methasone 40 mg administered on days 1, 8, 15, and 22. Two durations of treatment 
were studied, one being a continuous lenalidomide-dexamethasone arm where 
lenalidomide and dexamethasone were given in 28-day cycles until disease progres-
sion and a limited treatment arm where 18 cycles (or 72 weeks) of treatment were 
given. The comparison group received melphalan, prednisone, and thalidomide, 
with standard doses of melphalan (0.25 mg/kg of body weight per day on days 1–4), 
prednisone (2  mg per kg on days 1–4), and thalidomide (200  mg per day) in 
42 day cycles for 12 cycles (or 72 weeks). The results showed a benefit with con-
tinuous lenalidomide-dexamethasone treatment, with patients responding 13% 
more frequently compared to the comparison group, as well as a significantly 
improved PFS of 25.5 months compared to the 21.2 months obtained with melpha-
lan, prednisone, and thalidomide. The shorter course of 18 cycles of lenalidomide 
and dexamethasone had a similar outcome to melphalan, prednisolone, and thalido-
mide with a PFS of 20.7 months. Continuous lenalidomide and dexamethasone sig-
nificantly reduced the risk of progression or death by 28%, and the risk of death by 
22% compared to melphalan, thalidomide, and prednisone. The duration of response 
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was also significantly improved with continuous lenalidomide-dexamethasone 
compared to both 18  cycle lenalidomide-dexamethasone as well as melphalan, 
prednisolone, and thalidomide. Notably, the PFS benefit is also sustained through 
further lines of therapy in patients who relapse, suggesting that lenalidomide does 
not negatively affect second-line treatment options. Overall survival also favored 
the addition of lenalidomide, with 4-year survival of 59% for continuous 
lenalidomide- dexamethasone, and 56% for 18  cycles of lenalidomide- 
dexamethasone. Although continuous lenalidomide and dexamethasone had a sig-
nificantly better OS compared to melphalan, prednisone, and thalidomide (which 
had a 4-year survival of 51%), there was no significant difference in OS between 
continuous and 18 cycles of lenalidomide-dexamethasone.

The benefit of lenalidomide maintenance has also been demonstrated with com-
parisons between melphalan, prednisone, and lenalidomide induction with lenalido-
mide maintenance, melphalan, prednisone, and lenalidomide induction alone, and 
melphalan with prednisone [10]. Progression-free survival was prolonged in the 
lenalidomide maintenance arm with a median PFS of 31 months compared with 
14  months with melphalan, prednisone, and lenalidomide induction alone, and 
13 months with melphalan and prednisone. Upon specific analysis of maintenance 
therapy, lenalidomide significantly extended progression-free survival from the start 
of maintenance therapy by a median of 26 months, compared to 7 months with pla-
cebo following the same induction therapy. This benefit was consistently observed 
across all subgroup analyses except for elderly patients >75 years of age.

Cyclophosphamide, Lenalidomide, and Dexamethasone

Cyclophosphamide in addition to lenalidomide and dexamethasone demonstrated a 
median PFS of 28 months, with OS at 2 years of 87% in phase II trials studying the 
combination of alkylating agents with standard lenalidomide and dexamethasone 
therapy [11]. Cyclophosphamide was dosed at 300 mg/m2 weekly for 3 weeks in a 
4-week cycle. 85% of patients achieved a partial response (PR) or better, and 47% 
of patients achieved a VGPR or better. Although not directly compared, the addition 
of cyclophosphamide seemingly results in higher response rates compared to stud-
ies of lenalidomide and dexamethasone.

Bortezomib, Lenalidomide, and Dexamethasone

The combination of bortezomib, lenalidomide, and dexamethasone has been 
explored in patients with newly diagnosed MM without intention for transplantation 
[12]. When compared with lenalidomide and dexamethasone, the addition of bort-
ezomib appeared to improve outcomes, with improvement in PFS of 43 months in 
the bortezomib arm compared to 31 months in lenalidomide and dexamethasone 
alone. Overall survival was also improved with a hazard ratio of 0.666.
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2.3.2.2  Transplant Eligible Patients

Bortezomib, Lenalidomide, and Dexamethasone

Combination therapy with bortezomib, lenalidomide, and dexamethasone has not 
only been studied in RRMM but has also been studied in the transplant setting as 
both induction and maintenance therapy. Patients eligible for autologous stem cell 
transplant in newly diagnosed MM were studied [13] with 3-week cycles of therapy 
consisting of intravenous bortezomib (1.3  mg/m2 on days 1, 4, 8, and 11), oral 
lenalidomide (25 mg on days 1–14), and oral dexamethasone 40 mg (days 1, 8, and 
15) as induction therapy. Patients subsequently proceeded to transplantation with 
melphalan conditioning. Patients continued to receive two further cycles of bortezo-
mib, lenalidomide, and dexamethasone posttransplant, followed by lenalidomide 
maintenance therapy. After consolidation therapy, 97% of patients achieved a PR or 
better, with 50% achieving CR or better. The estimated 3-year PFS and OS rates 
were 77% and 100%, respectively. Bortezomib, lenalidomide, and dexamethasone 
did not appear to adversely affect mobilization and stem cell collection as only 1 of 
the 31 patients studied in the trial experienced stem cell collection failure. 
Lenalidomide maintenance posttransplantation demonstrated a benefit and improved 
response in 27% of patients, with 13% changing minimal residual disease (MRD) 
status from positive to negative with lenalidomide maintenance.

2.4  Mechanisms of Action

2.4.1  Cereblon Pathway

Immunomodulatory imide drugs such as lenalidomide exert their effects via their 
interactions with cereblon, an important protein within the E3 ubiquitin ligase com-
plex. Binding to cereblon results in the ubiquitination and proteasomal degradation 
of substrate proteins Ikaros (encoded by the IKZF1 gene) and Aiolos (encoded by 
the IKZF3 gene), which in turn results in the downregulation of the proteins inter-
feron regulatory factor 4 (IRF-4) and c-Myc and subsequently growth inhibition and 
apoptosis of myeloma cells [14, 15].

2.4.2  Effect on Cytokines

Lenalidomide also affects cytokine production, resulting in a net effect of down-
regulation of pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-α), 
interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-12 (IL-12) as well as upregu-
lation of the anti-inflammatory cytokine interleukin-10 (IL-10) [1]. Lenalidomide 
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has a particularly potent effect on TNF-α downregulation, 50,000 times more potent 
than thalidomide. The exact mechanism of action of lenalidomide on TNF-α is yet 
to be defined. However, it is known that thalidomide has an effect on the degrada-
tion of TNF-α messenger RNA (mRNA) thus lenalidomide may act via similar 
mechanisms. TNF-α plays multiple roles within the body but has been suggested to 
be involved in the pathogenesis of various hematological malignancies. IL-6 down-
regulation is beneficial as IL-6 inhibits the apoptosis of malignant myeloma cells 
and increases their proliferation. In addition to directly downregulating IL-6 pro-
duction, Lenalidomide inhibits the interaction between myeloma cells and IL-6 
generating bone marrow stromal cells.

2.4.3  T Cell Activation

Lenalidomide affects the B7-CD28 costimulatory signaling pathways, allowing 
antigen presenting cells to activate T cells and augment their response and prolifera-
tion. Lenalidomide induces tyrosine phosphorylation of CD28 on T cells, resulting 
in the activation of several downstream targets (including phosphoinositide 3-kinase 
(PI3K) and nuclear factor-kappa B [NF-κβ]) and a Th1-type cytokine response that 
further stimulates clonal T cell proliferation and natural killer (NK) cell activity, 
bolstering the body’s antitumor immune response to myeloma cells [1]. Importantly, 
lenalidomide is capable of bypassing the CD28 blockade by cytotoxic T lymphocyte- 
associated protein 4 (CTLA-4) present on tumor cells, to exert its T cell activating 
effects.

2.4.4  Effect on Natural Killer Cells

Immunomodulatory imide drugs appear to improve the potency of NK cells, 
although the exact mechanism is unknown [1]. Treatment with IMiDs including 
lenalidomide appears to increase NK cells as well as enhance antibody cell- mediated 
cytotoxicity [1]. The interaction of immunoglobulin G (IgG) with FC-gamma recep-
tors in the presence of interleukin-2 (IL-2) or IL-12 appears to be induced by 
lenalidomide, and it may be the enhancement of this interaction that leads to lenalid-
omide’s effect on augmenting the potency of NK cells [2].
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2.4.5  Anti-Angiogenic Activity

Lenalidomide, along with the other IMiDs, exhibits an inhibitory effect on the 
expression of the angiogenic factors vascular endothelial growth factor (VEGF) and 
IL-6, resulting in reduced angiogenesis (the formation of new blood vessels) [1]. 
Angiogenesis is required to support the dysregulated growth of tumor cells; thus, 
the inhibition of angiogenesis may contribute to the anti-myeloma effect of IMiDs. 
The newer IMiDs, lenalidomide and pomalidomide, have 2–3 times more potent 
anti-angiogenic activity compared to thalidomide [16]. The anti-angiogenic activity 
of lenalidomide is not only brought about by the direct reduction in expression of 
VEGF and IL-6 alone, as lenalidomide also disrupts VEGF-mediated angiogenesis 
indirectly by partially inhibiting Akt phosphorylation after VEGF stimulation, as 
well as inhibiting the phosphorylation of Gab1, a protein upstream of Akt1 [17, 18].

2.4.6  Direct Antitumor Activity

Lenalidomide has anti-proliferative activity against myeloma cells. Lenalidomide 
upregulates the cyclin-dependent kinase (CDK) inhibitor p21 (WAF1/CIP1), modu-
lating the activity of CDKs and leading to IMiD induced growth arrest [19]. 
Lenalidomide also results in apoptosis via multiple mechanisms, including TNF- 
related apoptosis-inducing ligand (TRAIL), increased sensitivity to Fas-mediated 
cell death, caspase-8 activation, downregulation of caspase-8 inhibitors FLIP and 
cIAP2, downregulation of NF-κβ, and inhibition of the pro-survival effects of 
insulin- like growth factor 1 (IGF-1) [20].

2.4.7  Myeloma Microenvironment

Both osteoclasts and bone marrow stromal cells promote MM survival and growth 
via a number of pathways. Bone marrow stromal cells interact with myeloma cells 
which prompts the secretion of IL-6 and other growth factors, leading to the growth 
of both myeloma cells and osteoclasts. In turn, osteoclasts lead to bone resorption 
and produce factors which increase myeloma cell survival. Lenalidomide disrupts 
this synergistic relationship by reducing tartrate-resistant acid phosphatase (TRAP) 
positive osteoclast-precursor cells and downregulating important mediators in 
osteoclastogenesis including the transcription factor PU.1 and MAP kinase pERK 
[21]. Lenalidomide also disrupts bone resorption by decreasing the adhesion mole-
cule αVβ3-integrin which is required for osteoclast activation, reducing cathepsin K 
which limits the osteoclasts bone resorptive ability, and reducing the receptor acti-
vator of nuclear factor-kappa B ligand which plays a role in bone remodeling factor 
receptor activation [21]. The interaction between myeloma cells and bone marrow 
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stromal cells is also disrupted by lenalidomide’s effects on surface adhesion mole-
cules including ICAM-1, VCAM-1, and E-selectin [22].

2.5  Lenalidomide Resistance

Lenalidomide resistance in MM can be seen in the proportion of patients failing to 
respond to therapy in previous clinical trials. The ORR to lenalidomide and dexa-
methasone in a cohort of newly diagnosed, transplant ineligible MM patients was 
approximately 73–75% [9]. Therefore, approximately 25% of patients did not 
respond to the treatment and may have possessed primary resistance to lenalido-
mide and dexamethasone. In RRMM patients [2], the overall response rate to IMiD 
therapy was 61%, with a CR rate of 14.1%, near CR rate of 10.2%, and a median 
duration of response of 15.8  months. In this cohort of patients, about 41.8% of 
patients received thalidomide. It is unclear how many of these patients responded to 
lenalidomide. Overall 39% of RRMM patients failed to respond to lenalidomide. In 
a phase III study of the combination carfilzomib, lenalidomide, and dexamethasone 
in RRMM patients [7], the ORR was 87% in the carfilzomib, lenalidomide, and 
dexamethasone drug group, and 67% in the lenalidomide and dexamethasone group. 
As patients that had previously received lenalidomide (approximately 20%) and 
bortezomib (approximately 66%) were included in the study, it would be difficult to 
assess the proportion of patients possessing primary resistance to lenalidomide not 
resulting from prior therapy.

2.5.1  Potential Mechanisms of Lenalidomide Resistance

2.5.1.1  Decreased Cereblon Expression and Downstream Factors

Given the importance of cereblon as a target protein for lenalidomide, decreased 
expression of cereblon is postulated as a mechanism of lenalidomide resistance 
[14]. Although not completely understood, decreased cereblon levels via short hair-
pin RNA (shRNA) mediated depletion, epigenetic modification of the cereblon pro-
moter region, gene mutations, or chromosomal deletions appear to result in IMiD 
resistance but does not affect the sensitivity of myeloma cells to other anti-myeloma 
agents. Decreased cereblon expression is associated with lenalidomide resistance in 
patients, and studies have demonstrated restoration of IMiD sensitivity following 
the introduction of wild-type cereblon back into myeloma cells, further supporting 
the link between cereblon expression and resistance [14, 23, 24]. However, cereblon 
alone does not appear to be the only factor contributing to IMiD resistance as there 
are populations of patients possessing both lenalidomide resistance and high levels 
of cereblon. Another hypothesis is that the downstream substrates or factors of cel-
ebron are key in the development of lenalidomide resistance. Although further 
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research is required, various indirect downstream factors of celebron such as IRF4 
and beta-catenin appear to be overexpressed in lenalidomide-resistant cases [15, 25].

2.5.1.2  Increase in c-Myc

In lenalidomide refractory patients, c-Myc expression is noted to have increased, 
compared to the time of diagnosis [14]. Although requiring further investigation, 
c-Myc is noted to be increased during the progression from monoclonal gammopa-
thy of undetermined significance (a precursor stage) to MM and is also linked to 
adverse outcomes and poorer survival. Inducing resistance to lenalidomide may be 
another mechanism by which c-Myc affects myeloma cells.

The IGL/MYC translocation was associated with poor prognosis and no response 
to IMiDs based on the whole genome sequencing in the Clinical Outcomes in 
Multiple Myeloma to Personal Assessment (CoMMpass) study. The IGL locus is a 
super-enhancer of myeloma cells and is bound by high levels of IKZF1 which may 
be a contributor of resistance to lenalidomide [3].

Efforts to target increased c-Myc include using BET domain inhibitors in com-
bination with lenalidomide and dexamethasone [26]. This results in the synergistic 
downregulation of MYC and IKZF1 in vitro and in vivo [26].

2.5.2  Management of Lenalidomide-Resistant Disease

There have been very few studies investigating the best therapy for lenalidomide- 
resistant/refractory disease. Randomized controlled trials in this area have since 
explored pomalidomide, proteasome inhibitors, and daratumumab as potential 
therapies.

2.5.2.1  Pomalidomide-Based Regimes

The most commonly investigated regimes in lenalidomide-resistant disease were 
based around pomalidomide. Pomalidomide dosed at 4 mg daily from days 1 to 
21  in 28-day  cycles in combination with dexamethasone 40  mg weekly demon-
strated increased efficacy compared to both dexamethasone and pomalidomide 
monotherapy [4]. However, there was no statistically significant difference to con-
tinuous regimes of pomalidomide administered without a week off the drug [5], nor 
was there any statistically significant benefit with the addition of cyclophosphamide 
400 mg on days 1, 8, and 15 other than improved ORR of 65% [6]. This improve-
ment in ORR did not translate to a survival benefit, suggesting the lack of deep 
responses and a short-lived response. Overall response rates in regimens containing 
standard doses of pomalidomide in addition to at least dexamethasone appear to 
demonstrate a disease response in at least 30% of patients with lenalidomide 
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refractory disease. Given that both lenalidomide and pomalidomide belong to IMiD 
class, this suggests that pomalidomide is either much more potent or has effects on 
other cellular targets aside from cereblon, the shared target between the two IMiDs. 
This is supported by subgroup analysis in Richardson et al.’s study which demon-
strated no significant difference in the efficacy of Pomalidomide when comparing 
the study’s general patient cohort to the lenalidomide refractory subgroup (overall 
response rates of 33% in the general population versus 30% in the lenalidomide 
refractory population), although notably 79% of the general cohort were lenalido-
mide refractory [7]. Other than evaluating the efficacy of pomalidomide, Sehgal 
et al.’s study also demonstrated increases in T cells, NK cells, the production of 
cytokines associated with these cells including interferon-γ, TNF-α, IL-2, and inter-
leukin- 4 (IL-4), increases in CD8 T cells and increased NK cell expression of gran-
zyme B and perforin [8]. The authors suggest that the anti-myeloma effect of 
pomalidomide, even in lenalidomide refractory settings, may be due to its ability to 
alter both immune cells and the tumor microenvironment.

2.5.2.2  Proteasome Inhibitor and Daratumumab-Based Regimes

Proteasome inhibitor-based treatment regimes containing bortezomib or carfilzo-
mib have been tested in lenalidomide refractory disease. In the ENDEAVOR study, 
patients who were refractory to lenalidomide achieved a median PFS of 8.6 and 
6.6 months with carfilzomib and bortezomib, respectively [9]. In a subgroup analy-
sis, there was a statistically significant difference in the median PFS of patients with 
previous lenalidomide exposure treated with carfilzomib (12.9 months) compared 
to bortezomib (7.3 months) [9]. Carfilzomib differs from bortezomib as it is the 
second-generation PI with differing structure and activity on the 20S proteasome 
through which it exerts its anti-myeloma activity. Contrasting to bortezomib, carfil-
zomib binds irreversibly and has increased selectivity for chymotrypsin-like activity 
in the 20S proteasome which may explain its greater efficacy. There is no direct 
comparative clinical study between pomalidomide and proteasome inhibitors in 
lenalidomide refractory disease.

Spencer et al. performed a subgroup analysis of lenalidomide refractory disease 
in the CASTOR trial (a phase III clinical trial comparing daratumumab, bortezo-
mib, and dexamethasone with bortezomib, dexamethasone in RRMM). The addi-
tion of daratumumab as a third agent in this study improved the median PFS from 
4.4 months to 9.3 months and the ORR from 50% to 81% in the lenalidomide refrac-
tory subgroup [10]. Response rates were similar to other daratumumab studies 
which did not specifically analyze the lenalidomide refractory population. 
Daratumumab is a MoAb that exerts its anti-myeloma effect by targeting CD38 
which is expressed on plasma cells. This unique mechanism of action compared to 
other anti-myeloma treatments may explain its ability to overcome lenalidomide 
refractory disease.

A. J.-T. Yeung and S. C. W. Ling



29

2.6  Conclusion

The mechanism of lenalidomide resistance remains an important area of research. 
Currently, switching therapeutic class is a common strategy to overcome resistance. 
Future drug development could aim at targeting mechanisms of resistance such as 
MYC deregulation.
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Chapter 3
Pomalidomide

Adrian Jun-Ting Yeung and Silvia CW Ling

Abstract Pomalidomide is the third-generation immunomodulatory imide drug 
(IMiD) derived from thalidomide, approved for the treatment of multiple myeloma 
(MM). The exact mechanisms of action of pomalidomide are unclear; however, 
given the structural similarities between pomalidomide and the second-generation 
IMiD lenalidomide, it is postulated that the two IMiDs share common effects. 
Pomalidomide is more potent than lenalidomide and is efficacious in lenalidomide- 
resistant cases. However, pomalidomide-resistant cases have been observed. This 
chapter will review data from notable clinical trials of pomalidomide and explore 
the potential mechanisms of pomalidomide action and resistance.
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mRNA Messenger RNA
NF-κβ Nuclear factor-kappa B
ORR Overall response rate
OS Overall survival
PFS Progression-free survival
PI Proteasome inhibitor
RRMM Relapsed/refractory multiple myeloma
TGA Therapeutic Goods Administration

3.1  Introduction

Pomalidomide is an analog of thalidomide and the third drug to be developed 
belonging to the immunomodulatory imide drug (IMiD) class. It shares common 
phthalimide and glutarimide moieties as thalidomide but differs in that it has a 
substituted amino acid at position 4 on the isoindole ring system [1].

3.2  Clinical Indication of Pomalidomide

In Australia pomalidomide, in combination with dexamethasone, is indicated in 
relapsed/refractory multiple myeloma (RRMM) patients who have undergone at 
least two prior lines of therapy, which must include bortezomib and lenalidomide 
based regimes, and with demonstrated disease progression on their last line of 
therapy (Therapeutic Goods Administration, 2014). It is licensed for the same 
indication by the US Food and Drug Administration (FDA) (Food and Drug 
Administration, 2013) and the European Medicines Agency (EMA).

The combination of pomalidomide and bortezomib is approved by the Therapeutic 
Goods Administration (TGA) of Australia and the European Medicines Agency 
(EMA) for the treatment of RRMM patients who have undergone at least one prior 
line of therapy, including lenalidomide.

The combination of daratumumab, pomalidomide, and dexamethasone has been 
licensed by the FDA since 2017 for the treatment of RRMM patients who have 
received at least two prior therapies, including lenalidomide and a proteasome 
inhibitor (PI). Isatuximab and pomalidomide was approved by the FDA in 2020 for 
the same indication.

A. J.-T. Yeung and S. C. W. Ling



33

3.3  Efficacy

3.3.1  Efficacy in Relapsed and Refractory Multiple Myeloma

3.3.1.1  Pomalidomide and Dexamethasone

A multicenter, open-label, randomized phase III trial by Miguel et al. set the foun-
dation for TGA and FDA approval of pomalidomide and dexamethasone [2]. In this 
study patients with RRMM who had failed at least two previous treatment lines 
including bortezomib and lenalidomide were randomized to either pomalidomide 
and dexamethasone or high dose dexamethasone without pomalidomide. 
Pomalidomide was dosed at 4 mg daily on days 1–21 of 28-day cycles, with weekly 
doses of dexamethasone 40 mg orally. The high dose dexamethasone arm was dosed 
at 40 mg daily orally on days 1–4, 9–12, and 17–20. For patients older than 75 years 
of age, dexamethasone was reduced to 20 mg at the same dosing frequency. Four 
hundred and fifty five patients were enrolled in the study with 302  in the 
pomalidomide and dexamethasone arm and 153  in the high dose dexamethasone 
arm. Overall response rates (ORR) in the pomalidomide arm were reported at 31%, 
with median progression-free survival (PFS) in the intention to treat a population of 
16 weeks in the pomalidomide and dexamethasone arm, compared to 8.1 weeks in 
the high dose dexamethasone arm. Subgroup analysis including age stratified 
(65 years and younger compared to above 65 years old), lenalidomide refractory, 
bortezomib intolerant, refractory to both lenalidomide and bortezomib, lenalidomide 
as last treatment, and bortezomib as last treatment groups demonstrated similar 
results in favor of the pomalidomide arm. Median overall survival (OS) also favored 
the pomalidomide arm at 55.4  weeks compared to 35.1  weeks for high dose 
dexamethasone.

Pomalidomide as a single agent has also been compared to pomalidomide and 
dexamethasone but was observed to result in both a lower median PFS and median 
OS [3]. Other variations of pomalidomide and dexamethasone dosing strategies 
have also been studied, including continuous pomalidomide at 4 mg daily on days 
1–28, with weekly dexamethasone [4], and continuous low dose pomalidomide at 
2 mg daily on days 1–28  in combination with weekly dexamethasone [5]. These 
strategies were compared to the standard dosing of pomalidomide 4 mg on days 
1–21 and weekly dexamethasone and demonstrated comparable PFS and OS 
benefits. However, continuous pomalidomide dosing slightly increased the incidence 
of grade 3 and 4 adverse effects.

3.3.1.2  Pomalidomide + Dexamethasone + Cyclophosphamide

A phase I/II randomized controlled trial compared pomalidomide and dexametha-
sone in combination with cyclophosphamide to pomalidomide and dexamethasone 
alone [6]. Cyclophosphamide was dosed at 400 mg on days 1, 8, and 15. Thirty-four 
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patients were enrolled in the triple therapy arm and 36 patients were enrolled in the 
pomalidomide and dexamethasone arm. Although an increased ORR was observed 
in the triple therapy arm (65% vs 39%), this did not translate to a significant 
improvement in PFS or OS.

3.3.1.3  Pomalidomide, Bortezomib, and Dexamethasone

A randomized, open-label phase III trial by Richardson et al. compared pomalido-
mide, bortezomib, and dexamethasone to bortezomib and dexamethasone in patients 
with RRMM who had undergone one to three previous regimens, one of which must 
have been a lenalidomide-containing regimen for at least two consecutive cycles 
[7]. Bortezomib was dosed at 1.3 mg/m2, given either intravenously or subcutane-
ously on days 1, 4, 8, and 11 for the first eight cycles, and then on days 1 and 8 of 
subsequent cycles. Each cycle was 21 days in length. Dexamethasone was dosed at 
20 mg on the day of and the day after bortezomib administration. The dexametha-
sone dose was reduced to 10 mg for patients older than 75 years of age. Patients 
allocated to the pomalidomide arm were given 4 mg pomalidomide orally on days 
1–14. In total, 559 patients were enrolled with 281 in the pomalidomide, bortezo-
mib, and dexamethasone arm, and 278 in the bortezomib and dexamethasone arm. 
An improvement in median PFS was observed with the addition of pomalidomide 
(11.2 months vs 7.1 months [p value <0.0001]).

3.3.1.4  Pomalidomide, Daratumumab, and Dexamethasone

The addition of daratumumab to the standard dosing of pomalidomide and dexa-
methasone was evaluated in an open-label, nonrandomized phase Ib trial [8]. The 
standard dosing of pomalidomide 4 mg daily days 1–21 with weekly dexametha-
sone was evaluated with the addition of daratumumab at 16 mg/kg intravenously 
weekly for the first two 28-day cycles, every 2 weeks from cycles 3 to 6, and every 
4 weeks in each subsequent cycle. Eligible patients must have received at least two 
prior lines of therapy which must have included lenalidomide and bortezomib but 
must also be naïve to daratumumab and pomalidomide. One hundred and three 
patients were enrolled, with an ORR of 60% and median PFS of 8.8 months. The 
estimated survival rates at 3, 6, and 12 months were 89%, 79%, and 66%, respec-
tively. These results appear to be improved compared to pomalidomide and dexa-
methasone alone; however, there is a paucity of phase III trials comparing these 
regimes.
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3.3.1.5  Pembrolizumab, Pomalidomide, and Dexamethasone

A randomized phase trial investigating pembrolizumab combined with pomalido-
mide and dexamethasone compared to pomalidomide and dexamethasone alone 
was halted due to risks in the triple therapy arm outweighing benefits [9]. A total of 
125 patients were randomized to the pembrolizumab combined with pomalidomide 
and dexamethasone arm, compared to 124 in the pomalidomide and dexamethasone 
alone arm. The median PFS was 5.6 months in the triple therapy arm compared to 
8.4  months in the pomalidomide and dexamethasone arm, with serious adverse 
events occurring in 63% of patients in the triple therapy arm compared to 46% in the 
pomalidomide and dexamethasone arm. Of these serious adverse events, 3% were 
considered treatment-related in the triple therapy arm, with none in the pomalidomide 
and dexamethasone arm considered treatment-related. From these early results, 
there is no current data to support the addition of pembrolizumab with standard 
dosing of pomalidomide and dexamethasone.

3.4  Mechanisms of Pomalidomide Action

Belonging to the same IMiD class, it is postulated that pomalidomide shares a simi-
lar mechanism of action to the other second-generation IMiD lenalidomide. 
Pomalidomide and lenalidomide have multiple anti-myeloma effects, including 
induction of cell cycle arrest and apoptosis, inactivation of nuclear factor-kappa β 
(NF-κβ), downregulation of C/Ebβ, activation of caspase-8, disruption of the 
interaction between myeloma cells and the bone marrow microenvironment, 
enhancement of T cell proliferation and modulation of regulatory T cells, and effects 
on proinflammatory cytokines [10–12]. The same cereblon pathway which 
lenalidomide affects also seems to be an important factor in the efficacy of 
pomalidomide. Although the exact molecular mechanisms behind this myriad of 
changes are not yet known, pomalidomide does appear to be more potent than both 
thalidomide and lenalidomide with regards to its effect on cereblon [13].

3.5  Potential Mechanism of Pomalidomide Resistance 
and Overcoming Resistance

The specific mechanism for pomalidomide resistance remains unknown. Given the 
similar effects of lenalidomide and pomalidomide, it can be assumed that 
lenalidomide-resistant cases would also be pomalidomide resistant. However, 
lenalidomide resistance does not translate to pomalidomide resistance, as 
pomalidomide has clearly been proven to be efficacious in lenalidomide-resistant 
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populations. Whether this is solely due to its more potent nature compared to 
lenalidomide or an undescribed effect of pomalidomide is yet to be understood.

Cereblon is the key binding protein of IMiDs. The expression of cereblon protein 
and its messenger RNA (mRNA) had been shown to correlate with clinical response 
to pomalidomide. Higher cereblon protein expression was associated with increased 
depth of response and improved PFS and OS [14].

The mechanism of acquired resistance to lenalidomide and pomalidomide was 
studied in a xenograft plasmacytoma model. It appeared that there was a differential 
mechanism of resistance between the two drugs. This was supported by the lack of 
cross-resistance in  vivo and differences in gene expression levels and cereblon 
expression levels. Cereblon expression was significantly downregulated in pomalid-
omide-resistant cases but not in lenalidomide-resistant ones. The gene expression 
profile was also significantly different between cases of lenalidomide resistance and 
pomalidomide resistance. However, in both situations there was upregulation of the 
MEK/ERK pathway and MEK inhibition by selumetinib could overcome both 
lenalidomide resistance and pomalidomide resistance in the animal model. It 
appears that pomalidomide action is more dependent on cereblon than lenalido-
mide, whereas lenalidomide may rely more on non-cereblon pathways for its anti-
myeloma effect.

3.6  Conclusion

There is little data on pomalidomide-resistant cases given pomalidomide itself is 
reserved for relapsed/refractory cases. As described previously, the combination of 
pomalidomide with anti-myeloma agents from different classes such as 
cyclophosphamide, bortezomib, and daratumumab seem to have benefits, regardless 
of how small. Unfortunately, this does not appear to be the case with pembrolizumab 
which appeared to result in detrimental outcomes. Further studies of pomalidomide 
combinations with current drugs, as well as newly developed drugs will be required 
to determine the optimum approach to pomalidomide-resistant myeloma.
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Chapter 4
Mechanisms Driving Resistance 
to Proteasome Inhibitors Bortezomib, 
Carfilzomib, and Ixazomib in Multiple 
Myeloma

Melissa K. Bennett, Stuart M. Pitson, and Craig T. Wallington-Beddoe

Abstract The first clinically available proteasome inhibitor (PI) bortezomib was 
trialed in multiple myeloma (MM) approximately two decades ago and has since 
become a mainstay of myeloma therapy, significantly enhancing the overall survival 
of patients. However, bortezomib resistance continues to be a significant hurdle in 
the treatment of MM, despite the introduction of next-generation PIs such as carfil-
zomib and ixazomib. Unlike resistance to some other targeted therapies such as 
tyrosine kinase inhibitors, bortezomib resistance is highly complex and is able to 
arise through multiple mechanisms. This chapter discusses the current known 
mechanisms underlying bortezomib resistance, as well as resistance to the next- 
generation proteasome inhibitors carfilzomib and ixazomib.
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Abbreviations

ABC ATP-binding cassette
ATF4 Activating transcription factor 4
ATF6 Activating transcription factor 6
BiP Binding immunoglobulin protein
BMSC Bone marrow stromal cell
eIF2ɑ Eukaryotic initiation factor 2 alpha
ER Endoplasmic reticulum
ERAD ER-associated decay of proteins
FDA US Food and Drug Administration
HDAC6 Histone deacetylase 6
IGF-1 Insulin-like growth factor 1
IL Interleukin
IRE1 Inositol-requiring enzyme 1
JNK c-Jun N-terminal kinase
MHC-1 Major histocompatibility complex class I
MM Multiple myeloma
MSC Mesenchymal stem cells
NF-κB Nuclear factor kappa-B
p38MAPK p38 mitogen-activated protein kinase
PERK PKR-like ER kinase
PFS Progression-free survival
PI Proteasome inhibitor
PI3K Phosphotidylinositol 3-kinase
RIDD Regulated IRE1-dependent decay
RRMM Relapsed/refractory multiple myeloma
TNF-ɑ Tumor necrosis factor-alpha
UPR Unfolded protein response
XBP1 X-box binding protein 1

4.1  Introduction

Multiple myeloma (MM) is a hematological malignancy arising from plasma cells 
[1]. This plasma cell origin means myeloma cells often produce and secrete very 
high levels of nonfunctional, monoclonal immunoglobulin termed paraprotein [2]. 
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This paraprotein production, and the subsequent endoplasmic reticulum stress and 
unfolded protein response activation, has been dubbed an “Achilles heel” of 
myeloma, which proteasome inhibitors (PI) such as bortezomib, carfilzomib, and 
ixazomib are able to exploit to induce myeloma cell death [2]. Although PIs have 
rapidly become a foundation of myeloma therapy, resistance is still a major hurdle 
in the treatment of patients with myeloma.

4.2  The Proteasome

The proteasome is responsible for the degradation of 70–90% of proteins that are 
unfolded, misfolded, or otherwise marked for degradation [3]. In eukaryotes, the 
26S proteasome consists of two major subunits, a barrel-shaped core 20S subunit, 
and two regulatory 19S subunits bound to either end [4]. The 20S subunit is where 
proteolysis occurs and it contains six proteolytic centers composed of three differ-
ent β subunits, β1, β2, and β5 [5]. These different subunits each have different activ-
ities; a caspase-like activity which cleaves after acidic amino acids (β1), a trypsin-like 
activity which cleaves after basic amino acids (β2), and a chymotrypsin-like activity 
which cleaves after neutral amino acids (β5) [3, 5]. Some mammalian cells also pos-
sess an immunoproteasome, where β1, β2, and β5 are replaced with β1i, β2i, and 
β5i, respectively [3]. The immunoproteasome is generally stimulated by γ-interferon, 
but can also be induced by other factors such as tumor necrosis factor α (TNF-α), 
and has altered substrate specificity to produce peptides optimized in size and com-
position for presentation to the major histocompatibility complex class I (MHC-I) 
on the cell surface during the immune response [6].

4.3  Endoplasmic Reticulum Stress

The extensive production of paraprotein in myeloma cells results in an increase in 
unfolded protein levels within the endoplasmic reticulum (ER), which in turns 
causes ER stress [2]. As a result of this, a cellular cascade known as the unfolded 
protein response (UPR) is triggered [2]. The UPR is activated by three ER trans-
membrane stress sensing proteins, inositol-requiring enzyme 1 (IRE1), PKR-like 
ER kinase (PERK), and activating transcription factor 6 (ATF6) [7]. Under homeo-
static conditions, these ER stress sensors are kept inactive by the binding of the 
ER-specific chaperone binding immunoglobulin protein (BiP, also known as 
GRP78) to their luminal domain [8]. However, if unfolded protein levels increase, 
BiP is titrated away from these ER stress sensors due to its high affinity for unfolded 
proteins [8]. For IRE1 and PERK, the loss of BiP, as well as the direct binding of 
unfolded proteins to the luminal domains of IRE1 and potentially PERK, leads to 
their oligomerization and autophosphorylation, resulting in activation [7, 9, 10]. 
Meanwhile, the loss of BiP from ATF6 results in the exposure of Golgi localization 
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signal sequences, which results in the relocation of ATF6 to the Golgi, where it is 
cleaved by site-1 and site-2 proteases into its active form as a transcription factor 
[11, 12].

Activation of the UPR results in a complex signaling cascade, the main compo-
nents of which are summarized in Fig. 4.1. This activation initially elicits a pro- 
survival response, aimed at restoring ER homeostasis via several mechanisms [2, 
13]. However, if ER homeostasis is unable to be restored, then the UPR switches 
from pro-survival to pro-apoptotic signaling and induces cell death. Exactly how the 
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Fig. 4.1 A summary of the unfolded protein response. As unfolded protein levels increase, BiP 
dissociates from the luminal domain of ER stress sensors PERK, IRE1, and ATF6, resulting in 
their activation. IRE1 oligomerizes and autophosphorylates, activating its endoribonuclease and 
protein kinase activity. The endoribonuclease activity of IRE1 results in the production of the 
transcription factor XBP1, as well as IRE1-dependent decay (RIDD) of certain RNAs. Activation 
of the protein kinase activity of IRE1 results in the recruitment of binding partners and the phos-
phorylation of multiple targets, including p38MAPK and JNK. PERK also activates via oligomer-
ization and autophosphorylation, resulting in reduced cap-dependent translation, and the production 
of transcription factor ATF4. When released by BiP, ATF6 translocates to the Golgi, where it is 
cleaved to form active ATF6, a transcription factor capable of upregulating several key UPR genes, 
including XBP1 and BiP
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cell makes this decision however is still not fully understood [8, 14]. For a compre-
hensive review on the UPR and its role in cell fate, see Hetz and Papa (2018) [11].

Each ER stress sensor is able to activate separate but overlapping pathways [11]. 
Activated IRE1 is able to act as both an endoribonuclease and a protein kinase [11]. 
By far the most important target of the endoribonuclease activity of IRE1 is x-box 
binding protein 1 (XBP1), the splicing of which allows for the translation of XBP1s, 
a transcription factor which is important for both plasma cell differentiation and 
pro-survival UPR signaling [2]. XBP1s is able to upregulate several pathways, 
including ER membrane synthesis, ER chaperones, and ER-associated decay of 
proteins (ERAD) [2]. The endoribonuclease activity of IRE1 is also able to induce 
the degradation of certain RNAs via regulated IRE1-dependent decay, or RIDD, 
which is more closely associated with apoptosis [15, 16]. The protein kinase activity 
of IRE1 is also more closely associated with apoptosis, leading to the phosphoryla-
tion of stress-activated protein kinases such as c-Jun N-terminal kinase (JNK) and 
p38 mitogen-activated protein kinase (p38MAPK) through association with binding 
partners such as TRAF2 and ASK1 [7].

The protein kinase activity of activated PERK results in the phosphorylation of 
eukaryotic initiation factor 2 alpha (eIF2α), which suppresses cap-dependent trans-
lation, reducing the protein burden on the ER [17]. This leads to upregulation of 
activating transcription factor 4 (ATF4), which contributes to both cell-survival and 
cell-death pathways depending on how long it is present in the cell [11]. The 
extended presence of ATF4 results in the production of the pro-apoptotic transcrip-
tion factor CHOP, as well as GADD34, which blocks eIF2α phosphorylation and 
thus restarts cap-dependent translation [18]. Cleavage of ATF6 into an active tran-
scription factor also results in the upregulation of a number of UPR associated 
genes, including BiP and XBP1 [11].

4.4  Proteasome Inhibitors in Multiple Myeloma

Due to their high paraprotein production, myeloma cells have relatively high intrin-
sic levels of ER stress, and UPR is often already active in these cells as a pro- 
survival mechanism [2]. Proteasome inhibitors are able to take advantage of this by 
blocking proteasomal degradation, and therefore ERAD, further increasing unfolded 
protein levels and thus eliciting an apoptotic UPR [2]. The first PI bortezomib 
(Velcade) was approved by the US Food and Drug Administration (FDA) in 2003 
for patients with relapsed/refractory multiple myeloma (RRMM) [19]. Since then, 
bortezomib has become one of the central drugs in myeloma treatment [20]. It is a 
reversible PI which acts on the 20S subunit of the proteasome, inhibiting primarily 
the β5 subunit (chymotrypsin-like activity), although inhibition of the β2 subunit 
(trypsin-like activity) and β1 subunit (caspase-like activity) also occurs, albeit with 
a lower affinity [21]. Proteasome inhibitors are thought to cause the death of 
myeloma cells through several mechanisms. One of the first proposed mechanisms 
was through inhibition of nuclear factor kappa-B (NF-κB), which in itself is an 
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inhibitor of apoptosis, although it has since been suggested that this is unlikely to be 
the main mechanism [21, 22]. It is now known that PIs also induce a pro-apoptotic 
UPR and cause changes in the bone marrow microenvironment that make it less 
hospitable to myeloma cells [21, 23].

Since the development of bortezomib, next-generation PIs have been developed. 
Of these, carfilzomib and ixazomib have both been FDA approved for the treatment 
of RRMM, in 2012 and 2015, respectively [24, 25]. Carfilzomib has a different 
active moiety to bortezomib (epoxyketone as opposed to the boronate of bortezo-
mib) and is more specific for the chymotrypsin-like activity of the proteasome than 
bortezomib, which it inhibits in an irreversible manner [26]. Ixazomib, on the other 
hand, is based on the same structural moiety as bortezomib (boronate), and, thus, 
unsurprisingly is a reversible inhibitor of primarily chymotrypsin-like proteasome 
activity, but also trypsin- and caspase-like activity [21]. However, unlike bortezo-
mib and carfilzomib, ixazomib is orally bioavailable, and has a better pharmacoki-
netic profile than bortezomib [21]. The structures of these inhibitors and their 
similar mode of binding to the β5 subunit of the proteasome are shown in Fig. 4.2. 
Both carfilzomib and ixazomib have been shown to be effective in bortezomib- 
resistant patients, though some cross-resistance between PIs has been observed 
[27–29].

Fig. 4.2 Proteasome inhibitors and their interactions with the proteasomal subunit PSMB5. The 
structures of bortezomib, carfilzomib, and ixazomib are shown, along with how these drugs inter-
act with the proteasomal subunit PSMB5. The PSMB5 protein is shown in ribbon format, and the 
atoms within the inhibitors are represented with different colors; red is oxygen, blue is nitrogen, 
white is hydrogen, green is chlorine, and brown is boron. Black dots represent hydrogen bonds 
between the protein and the inhibitor. Modeling was performed in Molsoft’s ICM-Pro, and struc-
tures were obtained from the protein database (code 5LF3 for structure with bortezomib, 4R67 for 
structure with carfilzomib, and 5LF7 for structure with ixazomib)
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4.5  Bortezomib Resistance Mechanisms

Almost as soon as bortezomib was FDA approved, research into bortezomib resis-
tance and how it may potentially be overcome was already underway [30]. In the 
last two decades, a significant amount of research concerning the mechanisms of 
bortezomib resistance has been conducted.

4.5.1  Proteasome Mutation and Overexpression

One of the first proposed mechanisms of bortezomib resistance was mutation and/
or overexpression of the proteasome, especially the β5 subunit (PSMB5, encoded 
by the PSMB5 gene) to which bortezomib primarily binds [31]. In bortezomib- 
resistant cell lines, generated by exposing cells in vitro to escalating doses of bort-
ezomib, both mutations in the bortezomib binding pocket of PSMB5 (Ala49→Thr), 
as well as up to 60-fold upregulation of PSMB5 protein expression, were observed 
[31]. The Ala49Thr mutation has since been found in independently generated 
bortezomib- resistant myeloma cell lines [32], as well as other bortezomib-resistant 
cell lines from different hematological lineages generated in a similar way [33, 34]. 
Furthermore, bortezomib-resistant cell lines which do not possess any PSMB5 
mutations have been shown to have upregulated PSMB5 expression, although this 
has not always appeared to be the main mechanism of resistance [35, 36].

However, until recently, these observations from in vitro studies had not been 
seen in patients with myeloma. Several studies that sequenced patient samples, 
largely at diagnosis but also at relapse, showed no correlation between PSMB5 
single nucleotide polymorphisms (SNPs) and bortezomib resistance, and no muta-
tions within the bortezomib binding pocket [37–40]. Therefore, for a time, the idea 
of proteasome mutation and upregulation playing an important role in bortezomib- 
resistant patients fell out of favor among researchers. However, a recent study which 
conducted deep sequencing on a patient with relapsed myeloma found low- 
frequency PSMB5 mutations which correlated with resistance, and that have been 
confirmed to confer resistance in vitro [41]. Furthermore, overexpression of PSMB5 
that correlated with bortezomib resistance has been detected in one patient [42]. 
Thus, these mechanisms of resistance may play an important role for some patients 
resistant to bortezomib.

4.5.2  Drug Efflux

The ATP-binding cassette (ABC) transporters are a superfamily of membrane trans-
port proteins that play a well-established role in the efflux of drugs, and thus the 
development of drug resistance, so much so that some of them were originally 
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discovered and named as multidrug resistance proteins [43]. Though bortezomib 
efflux by multidrug resistance proteins MRP1, MRP2, MRP3 (ABCC1, ABCC2, 
and ABCC3), and breast cancer resistance protein (ABCG2) has been tested, only 
the multidrug resistance protein MDR1 (also known as ABCB1 or p-glycoprotein) 
has been associated with bortezomib efflux and bortezomib resistance in in vitro 
settings [44–46]. Although this has been largely demonstrated in overexpression 
systems, a recent study has shown that hypoxia increased both MDR1 and protea-
some inhibitor resistance, and that this resistance could be reversed using a MDR1 
inhibitor [47]. However, analysis of parental myeloma cell lines and clinical sam-
ples has found little to no association between MDR1 and bortezomib resistance, 
suggesting that bortezomib may be a poor substrate for MDR1, and that MDR1 is 
unlikely to play a significant role in bortezomib-resistant myeloma [44, 48–50].

4.5.3  Plasma Cell Differentiation

Expression of the UPR-activated transcription factor XBP1s is required for B-cells 
to differentiate into plasma cells and produce immunoglobulin [51]. Leung- 
Hagesteijn et al. found that loss of XBP1s, and thus de-commitment to plasma cell 
differentiation, is able to confer bortezomib resistance in myeloma [52]. Suppression 
of XBP1s in myeloma cell lines induced a switch from a mature plasma cell pheno-
type to a pre-plasmablast phenotype, including a decrease in immunoglobulin pro-
duction [52]. With a lower protein production load, the pre-plasmablast-like cells 
showed lower basal UPR activation, and thus increased resistance to proteasome 
inhibitors [52]. The reverse also holds true; myeloma cells with a more mature phe-
notype express higher levels of XBP1 have higher immunoglobulin production, and 
are more sensitive to bortezomib [53]. Furthermore, loss of plasma cell maturation 
has also been associated with bortezomib resistance in animal models [54]. Both 
innate and acquired bortezomib resistance in a plasma cell malignancy in Bcl-xl/
Myc transgenic mice was found to correlate with loss of plasma cell maturation 
markers, and induction of plasma cell maturation was able to render these cells 
sensitive to bortezomib [54].

Changes to XBP1s and plasma cell maturation with bortezomib resistance have 
also been observed in patient samples. It was found that, at diagnosis, the majority 
of myeloma cells were XBP1s positive plasma cells or plasmablasts [52]. However, 
some patients whose disease progressed on bortezomib had a large subpopulation of 
XBP1 negative, less differentiated myeloma cells [52]. Furthermore, it was cells of 
this phenotype which went on to survive bortezomib-based therapies as a minimal 
residual disease [52]. Other studies have also found that patients with myeloma that 
was sensitive to bortezomib therapy had higher paraprotein expression and higher 
levels of XBP1s [53]. Other studies have also identified XBP1/XBP1s levels to be a 
marker of bortezomib response, and overexpression of XBP1s was able to increase 
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the bortezomib sensitivity of a bortezomib-resistant myeloma cell line, although 
notably XBP1 knockdown was unable to induce bortezomib resistance in bortezo-
mib sensitive cells [55]. Thus, there is solid evidence to suggest that plasma cell 
dedifferentiation contributes to bortezomib resistance, though this is unlikely to be 
the case for all patients.

4.5.4  Upregulation of Heat Shock Proteins

Heat shock proteins are a large family of molecular chaperones which play a key 
role in protein folding and trafficking, as well as degradation of unfolded proteins 
[56]. Thus, heat shock proteins are upregulated by the UPR as a cytoprotective 
mechanism and have been found to be upregulated in myeloma cells exposed to 
bortezomib [56]. It is therefore unsurprising that heat shock proteins may play a role 
in bortezomib resistance.

BiP is a member of the heat shock protein family and plays a critical role in acti-
vation of the UPR [2]. Some studies have reported that BiP expression increases 
with disease progression, although other studies suggest that this is not always the 
case [57–59]. Despite this, upregulation of BiP has been found to correlate with 
bortezomib resistance, and inhibition of BiP via multiple mechanisms was able to 
enhance cell death caused by bortezomib exposure [57, 60, 61]. To this end, an anti- 
BiP monoclonal antibody has been engineered, as BiP has also been observed on the 
surface of myeloma cells, but to date it has only been tested in one relapsed refrac-
tory patient, who achieved a partial remission before relapse [59].

HSP90 is another heat shock protein involved in the regulation of unfolded pro-
teins in the ER and has been found to be upregulated by bortezomib treatment [62, 
63]. The combination of bortezomib and HSP90 inhibition causes synergistic cell 
death in both myeloma cell lines and primary samples [64, 65], and has also been 
tested in phase I/II clinical trials, although these are yet to progress further [63, 66, 
67]. Given its role in protein homeostasis, it is plausible that HSP90 not only syner-
gizes with bortezomib but may contribute to bortezomib resistance. Although this 
has been shown in other hematological cancers, there is yet to be an in-depth study 
examining the role HSP90 plays in the development of bortezomib resistance [68, 
69]. However, heat shock protein HSPB8 has been shown to play a role in bortezo-
mib resistance, as least in vitro [70]. A myeloma cell line made resistant to bortezo-
mib was found to have increased levels of HSPB8, and overexpression of HSBP8 in 
wildtype cells to a similar level to that found in their resistant counterparts was able 
to confer bortezomib resistance by increasing the clearance of protein aggre-
gates [70].
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4.5.5  Autophagy

Activation of the UPR has been shown to upregulate autophagy, a process by which 
cytosolic contents are surrounded by a double membrane to form a vesicle called an 
autophagosome, which then fuses with the lysosome in order to degrade its contents 
[71]. Autophagy has been shown to be critical for plasma cell survival, especially of 
long-lived plasma cells [72]. Furthermore, autophagic degradation of proteins 
marked for degradation can promote cell survival during proteasomal inhibition, 
and thus bortezomib treatment often results in upregulation of autophagy-related 
proteins [71, 72]. Thus, it is not surprising that autophagy has been implicated in 
bortezomib resistance. Indeed, the ability of both BiP and HSPB8 to confer bortezo-
mib resistance has, in some cases, been tied to the development of autophagy [57, 
61, 70].

The ability of a myeloma cell to increase autophagy has been correlated with 
sensitivity to bortezomib, with cells that are unable to increase their autophagic 
capacity having greater sensitivity to proteasome inhibition [73]. Furthermore, 
overexpression of autophagy-inducing proteins has been shown to cause bortezo-
mib resistance, while inhibition of these same proteins enhances bortezomib- 
induced cell death [73–75]. Comparing the differential expression of microRNAs in 
bortezomib sensitive and resistant myeloma cells, Jagannathan et  al. found that 
miR-29b is downregulated in bortezomib-resistant cells, and its replacement with a 
synthetic mimetic increased bortezomib-induced cell death through both reduction 
in proteasome activity and inhibition of autophagosome formation [76]. Application 
of an anti-β2-microglobin (β2M) monoclonal antibody to bortezomib-resistant 
myeloma cell lines and patient samples enhances bortezomib-induced cell death, 
which was in part due to inhibition of autophagy [77], while a phase I clinical trial 
of the autophagy-inducing drug hydroxychloroquine in combination with bortezo-
mib in patients with relapsed/refractory myeloma has also been conducted, though 
results were modest at best [78].

Combined, the above findings would suggest a key role for autophagy in bort-
ezomib resistance. However, as is often the case in cancer, the situation is complex 
[72]. Kawaguchi et al. found that inhibition of the later stages of autophagy enhanced 
bortezomib-induced cell death, but inhibition of early autophagy actually attenuated 
it [79]. Furthermore, although autophagy was upregulated in bortezomib-resistant 
cells, knockdown of ATG5, required for autophagosome formation, inhibited 
bortezomib- induced cell death of myeloma cells [80]. It has been suggested that 
these divergent responses may be due to what stage of autophagy is inhibited, with 
inhibition of late autophagy, where cellular contents have already been sequestered 
but are unable to be recycled, being more likely to cause cytotoxic effects [72].

M. K. Bennett et al.



49

4.5.6  The Bone Marrow Microenvironment

It is becoming increasingly clear that the tumor microenvironment plays a key role 
in resistance to therapy [81]. The bone marrow microenvironment is complex, con-
sisting of several types of cells, including bone marrow stromal cells (BMSCs), 
endothelial cells, osteoblasts, osteoclasts, and many types of immune cells, as well 
as extracellular matrix, chemokines, and growth factors [82]. Bortezomib resistance 
conferred by the bone marrow microenvironment can be generally classified into 
two main categories, resistance generated by adhesion to various components of the 
microenvironment, and resistance mediated by soluble factors secreted by the 
microenvironment.

There are several different physical interactions between myeloma cells and their 
microenvironment which are able to confer drug resistance [83]. Integrin-β7 expres-
sion in myeloma cells correlates with poor patient survival and assists in myeloma 
cell adhesion to bone marrow stromal cells and fibronectin, the latter of which is 
able to convey bortezomib resistance [84]. Coculture with BMSCs also confers 
bortezomib resistance in myeloma cell lines, which can be prevented by inhibition 
of the chemokine receptor CXCR4, which blocks adhesion [85]. Furthermore, 
myeloma cells are able to induce a microenvironment more permissive to bortezo-
mib resistance, for example, through inducing BMSCs to become more like cancer- 
associated fibroblasts [86]. Direct contact with these cells has been shown to induce 
bortezomib resistance in myeloma cell lines via β-catenin upregulation [86].

As well as physical contact, the bone marrow microenvironment secretes a num-
ber of soluble factors which are able to contribute to bortezomib resistance in 
myeloma cells [83]. For example, multiple members of the interleukin family have 
been found to play a role in bortezomib resistance. Interleukin (IL)-6 is very impor-
tant for myeloma survival and proliferation, and BMSCs from myeloma patients 
have been shown to produce more IL-6 than normal BMSC [83, 87]. Furthermore, 
IL-6 can induce bortezomib resistance via upregulation of JunB, a transcription fac-
tor which appears to promote cell proliferation and regulate apoptosis in myeloma 
[88]. IL-8 is also produced at higher levels by BMSCs from myeloma patients com-
pared to healthy controls, and this can confer bortezomib resistance via NF-κB acti-
vation [89]. Similarly, exposure to IL-10, produced by BMSCs upon exposure to the 
chemokine CCL27, confers bortezomib resistance, which can be reversed by an 
IL-10 blocking antibody [90].

In myeloma cells, there can exist cross-activation between IL-6 and insulin-like 
growth factor-1 (IGF-1) [91]. IGF-1 promotes myeloma proliferation through acti-
vation of pathways such as Ras and Akt, and the IGF-1 receptor has been shown to 
be upregulated in bortezomib-resistant cells, with inhibition restoring bortezomib 
sensitivity [35, 91]. Both IGF-1 and IL-6 have also been shown to activate the phos-
photidylinositol 3-kinase (PI3K) pathway, and inhibition of PI3K activity reduced 
bortezomib resistance induced by coculturing myeloma cells with BMSCs [92]. 
Other factors able to influence levels of ERK1/2, Akt and/or NF-κB signaling, such 
as B-cell activating factor, macrophage inflammatory protein-1α, and exosomes 
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from BMSCs, have also been shown to play a role in bortezomib resistance, sug-
gesting that these pathways may be common resistance mechanisms [93]. Recently, 
it has also been found that mesenchymal stem cells (MSCs) from bortezomib- 
resistant patients, but not sensitive patients, produce exosomes which can induce 
bortezomib resistance via increasing levels of the proteasome subunit PSMA3, 
which contributes to the chymotrypsin-like activity of the proteasome [94].

4.6  Resistance Mechanisms to Second Generation 
Proteasome Inhibitors

Second-generation PIs, including carfilzomib and ixazomib, have been clinically 
available for a significantly shorter period of time than bortezomib, and as such 
there has been less research into potential resistance mechanisms. However, it is 
interesting to note that many bortezomib resistance mechanisms, such as heat shock 
protein regulation, autophagy, and plasma cell dedifferentiation, provide the cell 
with ways to counteract proteasome inhibition, instead of preventing inhibition 
from occurring. As such, one might anticipate that these resistance mechanisms 
result in resistance to any proteasome inhibitor, as they are not dependent on the 
structure of bortezomib in the way proteasome mutations may be. Indeed, while 
second-generation PIs have been shown to be effective in the bortezomib-resistant 
setting, it has already been noted that a degree of cross-resistance does occur, with 
bortezomib-naïve patients more likely to respond than those who have developed 
bortezomib resistance [28, 29, 95].

4.6.1  Carfilzomib Resistance Mechanisms

4.6.1.1  Proteasome Mutations

Carfilzomib is based on a different active moiety, and thus interacts with slightly 
different residues within the binding pocket on the proteasome, as seen in Fig. 4.2 
[21, 41]. A number of residues within the binding pocket of PSMB5 do however 
interact with both bortezomib and carfilzomib, meaning there are mutations in 
PSMB5 which can confer both bortezomib and carfilzomib resistance [41]. 
However, other unique interactions between carfilzomib and PSMB5, along with 
the fact that carfilzomib binds irreversibly, where bortezomib does not, means that 
often PSMB5 subunits bearing these mutations are less resistant to carfilzomib than 
they are to bortezomib [41].
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4.6.1.2  Drug Efflux

Unlike bortezomib, evidence suggests that carfilzomib is much more likely to be a 
true MDR1/p-glycoprotein substrate [34, 50, 96, 97]. MDR1 overexpression is seen 
in both carfilzomib-resistant cell lines generated by long-term exposure to carfilzo-
mib and in carfilzomib-resistant patients, and engineering myeloma cell lines to 
overexpress MDR1 is sufficient to convey carfilzomib resistance [34, 50, 96, 97]. 
Upregulation of another ABC transporter, ABCG2 (alternatively referred to as 
breast cancer resistance protein) has also been seen in carfilzomib-resistant patients 
but not carfilzomib-resistant cell lines; the significance of this is yet to be investi-
gated [98]. Furthermore, it has been found that pharmacological inhibition of MDR1 
is able to significantly increase carfilzomib-induced cell death in carfilzomib- 
resistant myeloma cell lines [98]. A similar result has also been seen using MDR1 
peptide inhibitors in carfilzomib-resistant adenocarcinoma cell lines [96].

4.6.1.3  Autophagy

Carfilzomib is also able to upregulate autophagy in myeloma cells, and the 
autophagy- linked miR-29b, found downregulated in bortezomib-resistant myeloma 
cells, was also found to be downregulated in carfilzomib-resistant cells [76, 99]. 
Furthermore, myeloma cells made resistant to carfilzomib have shown an upregula-
tion of SQSTM1, an autophagy receptor that gathers misfolded proteins into aggre-
gates and links them to autophagic membranes [100]. Notably, overexpression of 
SQSTM1 is enough to convey resistance to carfilzomib [100, 101]. Inhibition of the 
autophagic system, both directly by chloroquine and indirectly via histone deacety-
lase 6 (HDAC6) inhibition (which stops unfolded proteins forming aggregates 
called aggresomes that can be degraded by autophagy) potentiates carfilzomib- 
induced cell death [99, 101, 102]. Interestingly, the combination of chloroquine and 
bortezomib has little to no effect in vitro, suggesting this may be a mechanism more 
specific to carfilzomib [99, 101].

4.6.1.4  Bone Marrow Microenvironment

As well as conferring bortezomib resistance, exposure to CCL27, which is pro-
duced by BMSCs, also confers resistance to carfilzomib [90]. Culturing myeloma 
cells with BMSCs is able to confer carfilzomib resistance as well as bortezomib 
resistance [85, 103, 104], and Azab et al. found that inhibition of PI3K was able to 
prevent this resistance [92]. Like bortezomib resistance, it has also been found that 
carfilzomib resistance can be induced by incubating cells with exosomes from 
bortezomib- resistant patient MSCs and that this is due to increases in PSMA3 [94]. 
The fact that bortezomib-resistant patient MSCs are able to directly generate carfil-
zomib resistance highlights the potential similarities between carfilzomib and bort-
ezomib resistance generated by the bone marrow microenvironment.
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4.6.2  Ixazomib Resistance Mechanisms

Ixazomib is the newest PI to be approved by the FDA [25]. Ixazomib has been found 
to increase progression free survival (PFS) of RRMM patients and is highly effica-
cious even in patients with high cytogenetic risk or patients who have previously 
been treated with a PI [105, 106]. This may be due at least partially to a more favor-
able pharmacokinetic profile, resulting in a higher plasma concentration and a 
greater distribution of ixazomib from the blood into tissue compared to bortezomib 
[107]. Given how new it is to the clinic, relatively little research has been conducted 
regarding potential resistance mechanisms to ixazomib. However, given its struc-
tural similarities to bortezomib, it is likely that there will be overlap in resistance 
mechanisms, despite the effectiveness of ixazomib in relapsed/refractory myeloma.

This has already been seen with proteasome mutants found during deep sequenc-
ing analysis, where mutations in PSMB5 which conferred bortezomib resistance 
also conferred resistance to ixazomib [41]. Given that ixazomib is much closer in 
structure to bortezomib than carfilzomib, as it is based on the same boronate back-
bone (Fig. 4.2), it is more likely that proteasome mutations which convey bortezo-
mib resistance will also convey ixazomib resistance [21].

While looking at resistance to more commonly used PI, it was found that the 
autophagy-linked miR-29b, downregulated in both bortezomib and carfilzomib- 
resistant cells, was also found to be downregulated in myeloma cells that had been 
made resistant to ixazomib [76]. Using similar cell lines which had been made resis-
tant to either bortezomib, carfilzomib, or ixazomib, Malek et al. found a high degree 
of cross-resistance between proteasome inhibitors, and that expression of certain 
long noncoding RNAs (lncRNAs) were dysregulated in all resistant cells compared 
to the parental cell lines [108]. These same lncRNAs were found to be dysregulated 
in myeloma cells from patients compared to healthy plasma cells [108]. The lncRNA 
which stabilizes PSMA3, along with PSMA3 itself, which increases the 
chymotrypsin- like activity of the proteasome, has also been found to be upregulated 
in ixazomib-resistant cell lines, as it is in bortezomib and carfilzomib-resistant lines, 
further highlighting potential similarities between bortezomib, carfilzomib, and ixa-
zomib resistance [94].

4.7  Conclusion

Within the last two decades, PIs have become a standard-of-care in myeloma treat-
ment. However, myeloma cells inevitably become resistant to PIs, posing a signifi-
cant hurdle to the treatment of patients. Research reaching back almost as long as 
bortezomib has been in the clinic has demonstrated that bortezomib resistance is 
highly complex, and can include a variety of mechanisms such as proteasome muta-
tions, upregulation of cellular pathways including heat shock proteins and 
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autophagy, plasma cell dedifferentiation, and interactions with the bone marrow 
microenvironment [109].

While newer generations of PIs, including carfilzomib and ixazomib, have 
proven to be effective in the bortezomib-resistant setting, cross-resistance is already 
being recognized as an issue [34, 50, 96, 97]. This is likely due to the fact that many 
bortezomib resistance mechanisms assist the cell in surviving proteasome inhibi-
tion, instead of preventing it, and are thus able to promote survival regardless of the 
structure of the proteasome inhibitor used. Thus, although proteasome inhibitors 
have been an important advance in myeloma pharmacotherapy, resistance to these 
agents represents a serious clinical problem that often requires combining more 
than one novel agent to target non-overlapping aspects of myeloma biology.
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Chapter 5
Daratumumab

Vu Minh Hua

Abstract Daratumumab is a monoclonal antibody approved for the treatment of 
multiple myeloma (MM). Daratumumab exerts its anti-myeloma effects by target-
ing the CD38 (a transmembrane glycoprotein highly expressed on myeloma cells) 
and inducing antibody-dependent cytotoxicity, complement-dependent cytotoxic-
ity, and antibody-dependent cellular phagocytosis. Despite well-established effi-
cacy in both newly diagnosed and relapsed/refractory MM patient populations, a 
large proportion of patients fail to respond to daratumumab and thus may be 
daratumumab- resistant. This chapter will review the efficacy of daratumumab in 
notable clinical trials and discuss its mechanisms of action and the potential mecha-
nisms behind daratumumab-resistance.

Keywords Multiple myeloma · Daratumumab · Anti-CD38 antibody · 
Monoclonal antibody treatment · Daratumumab-resistance
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ADCC Antibody-dependent cellular toxicity
ADCP Antibody-dependent cellular phagocytosis
ATRA All-trans retinoic acid
CDC Complement dependent cytotoxicity
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D-VMP Daratumumab, bortezomib, melphalan, and dexamethasone
IgG1k Immunoglobulin G1 kappa
IMiD Immunomodulatory imide drug
MM Multiple myeloma
MoAb Monoclonal antibody
MRD Minimal residual disease
NK Natural killer
ORR Overall response rate
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OS Overall survival
PFS Progression free survival
PI Proteasome inhibitor
PR Partial response
RRMM Relapsed/refractory multiple myeloma
SIRPa Signal regulatory protein-alpha
TAMS Tumor associated macrophages
VGPR Very good partial response
VMP Bortezomib, melphalan, and dexamethasone

5.1  Introduction

Daratumumab was first introduced into the clinical setting in 2008. This was driven 
by the poor prognosis of multiple myeloma (MM) patients who were double refrac-
tory to immunomodulatory imide drugs (IMiDs) and proteasome inhibitors (PI) 
triggering a demand for new treatment options with unique mechanisms of action.

Daratumumab is a high-affinity monoclonal antibody (MoAb) targeting CD38 
with unique cytotoxic abilities, shown to effectively kill myeloma cells from patients 
by antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent 
cytotoxicity (CDC). It targets a unique epitope on CD38, a transmembrane glyco-
protein with differential high expression on malignant myeloma cells [1]. It was 
developed by Genmab, a Danish-Dutch biotech company in collaboration with the 
scientists at the University of Utrecht [2].

Emerging clinical trials have demonstrated the efficacy and tolerability of dara-
tumumab when used alone and in combination with standard anti-myeloma thera-
pies in both the newly diagnosed and relapsed and refractory setting.

This chapter will focus on daratumumab’s mechanism of action, mechanisms 
behind drug resistance, and the efficacy data from emerging clinical trials in both 
the newly diagnosed and relapsed refractory setting for myeloma.

5.2  Mechanism of Action

Daratumumab is an immunoglobulin G1 kappa (IgG1k) human MoAb binding to a 
unique CD38 epitope on CD38 expressing cells with high affinity and was devel-
oped by immunization of human immunoglobulin transgenic mice with recombi-
nant CD38 protein [1]. CD38 is a 46-kDa type II transmembrane glycoprotein with 
physiological roles in receptor-mediated adhesion, signaling events and has a 
bifunctional ecto-enzymatic activity that contributes to intracellular calcium mobi-
lization [3]. CD38 is highly expressed in myeloma cells and represents a promising 
target for MoAb-based immunotherapy. It is also expressed in relatively lower lev-
els on lymphoid, myeloid, and non-hematopoietic tissue [4].
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Daratumumab targets CD38-positive myeloma cells via several mechanisms. 
The immune-mediated mechanisms include CDC, ADCC, and antibody-dependent 
cellular phagocytosis (ADCP). It also exerts its effect via apoptosis and crosslinking 
[2, 5]. The unique epitope of daratumumab on CD38 clusters and positions the Fc 
region of the antibody in a way that facilitates optimal binding and activation of 
complement proteins [6].

In vitro experiments have shown that daratumumab induces ADCC in many dif-
ferent tumor cell lines with varying CD38 expression. The ADCC activity was pre-
served despite testing on myeloma patients who had undergone a variety of previous 
chemotherapeutic schedules [7]. This demonstrates the ability of daratumumab to 
circumvent the observation that Fc gamma receptor polymorphisms in cancer 
patients may have a negative impact on the therapeutic responses to antibodies [8].

Yu, Qiao et al demonstrated that daratumumab induced effective lysis via ADCC 
and CDC in the presence of both peripheral immune effector cells and bone marrow 
stem cells. This observation is suggestive of daratumumab activity in the bone mar-
row microenvironment, an advantage from a drug resistance perspective [1]. 
Daratumumab has also demonstrated high efficacy in interrupting tumor growth in 
mouse xenograft models [1]. Nijhof et al. showed that there was no difference in 
daratumumab induced ADCC or CDC between newly diagnosed, relapsed/refrac-
tory, or IMID refractory myeloma patients, suggesting that resistance to prior thera-
pies does not affect the efficacy of daratumumab [9, 10].

The ADCC mechanism of daratumumab by natural killer (NK) cells has been 
shown to be enhanced by drugs that increase NK cell activity such as lenalidomide. 
Van de Veer et al. demonstrated in vitro that the pretreatment of peripheral blood 
mononuclear cells with lenalidomide enhanced daratumumab-induced ADCC 
against myeloma cell lines derived from patient bone marrow myeloma cells. The 
combination of daratumumab and lenalidomide was synergistic, increasing tumor 
lysis by 20% [11]. Other studies support the notion that it is the NK cell activation 
of lenalidomide that contributed to the synergistic effect of daratumumab [9, 10, 12].

A significant association was observed between CD38 expression and 
daratumumab- induced ADCC and CDC. They observed all-trans retinoic acid 
(ATRA) induced upregulation of CD38 expression and reduced expression of com-
plement inhibitory proteins CD55 and CD59 in myeloma cells. This resulted in a 
significant increase in daratumumab activity in  vitro, and enhanced activity in 
mouse models, providing rationale for further evaluation of daratumumab in com-
bination with ATRA [9, 10].

In addition to ADCC and CDC, ADCP was another mechanism induced by dara-
tumumab. Overijk and colleagues demonstrated daratumumab-induced ADCP 
in  vitro and in  vivo in leukemic xenograft mouse models. It also triggered 
macrophage- mediated phagocytosis ex  vivo in patient-derived MM cell samples 
[13]. ADCP may have an important function in the bone marrow microenvironment, 
as tumor-associated macrophages in the marrow have been shown to have a 
Fc-dependent antitumor function [14].

The off-target immunomodulatory effects of daratumumab were studied in two 
earlier daratumumab monotherapy trials analyzing peripheral blood and bone 
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marrow samples before, during, and at relapse. These studies found that depletion 
of CD38 immunosuppressive cells was associated with an increase in T helper cells, 
cytotoxic T cells, and improvement in T cell functionality [5]. These findings may 
explain the significant prolongation in overall survival (OS) in these early clinical 
trials conducted with daratumumab monotherapy [15].

Elimination of immunosuppressive cells belonging to T cell, B cell, and 
monocyte- macrophage system expressing CD38 are observed with daratumumab. 
These immunosuppressive cells inhibit cytotoxic T cells from exerting antitumor 
control on myeloma patients. In addition, antibody-mediated inhibition of the enzy-
matic activity of CD38 on cytotoxic T cells may directly boost the antitumor activ-
ity of these cells [16].

Preclinical studies have demonstrated significant additive and synergistic effects 
of daratumumab in combination with other anti-myeloma therapies. This has been 
confirmed in multiple clinical trials, highlighting daratumumab’s unique mecha-
nism of action without overlapping toxicity.

5.3  Mechanisms Behind Daratumumab-Resistance

Despite the well-established efficacy of daratumumab, 60% of patients do not 
achieve partial response (PR) and the majority who initially respond will eventually 
experience disease progression [17]. Insights into the mechanisms of daratumumab- 
resistance have been highlighted in several studies.

It has been shown that the CD38 expression on myeloma cells correlates with 
in vitro daratumumab-mediated ADCC and CDC [9, 10]. However, it has also been 
shown that the variability in daratumumab-mediated killing in  vitro is not com-
pletely explained by CD38 expression alone and that there are CD38 independent 
mechanisms at play. The overexpression of complement inhibitory proteins is 
known to play a role in tumor immune evasion and resistance against therapeutic 
antibodies. Resistance towards daratumumab was associated with the upregulation 
of CD55 and CD59 on myeloma cells. A reduced expression of CD38 on myeloma 
cells was also found to confer protection against daratumumab. All-trans retinoic 
acid was found to increase CD38 expression and reduce CD55 and CD59 expres-
sion, increasing CDC against myeloma cells [18].

The mechanisms of resistance to daratumumab can be summarized into the fol-
lowing categories:

5.3.1  Reduced Cell Surface Expression of Target 
Antigen CD38

A reduction in myeloma surface CD38 expression is a mechanism involved in pri-
mary and/or acquired resistance [18]. CD38 reduction was postulated to occur via 
clonal selection [19]. Another mechanism is the downstream effects of 
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daratumumab, triggering CD38 internalization leading to cytoskeletal reorganiza-
tion and redistribution of CD38 into polar aggregates in myeloma cells. These are 
then released into the bone marrow microenvironment as microvesicles, leading to 
the modulation of inflammatory cytokines and the abrogation of anti-myeloma 
immune responses [20].

The IMiDs lenalidomide and pomalidomide can increase the expression of CD38 
on myeloma cells and synergize its activity with daratumumab in vitro and in vivo 
[21, 22].

5.3.2  Antibody-Dependent Cell Cytotoxicity Resistance

Daratumumab induces fratricide of NK cells via its CD38 expression which can 
then in turn affect NK mediated ADCC, influencing its own efficacy [23]. 
Interestingly, ex vivo experiments have shown an enhanced proliferative and anti- 
myeloma activity in the remaining NK cells with low CD38 expression, lending to 
the hypothesis that daratumumab-resistance may be overcome by infusion of 
ex vivo expanded autologous NK cells [24].

The concept of bone marrow stromal cells conferring resistance to daratumumab 
mediated ADCC was demonstrated by de Haart et al. showing overexpression of the 
anti-apoptotic protein survivin in myeloma cells upon its interaction with 
BMSCs [25].

5.3.3  Antibody-Dependent Cellular Phagocytosis Resistance

The overexpression of CD47 on myeloma cells aids its immune escape from ADCP 
via its binding to signal regulatory protein-alpha (SIRPa) and tumor-associated 
macrophages (TAMS), effectively inhibiting phagocytosis [26].

5.3.4  Complement-Dependent Cytotoxicity Resistance

Overexpression of complement inhibitory proteins is known to play a role in tumor 
immune evasion and resistance against therapeutic antibodies. Cells are protected 
from complement activation by fluid phase regulators and by membrane-associated 
inhibitory proteins such as CD46 and glycosyl-phosphatidyl-inositol anchored pro-
teins such as CD55 and CD59 [27].

Samples in the GEN501 study showed increased expression of CD55 and 
CD59 in myeloma cells during disease progression, confirming that overexpression 
of these complementary inhibitory proteins can be postulated to be a mechanism of 
resistance for daratumumab.
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5.3.5  Immune Modulated Resistance

There is the intriguing hypothesis that the immune system itself is contributory to 
the resistance to daratumumab. This is postulated to be via several mechanisms, 
including the downregulation of intracellular pathways in the bone marrow stromal 
cells, a decrease in effector memory T cells and M1 macrophages, and the CD28 
expression in T cells [28, 29].

5.4  Clinical Efficacy of Daratumumab

The initial clinical testing of daratumumab in the GEN501 phase I/II clinical trials 
enrolled 23 patients over three and a half years due to limited preclinical data, 
resulting from the lack of cross reactivity of daratumumab with the CD38 molecule 
in other species. The tested doses of antibody were extremely low, starting at 
0.005 mg/kg to a maximum of 24 mg/kg [30]. Clinical efficacy was observed when 
the dosage was between 2 and 4 mg/kg, translating to a decrease in M protein with 
no major side effects observed. Target saturation was seen at doses of 16 mg/kg with 
eight weekly dosing, followed by eight bi-weekly dosing then dosing every 4 weeks, 
with a maximum tolerated dose not reached at even 24 mg/kg. Another clinical trial 
has observed superior efficacy at 16 mg/kg over 8 mg/kg [31].

Preclinical studies demonstrate significant synergistic and additive effects in 
combination with other anti-myeloma therapies. This has been confirmed in multi-
ple clinical trials, supporting the unique mechanism of action of daratumumab with-
out overlapping toxicity.

5.4.1  Daratumumab in the Relapsed and Refractory Setting

The GEN501 and SIRIUS study led to US Food and Drug Administration (FDA) 
approval of daratumumab for the treatment of multiple myeloma patients who had 
received at least three prior lines of therapy including a proteasome inhibitor (PI) 
and an IMiD or who are double refractory to a PI and an IMiD [31, 32].

Daratumumab monotherapy demonstrated approximately 30% response in 
patients with relapsed refractory multiple myeloma (RRMM) [15, 31]. Half of the 
patients in the trials demonstrated a significant prolongation of survival due to the 
immunomodulatory effect of daratumumab [5].

The enhanced efficacy and tolerability of several daratumumab-based combina-
tions in both transplant ineligible and eligible patients have been demonstrated 
without compromising transplant ability [33].

A deeper response and increase in progression free survival (PFS) has been seen 
with the addition of daratumumab to a PI and an IMiD. Phase III studies (POLLUX 
and CASTOR) have demonstrated a higher response rate, depth of response, and 
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PFS in MM patients who have received more than one line of therapy. As a result, 
daratumumab is now placed in second- and first-line treatment in MM [34–38].

5.4.2  Daratumumab in Newly Diagnosed, Transplant 
Ineligible Patients

The phase III ALCYONE trial evaluated the efficacy of daratumumab in combina-
tion with bortezomib, melphalan, and dexamethasone (D-VMP) compared with 
bortezomib, melphalan, and dexamethasone alone (VMP). The addition of daratu-
mumab demonstrated significant improvement in PFS among 706 transplant ineli-
gible, newly diagnosed myeloma patients. The benefit in overall responses in the 
daratumumab group was also translated to other patient groups including older age 
(>75 years), higher ISS stage, and poorer performance status with impaired organ 
function. As expected, there was less benefit in the high-risk cytogenetic groups 
compared to the standard risk group [36].

The phase III MAIA trial demonstrated the benefit of daratumumab in addition 
to lenalidomide and dexamethasone in newly diagnosed, transplant ineligible 
myeloma patients. A superior PFS was demonstrated in interim analysis in the older 
age group of greater than 75, but not in the high-risk cytogenetic subgroup [39]. 
Interestingly, the POLLUX study evaluating the addition of daratumumab to 
lenalidomide and dexamethasone in RRMM patients demonstrated a longer PFS in 
the high-risk cytogenetics subgroup compared to the standard risk group [40].

Due to these promising results, to date daratumumab in combination with either 
VMP or lenalidomide and dexamethasone is being approved in Europe and the 
USA. Maturation of data will hopefully result in widespread global approval.

There is currently little evidence to guide treatment choice between the various stan-
dard regimens. Cao et al. recently published a meta-analysis comparing the efficacy of 
currently used regimens compared to lenalidomide and dexamethasone. In general, 
three drug combinations with daratumumab (with either lenalidomide and dexametha-
sone or VMP) showed superiority to two-drug combinations (lenalidomide and dexa-
methasone) [41]. Proteasome inhibitor-based doublet regimens in combination with 
daratumumab are being evaluated. The phase II HOVON 143 study demonstrated man-
ageable side effects in its first planned safety analysis with promising overall response 
rates (ORR) [42]. Ongoing trials of daratumumab-based combinations in transplant 
ineligible, newly diagnosed myeloma patients are currently being conducted.

5.4.3  Daratumumab in Newly Diagnosed, Transplant 
Eligible Patients

The promising results of daratumumab in combination with transplant ineligible 
myeloma patients led to its evaluation in the transplant eligible group. There are 
several studies being conducted to evaluate its efficacy. The phase III CASSIOPEIA 
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trial evaluated the efficacy of daratumumab combined with bortezomib, thalido-
mide, and dexamethasone during induction and consolidation. The daratumumab 
treatment group showed favorable results with increased rates of stringent complete 
response (CR) at 100 days posttransplant and higher ORR including CR, very good 
partial response (VGPR) and minimal residual disease (MRD) negativity (64% ver-
sus 44%, p < 0.0001). This benefit was demonstrated in many patient groups includ-
ing those over the age of 50, those with poorer performance status, and those with 
renal or hepatic dysfunction. However, a benefit was not seen in the ISS stage 3 
subgroup. Less benefit was seen in the higher cytogenetic risk group. There was a 
higher incidence of grade 3 and 4 cytopenia and a lower yield of stem cells requiring 
plerixafor during mobilization in the daratumumab group. These results led to the 
approval of daratumumab in transplant eligible myeloma patients [43]. The phase II 
GRIFFIN study where patients received daratumumab with bortezomib, lenalido-
mide, and dexamethasone induction and posttransplant consolidation, followed by 
maintenance with daratumumab and lenalidomide, demonstrated promising results 
in safety profile and response rates after consolidation [44]. The subcutaneous for-
mulation of daratumumab is currently being utilized to minimize toxicity in the 
phase III PERSUES trial comparing the efficacy of bortezomib, lenalidomide, and 
dexamethasone with or without daratumumab in transplant eligible populations.

5.5  Toxicity Profile

The most important side effect to note in daratumumab is the infusion-related reac-
tions that may occur in the first infusion in approximately half of the patients with 
incidences subsiding thereafter. These reactions are managed with the premedica-
tions with glucocorticoids, antihistamines, montelukast, and paracetamol prior to 
the infusions. Patients with chronic obstructive pulmonary disease may require a 
prolonged course of glucocorticoids.

The expression of CD38 on erythrocytes complicates the antibody identification 
work-up in transfusion medicine [45]. Pan-agglutination caused by daratumumab and 
other anti-CD38 antibodies may mask the presence of a clinically significant RBC allo-
antibody in the patient’s plasma during an antibody screen and identification process, 
consequently putting a patient at risk of an acute or delayed transfusion reaction [46]. 
Methods for circumventing this include group and screening for all potential baseline 
alloantibodies at baseline and extended red cell phenotyping and genotyping [47].

5.6  Conclusion

Daratumumab is a high-affinity monoclonal antibody targeting a unique epitope on 
CD38 and exerts its therapeutic effects via CDC, ADCC, ADCP, and off-target 
immunomodulatory effects with overall improvement in T cell functionality 
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observed in preclinical studies. Its unique mechanisms of action have led to its 
favorable tolerability profile with nonoverlapping toxicity when used in combina-
tion therapy.

Insights into Daratumumab’s evolving mechanisms of resistance provide ave-
nues for further drug and synergy development. These include upregulation of com-
plement inhibitory proteins, reduced CD38 expression, inhibition of NK mediated 
ADCC, and escape from ADCP by overexpression CD47 among other immune 
modulatory effects.

Daratumumab has shown promising efficacy in both the newly diagnosed and 
relapsed refractory setting in emerging clinical trials. Its favorable tolerability pro-
file has extended its benefit in OS even in the older and frail population. It serves as 
an important armamentarium in the treatment of multiple myeloma.
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Chapter 6
Elotuzumab

Adam Bryant

Abstract Elotuzumab is approved for therapy in combination with dexamethasone 
and an immunomodulatory agent in relapsed and refractory myeloma patients. 
Given its relative recency of use in clinical practice, mechanisms of resistance are 
poorly understood and will require further study for full elucidation. Nevertheless, 
this chapter will examine what is known, extrapolate from concepts established in 
other monoclonal antibodies, and anticipate avenues for future research.
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RRMM Relapsed/refractory multiple myeloma
siRNA Small interfering RNA
SLAMF7 Signaling lymphocytic activation molecule family member 7

6.1  Introduction

Monoclonal antibodies (MoAb) approved by the US Food and Drug Administration 
(FDA) for administration in multiple myeloma (MM) include daratumumab (target-
ing CD38), isatuximab (targeting CD38), and elotuzumab (targeting SLAMF7). 
Elotuzumab has a unique mode of action among the approved antibodies through its 
targeting of signaling lymphocytic activation molecule family member 7 (SLAMF7) 
protein. Engagement of this protein results in anti-myeloma tumor activity both by 
direct activation of natural killer (NK) cells, as well as by activating antibody- 
dependant cellular cytotoxicity (ADCC) [1].

The clinical approval of elotuzumab by the FDA and the European Medicines 
Agency (EMA) is for administration in combination with an immunomodulatory 
imide drug (IMiD) and dexamethasone in relapsed/refractory multiple myeloma 
(RRMM). This is based on results of the ELOQUENT-2 study which combined 
elotuzumab with lenalidomide and dexamethasone [2] and the ELOQUENT-3 study 
which combined it with pomalidomide and dexamethasone [3]. While heavily pre-
treated myeloma patients administered elotuzumab monotherapy tolerated the agent 
well, objective responses to monotherapy were not seen [1]. As a consequence, 
higher phase clinical trials focussed on assessing its activity in combination with 
other anti-myeloma agents. Although it is conceivable that responses could be seen 
with monotherapy in patients earlier in their disease course, this is not where the 
development of this agent is headed.

This chapter will address the mechanisms of action, mechanisms of resistance, 
and clinical outcomes of elotuzumab therapy.

6.2  Mechanisms of Action

6.2.1  Preclinical Studies

SLAMF7, or the signaling lymphocytic activation molecule family member 7 pro-
tein, is a novel target in MM [4]. This protein is also variably known as CS1 (cell- 
surface glycoprotein CD2 subset 1), CD2 subset-1, CRACC, and CD319 and is 
involved in the regulation of natural killer (NK) cell function [5].

The utility of SLAMF7 as a potential target for anti-myeloma therapy lies in its 
high expression in both normal and malignant plasma cells, with minimal expres-
sion in other tissues. This high expression was first identified through gene 
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expression profiling in normal plasma cells, myeloma cell lines, and primary 
myeloma cells [4]. Some expression was also seen in other leukocytes (NK cells, 
activated monocytes, activated dendritic cells, and some T cell subsets) but other 
tissues had limited to no gene expression (lung, uterus, kidney, stomach, brain, 
breast, spleen, prostate, skeletal muscle, testis, thymus, liver, ovary, heart, and small 
intestine).

These gene expression results were confirmed with Western Blotting assays for 
SLAMF7, showing these tissues expressed levels of protein in keeping with their 
SLAMF7 gene profiles [4]. There was also minimal SLAMF7 in other hematologi-
cal malignancies (B cell lymphoma, Hodgkin Lymphoma, acute myeloid leukemia, 
and acute lymphoblastic leukemia), though some expression was seen in a subset of 
cases peripheral T cell lymphoma and interestingly in significant proportion of lym-
phoplasmacytic lymphoma.

Hsi and colleagues confirmed these findings and further explored this target with 
in vitro assays of HuLuc63 (analogous to elotuzumab), a humanized immunoglobu-
lin G1 (IgG1) antibody targeting SLAMF7 [4]. This antibody has been demon-
strated to have an anti-myeloma action resulting from NK cell-mediated ADCC, 
confirmed by the finding that NK cell depletion ablates the anti-myeloma effects. 
Other researchers have also shown that HuLuc63 acts to enhance NK function, 
beyond its effect on ADCC alone [6, 7]. Furthermore, HuLuc63 leads to decreased 
adhesion of myeloma cells to bone marrow stroma [8].

This in vitro action has been correlated by other researchers in vivo using a CS1+ 
xenograft mouse model [8]. Treatment of CS1+ (SLAMF7) tumor inoculated mice 
with HuLuc63 resulted in tumor eradication in 9 of 27 subjects, whereas there was 
no eradication in CS1 negative tumors, or with humanized IgG1 control antibody. In 
a separate experiment, HuLuc63 was demonstrated to be dose dependant.

The utility of HuLuc63 in combination with established anti-myeloma agents 
(including dexamethasone, bortezomib, and lenalidomide) was also evaluated 
in vitro [8]. Myeloma cell lines were pretreated with these agents prior to exposure 
to HuLuc63, resulting in increased MM cell lysis. In vivo synergy with bortezomib 
has also been confirmed in a mouse model [9]. This synergistic effect suggested a 
possible utility of HuLuc63 as a component of combination therapy in humans, as 
well as in patients with disease resistant to these agents.

6.3  Pharmacological Characteristics of Elotuzumab

Pharmacological properties of elotuzumab were evaluated in a phase one study of 
35 patients with advanced myeloma enrolled into six dosing cohorts [1]. There was 
a disproportionate increase in AUC across the dosing range suggesting nonlinear 
pharmacokinetics. The volume of distribution approximated the serum volume. 
SLAMF7 receptors were consistently saturated between 10 and 20 mg/kg of elotu-
zumab. On immunogenicity testing, 39% developed anti-drug antibodies (ADA), 
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though ADA responses were minimized in the 10 and 20 mg/kg range. Sustained 
lymphocyte depletion was neither seen on elotuzumab administration, nor was neu-
tropenia or thrombocytopenia.

6.4  Mechanisms of Resistance to Elotuzumab

Due to the relatively new introduction of elotuzumab into clinical practice, studies 
of the mechanisms and pathways imparting resistance to this specific MoAb are 
sparse. This section will address mechanisms of resistance in several categories as 
follows and is largely speculative.

6.4.1  Expression of the Antigen Target 
of the Monoclonal Antibody

As a MoAb targeting surface proteins, it is reasonable to speculate that response to 
elotuzumab may correlate with expression of the target antigen. This has been dem-
onstrated to be the case for daratumumab [10, 11] and isatuximab [12] with respect 
to CD38 expression. There is a paucity of data regarding the elotuzumab response 
to differential SLAMF7 expression. This may well be difficult to demonstrate given 
the near universal expression of SLAMF7 in primary myeloma cells.

While mostly SLAMF7 expression is retained at relapse [4], it is of interest that 
in one small study of 33 patients, 3 patients who had suffered an extramedullary 
relapse after exposure to elotuzumab had reduced SLAMF7 expression on biopsy 
[13]. Therefore, SLAMF7 downregulation by tumor cells may be one mechanism of 
acquired resistance to elotuzumab. NK cells also express SLAMF7 to a lesser extent 
[4], so it is possible that downregulated expression on these cells could affect NK 
activation by elotuzumab, though this remains to be shown.

6.4.2  CD16a Expression on NK Cells 
and Associated Polymorphisms

Elotuzumab cross-links SLAMF7 on plasma cells to FcγRIIIa (also called CD16a) 
on NK cells [14]. CD16a is encoded by the FCGR3A gene on the long arm of chro-
mosome 1 [15]. The NK cell uses this receptor to phagocytose antibody-coated 
tumor cells. In this context, myeloma cells are coated by elotuzumab. It has been 
demonstrated that polymorphisms exist in the extracellular domain of the CD16a 
which impart differential affinity to immunoglobulin, with those homozygous for 
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FCGR3A 158 V (V/V) binding more IgG1 compared with those homozygous for 
FCGR3A 158 F (F/F) [16].

In their phase II study (discussed in more detail in a subsequent section of this 
chapter), Jakubowiak and colleagues were able to demonstrate a markedly improved 
survival in patients homozygous for the high-affinity V allele (22.3 months) versus 
those homozygous for low-affinity F allele (9.8  months) when elotuzumab was 
combined with bortezomib [14]. However, this was not seen in the ELOQUENT-2 
study which employed elotuzumab in combination with lenalidomide [17]. It is 
conceivable that significant differential expression of the F allele could play a role 
in basal elotuzumab resistance, depending on the coadministered agent, though 
again this remains to be demonstrated.

6.4.3  Interactions with the Microenvironment

It has been demonstrated that SLAMF7 protein localizes to the uropod membrane 
domains in polarized myeloma cell lines and primary myeloma cells [8]. The find-
ing that knockdown of SLAMF7 protein expression by small interfering RNA 
(siRNA) resulted in failure of a myeloma cell lines cell to bind to bone marrow 
mesenchymal cells suggested that SLAMF7 inhibition by elotuzumab may ablate 
essential survival interactions with the microenvironment. Further experiments con-
firmed that antibody inhibition of SLAMF7 reduced MM cell adhesion. It was fur-
thermore shown that in myeloma cells cultured with mesenchymal stem cells, 
elotuzumab exposure inhibited myeloma cell viability. Given how important this 
mechanism is, it is feasible that myeloma cell and microenvironment adaptations 
could overcome the inhibition by elotuzumab and form a mechanism of resistance.

6.4.4  Development of Neutralizing Antibodies

While not necessarily a form of intrinsic myeloma cell or associated microenviron-
ment resistance, it is certainly possible that the development of neutralizing anti-
bodies against therapeutic MoAb could be a means for loss of response to 
elotuzumab. In the initial phase I human study [1], 12/31 (29%) of subjects had 
developed detectable anti-drug antibodies, of which 11/12 had neutralizing activity. 
This was seen to a lesser extent in the ELOQUENT-2 study, in which there was 
neutralizing antibody generation in 15% of subjects [2]. At this stage, the clinical 
significance of this observation is not clear and needs further evaluation to deter-
mine the extent to which this may mitigate the effect of elotuzumab.
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6.5  Clinical Trials

Objective clinical responses to elotuzumab monotherapy were not seen in the first 
in human phase I study [1]. Furthermore, the synergistic action of elotuzumab when 
combined with other anti-myeloma therapies has been noted [8]. Therefore, the 
focus of the clinical development of elotuzumab has been as a component of com-
bination therapy.

6.5.1  Relapsed and/or Refractory Myeloma

Immunomodulatory imide drugs (IMiD) are particularly attractive candidates as 
combination partners of elotuzumab, given their previously demonstrated ability to 
enhance the ADCC and immune function of MoAbs [18]. This prospect was sup-
ported by the findings of phase I clinical trial in which elotuzumab was added to a 
standard dosing schedule of lenalidomide and dexamethasone [19]. Objective 
responses were seen in 82% of a cohort of 29 RRMM patients (median of 3 prior 
lines of therapy). Hematological toxicities were the main adverse effects with neu-
tropenia (36%) and thrombocytopenia (21%) being the commonest grade 3–4 tox-
icities. Infusion reactions were not a significant problem, having only been seen in 
2/29 patients.

The results of the major higher level phase II and III studies are presented in 
Table 6.1. The largest study was a phase III comparison of lenalidomide and dexa-
methasone with elotuzumab versus lenalidomide and dexamethasone in 646 RRMM 
patients having received 1–3 prior lines of therapy [2]. The addition of elotuzumab 
resulted in a meaningful improvement in the primary endpoint of median progres-
sion free survival (PFS) at 19.4 months versus 14.9 months (hazard ratio, 0.70; 95% 
confidence interval, 0.57–0.85; P  <  0.001). Favorable response rates were also 
noted with an overall response rate (ORR) of 79% in the elotuzumab arm versus 
66% in the control arm (P < 0.001).

Elotuzumab has also been successfully combined with pomalidomide. 
ELOQUENT-3 was a phase II study in 117 patients with greater than two prior lines 
of therapy. Median PFS was 10.3 months in the elotuzumab group and 4.7 months 
in the control group (HR 0.54 (95% CI, 0.34–0.86; P = 0.008)). The ORR was 53% 
in the elotuzumab group versus 26% in the control arm (odds ratio, 3.25; 95% CI, 
1.49–7.11).

As a consequence of these major two studies elotuzumab has been successively 
approved for administration in combination with lenalidomide (November 30, 
2015) and pomalidomide (November 6,2018), with similar approvals having been 
made by the EMA (May 11, 2016 and July 25, 2019, respectively).

Elotuzumab has also been successfully combined with bortezomib and dexa-
methasone in myeloma patients who have had 1–3 lines of prior therapy. After the 
encouraging phase I results [20], this bortezomib and dexamethasone with or with-
out elotuzumab combination was compared in a phase II study with 152 participants 
[14]. The primary endpoint of this study was met with a 24% reduction in the risk 
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of disease progression or death. Two-year overall survival (OS) analysis trended 
towards favoring the elotuzumab arm 73% (95% CI, 61%–82%) to 66% (95% CI, 
54%–76%) but OS data was not mature by the time of publication.

Lenalidomide and dexamethasone with elotuzumab versus lenalidomide and 
dexamethasone has also been studied in newly diagnosed but transplant ineligible 
patients in the ELOQUENT-1 study [21]. However, it has been announced that this 
study failed to meet the primary endpoint measure of improved PFS (BMS Press 
Release March 9, 2020). Therefore, unless new further studies show otherwise, the 
main current utility of elotuzumab is for administration as part of a combination 
triplet with either and IMiD or bortezomib in RRMM patients. This combination is 
effective and is able to be administered with manageable toxicities in this patient 
population (Table 6.1).

6.6  Toxicities of Elotuzumab

Elotuzumab was able to be administered in the aforementioned studies with mini-
mal additional toxicities over the control arms. As expected with MoAb therapy, 
modest infusional reactions have been seen. In the ELOQUENT-2 study utilizing 
lenalidomide containing triplet therapy [2], 10% of patients receiving elotuzumab 
experienced mild infusional reactions (fevers, chills, hypertension with 29/33 of 
these being grade 1 or 2). Only two subjects (1%) required discontinuation of these 
agents due to infusional reactions.

In the ELOQUENT-2 study, the major differential toxicity seen in the elotu-
zumab arm including a higher rate of grade 3 or 4 lymphopenia (77% versus 49%) 
as well as a higher rate of herpes zoster infection (4.1 versus 2.2 events per 100 
patient years). Forty-five patients (15%) developed ADA though the significance of 
these were not clear. There was also no difference in pain or quality of life measures 
between the arms of the study.

6.7  Conclusion

Elotuzumab is an established, if not widely adopted therapeutic option, that is 
approved for therapy combination with dexamethasone and an IMiD in RRMM 
patients. By its action in promoting ADCC and enhancing NK cell function through 
the binding of SLAMF7, the addition to elotuzumab has improved PFS when added 
to dexamethasone with either lenalidomide, pomalidomide, or bortezomib. Given 
its relative recency of use in clinical practice, mechanisms of resistance are poorly 
understood and will require further study for full elucidation.
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Chapter 7
Histone Deacetylase Inhibitors

Opelo Sefhore and Silvia CW Ling

Abstract Histone Deacetylase Inhibitors (HDACi) inhibits deacetylases of his-
tones and nonhistones. As such it has potential widespread biological effects. 
However, cancer cells are preferentially affected than normal cells making it a use-
ful targeted therapy in cancer. HDACi has therapeutic effects in hematological 
malignancies like acute myeloid leukemia and multiple myeloma. The molecular 
effect is dependent on the cancer type, the specific class of histone deacetylase, and 
the chemical structure of the HDACi. This chapter focuses on the basics of HDAC 
classification and the specific molecular effects in multiple myeloma.

Keywords Multiple myeloma · Histone deacetylase · Histone deacetylase 
inhibitor · Pan-HDAC inhibitor · Histone deacetylase inhibitor resistance
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ATF6 Activating transcription factor 6
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CDK Cyclin-dependent kinase
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HDACi Histone deacetylase
HSP Heat shock protein
IGF-1 Insulin-like growth factor 1
IL Interleukin
IMiD Immunomodulatory imide drug
IRF4 Interferon 4
MAPK Mitogen-activated protein kinase
MEF2 Myocyte enhancer factor 2
MM Multiple myeloma
N-CoR Nuclear receptor corepressor
PAI-1 Plasminogen activator-inhibitor 1
PERK Protein kinase R-like ER kinase
PI Proteasome inhibitor
RRMM Relapsed/refractory multiple myeloma
SAHA Suberoylanilide hydroxamic acid
siRNA Small interfering RNA
SMRT Silencing mediator for retinoic acid for thyroid hormone receptors
STAT Signal transducer and activator of transcription pathway
TAFI68 TATA-box binding protein associated factor 1
TIF Transcription initiation factor
TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
TSA Trichostatin A

7.1  Introduction

The introduction of new therapeutic agents such as proteasome inhibitors (PI) and 
immunomodulatory imide drugs (IMiD) in the last 1–2 decades has dramatically 
improved the outcome of multiple myeloma (MM) patients. Multiple myeloma is 
characterized by heterogeneous and complex genetic alterations such as structural 
chromosomal abnormalities, point mutations, and epigenetic alterations. Epigenetic 
alterations refer to changes in gene expression without changes in the DNA code. 
Examples of epigenetic alterations include DNA methylation, acetylation, phos-
phorylation, ubiquitination, and sumoylation which modify the posttranslational 
structure of histone. In cancer, dysregulation in epigenetics affects the expression of 
proteins involved in tumor suppression, cell cycling, DNA repair, apoptosis, protein 
homeostasis, and tumor immunity.

Histone Deacetylase inhibitors (HDACi) is a promising new group of anti- 
myeloma therapy that acetylates histone and nonhistone proteins. There have been 
encouraging clinical responses observed with HDACi used in combination with 
other targeted therapies such as proteasome inhibitors in MM. To further understand 
the efficacy of HDACi, it is important to explore the biology of histone deacetylases 
and their roles in MM.
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7.2  Histone Deacetylases

Human DNA is organized into basic structural units called nucleosomes which are 
packed and wound around two copies each of four different histone proteins (H2A, 
H2B, H3, and H4). The accessibility of the DNA to regulatory proteins is dependent 
on the covalent modifications of these histones and the position of the nucleo-
somes [1].

Histone deacetylases (HDAC) belong to a class of enzymes that removes acetyl 
groups from lysine within the tail of histones. This process, known as deacetylation, 
allows DNA to tightly coil around histones to form chromatin. The reverse process, 
termed acetylation, is mediated by histone acetyltransferases and leads to the uncoil-
ing of DNA, exposing promoter genes to transcription factors. The balance between 
acetylation and deacetylation determines the degree of gene accessibility to tran-
scription factors [2]. There is growing evidence that deacetylation plays an impor-
tant role in silencing tumor suppressor genes, dysregulating cellular function, and 
contributing to cancer development and resistance to chemotherapy [2]. Hence, 
research has been invested to develop drugs targeting epigenetic regulation.

There are 18 HDACs in humans, which are divided into four classes (I–IV) based 
on their homology to the yeast enzyme Rpd3, their intracellular localization, and 
organization with the DNA-binding complexes. Class I, II, and IV HDACs require 
zinc as a cofactor for their deacetylase activity [3–6]. Class III HDACs, also referred 
to as sirtuins, are homologs of the yeast enzyme Sir2 and are dependent on NAD+ 
for their activity rather than zinc [3, 7–16].

7.2.1  Class I Histone Deacetylases

Class I HDACs are homologous to the yeast enzyme Rpd3 and consist of four sub-
types (HDAC1, 2, 3, and 8). They are predominantly found in the nucleus, ubiqui-
tously expressed in all tissues, with the main function of histone deacetylation. 
HDAC1 and HDAC2 are similar with 86% homology and require multiple protein 
cofactors for enzyme activity [1]. For example, HDAC1 and HDAC2 are part of the 
multiple protein complexes with Sin3, Rb-associated protein 48, and RbAp46 which 
function as transcription repressors [17–19]. HDAC1 and HDAC2 also bind directly 
to DNA-binding proteins, such as YY1, retinoblastoma protein (pRb), pRb-binding 
protein 1, Sp1, and breast cancer-associated susceptibility protein 1 [19–23]. 
HDAC1 and HDAC2 activity can be modulated by phosphorylation, increasing 
enzyme activity but mediating dissociation from multiprotein complexes [24]. 
HDAC3 is evolutionarily most closely related to HDAC8, with 34% overall sequence 
identity. SMRT (silencing mediator for retinoic acid and thyroid hormone recep-
tors) and N-CoR (nuclear receptor corepressor) are necessary factors for HDAC3 
activity [25, 26]. Besides histone deacetylation, HDAC1, HDAC2, and HDAC3 
localize in the endoplasmic reticulum where they deacetylase nonhistone proteins, 
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such as GRP78, the major molecular chaperone. Inhibition of HDAC1, HDAC2, 
and HDAC3 leads to the acetylation of the GRP78 and activation of the protein 
kinase R-like ER kinase (PERK) and activating transcription factor 6 (ATF6) arm of 
the unfolded protein response [27].

Class I HDAC overexpression has been studied in both solid and hematological 
malignancies, with prognostic implications, discussed later in this chapter [2]. 
HDAC1 overexpression has been observed in renal cell carcinoma and ovarian can-
cers [3, 4]. Another main function of Class I and II HDACs is regulation of tissue 
regeneration [5–8].

7.2.2  Class II Histone Deacetylases

Class II HDACs are homologous to the yeast enzyme Hda1, which consists of a 
N-terminal deacetylase domain and a long C-terminal extension. This class is sub-
divided into IIa (HDACs 4, 5, 7, and 9) and IIb (HDAC6 and 10). Class IIa HDACs 
possess a conserved N-terminal extension that binds myocyte enhancer factor 2 
(MEF2) and 14–3-3 proteins. Class IIa HDACs can shuttle between the nucleus and 
the cytosol in response to different stimuli. HDAC4, 5, and 9 are expressed pre-
dominantly in heart, cardiac, and skeletal muscle, whereas HDAC7 is found in CD4/
CD8 double-positive thymocytes [28], endothelial and smooth muscle cells [29]. 
Class IIa HDACs do not bind chromatin directly. Their activity is dependent on their 
association with other multiprotein complexes and other HDACs.

HDAC6 is a class IIb HDAC which contains tandem deacetylase domains and a 
C-terminal zinc finger which is homologous to the non-catalytic domain of 
ubiquitin- specific proteases (USPs). HDAC6 is localized in the microtubular net-
work of the cytoplasm and acts as a deacetylase of tubulin. It binds ubiquitin via its 
zinc finger with high affinity. HDAC6 is important in multiple myeloma as it is 
necessary for the clearance of misfolded proteins via aggresomes and aggrephagy.

The other class IIb HDAC member is HDAC10, which has an N-terminal half 
similar to the first deacetylase domain of HDAC6, but its C-terminal half is leucine- 
rich. HDAC10 deacetylases polyamines, such as spermidine and spermine, which 
are critical in the regulation of the function of biological macromolecules [30]. In 
addition, HDAC10 overexpression is a poor prognostic marker in neuroblastoma, as 
it mediates lysosomal exocytosis of doxorubicin in neuroblastoma cells causing 
resistance to doxorubicin [31].

7.2.3  Class III Histone Deacetylases (Sirtuins)

Class III HDACs (sirtuins) consist of seven subclasses (SIRT 1–7) [32]. This class 
has sequence homology with the yeast gene silent information regulator, Sir2 [33, 
34]. Its enzyme activity is NAD+ dependent whereas other HDACs require Zn2+ as a 
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cofactor [35, 36]. Sirtuins are deacetylases and mono-ADP-ribosyl transferases 
[32]. Sirtuins are insensitive to inhibitors of “classical” (Class I, II, and IV) HDACs.

SIRT1 targets both histone and nonhistone proteins. SIRT1 deacetylases the 
lysine residues at positions 9 and 26 of histone H1, position 14 of H3, and position 
16 of H4. Nonhistone targets of SIRT1 include p53 and TAFI68 [TBP (TATA-box 
binding protein)-associated factor I] [68]. Deacetylation of p53 leads to its suppres-
sion and hence inactivation of apoptosis in response to DNA damage and oxidative 
stress [37]. TAFI68 is a subunit of TIF (transcription initiation factor)-IB/SL, which 
regulates transcription of RNA polymerase I [38]. Deacetylation of TAFI68 leads to 
the repression of RNA polymerase I. SIRT1 has been shown to act as an oncogene 
or a tumor suppressor gene in vitro and in vivo, depending on the specific cancer 
type. SRT1720 is a novel first-in-class SIRT1 activator which triggers apoptosis in 
MM cell lines via the activation of the DNA repair pathway, ATM-CHK2 [39].

SIRT6 is highly expressed in human multiple myeloma and is virtually absent in 
normal human mononuclear cells. High SIRT6 levels are associated with an adverse 
prognosis in MM. SIRT6 downregulates the expression of mitogen-activated pro-
tein kinase (MAPK) pathway genes. It inactivates ERK2/p90RSK signaling, allow-
ing DNA repair via Chk1 hence conferring resistance to DNA damage treatment [40].

7.2.4  Class IV Histone Deacetylases

HDAC11 is the sole class IV HDAC.  It is isolated in tissues such as the heart, 
muscle, and kidney but there is limited knowledge about its function. HDAC11 is 
important in the development of plasma cells. HDAC11 knockout mice exhibited an 
88% decrease in bone marrow plasma cells compared to wild-type mice. Selective 
inhibition of HDAC11 pharmacologically and by small interfering RNA (siRNA) 
reduced the viability of MM cell lines [41]. Mithraprabhu et al. demonstrated vari-
able expression of HDAC11  in primary MM cells and human MM cell lines. 
Overexpression of HDAC11 along with HDAC1, HDAC2, HDAC4, HDAC6, was 
associated with poor prognosis in human MM patients [42].

Dysregulation of HDAC expression has been implicated in the pathogenesis of 
many cancers. Specific to hematological malignancies, HDAC dysregulation has 
been reported in peripheral T cell lymphomas, cutaneous T cell lymphomas, diffuse 
large B cell lymphomas, pediatric acute lymphoblastic leukemia, myeloprolifera-
tive neoplasms, and MM.

7.3  Histone Deacetylases in Multiple Myeloma

HDACs repress gene transcription by deacetylation of histones and regulate multi-
ple cellular pathways by deacetylation of nonhistone proteins. These pathways 
include cell cycling, apoptosis, DNA repair, oxidative stress response, unfolded 
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protein response, autophagy, and angiogenesis. In MM, inhibition of HDAC has 
significant synergistic therapeutic effects with proteasome inhibitors. The combina-
tion of the pan-HDAC inhibitor, panobinostat with the proteasome inhibitor bort-
ezomib is an approved therapy in relapsed/refractory multiple myeloma (RRMM). 
This has led to further research and understanding of the role of HDAC in the patho-
genesis and the mechanism of drug resistance in MM and other cancers. Despite the 
therapeutic effects of HDAC inhibition, the specific roles of HDAC in MM are still 
unclear.

7.3.1  Histone Deacetylases and Protein Clearance

Multiple myeloma is highly dependent on the ubiquitin proteasome pathway for the 
disposal of misfolded and unfolded proteins. Proteasome inhibitors are the back-
bone of anti-myeloma therapy. The aggresome/aggrephagy pathway is an alternate 
pathway for protein degradation when the ubiquitin proteasome pathway is over-
whelmed or inhibited by drugs and is dependent on HDAC6. HDAC6 localizes in 
and deacetylates microtubules, binding ubiquitin which tags onto misfolded protein 
aggregates [43–45]. It mediates the transport of protein aggregates along the micro-
tubules to the microtubule organization center, where aggresomes and autophago-
somes are formed. Autophagosomes fuse with lysosomes where proteins and 
polymers are degraded by hydrolases [46]. In addition, HDAC6 dissociates from 
heat shock protein (HSP)-90 in the presence of protein aggregates leading to the 
activation of HSF1 [47, 48]. HSF1 activation leads to further activation of heat 
shock proteins/chaperones. Therefore, HDAC6 plays a crucial role in the clearance 
of misfolded proteins when the proteasomes are inhibited. This underscores the 
synergism between HDAC and proteasome inhibition in MM and the development 
and approval of panobinostat, in the treatment of multiple myeloma [49–51].

7.3.2  Histone Deacetylase Overexpression and Increased 
Activity in Multiple Myeloma

Overexpression of Class I HDACs (HDAC1, 2, 3, and 8) and Class II HDACs 
(HDAC5 and 10) has been observed in human MM cell lines compared with normal 
plasma cells [42]. In primary human MM samples, overexpression of HDAC1, 2, 4, 
6, and 11 were shown to be associated with poor prognosis [42]. Elevated HDAC1 
protein expression by immunohistochemistry was associated with inferior overall 
survival in MM [42]. It is clear that HDACs are dysregulated in MM however the 
role of each HDAC in the pathogenesis of MM remains unclear.

Increased HDAC activity plays a role in the growth of MM cells. In the MM cell 
line MOLP8, acetylation of H3K9 is markedly reduced in the c-myc proto- oncogene 
coding regions and the MCL1 coding regions and promoter. When treated with 
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vorinostat, an inhibitor of Class I, II, and IV HDACs, these regions became acety-
lated [52]. In addition, it has been shown that melphalan and gamma radiation-
induced apoptosis was associated with hyperacetylation of MYC and cyclin D1 
(CCND1) oncoprotein [53]. This suggests that the growth of MM is associated with 
deacetylation and cytotoxicity is associated with hyperacetylation.

Further research of the specific function of HDACs in MM is important to 
develop and improve the therapeutic role of HDACi in MM.

7.4  Histone Deacetylase Inhibitors

7.4.1  Types of Histone Deacetylase Inhibitors

There are five broad categories of HDACi based on their chemical structure: ali-
phatic fatty acids, hydroxamic acid, benzamides, cyclic peptides, and mercaptoke-
tone (Table 7.1).

7.4.2  Mechanisms of Action

Histone deacetylase inhibitors induce growth arrest, differentiation, and apoptosis 
in cancer cells in vitro and in vivo. In most cancers including MM, HDACi are used 
in combination with other anticancer drugs. It increases the acetylation of histone 

Table 7.1 HDAC inhibitors

Name Target HDAC Class Examples

Aliphatic fatty acids I and IIa Butyrate
Valporic acid

Hydroxamic acid All classes
All classes
All classes
Class I and II
Class IIb HDAC6
Class IIb HDAC6

SAHA (Vorinostat)
Belinostat (PXD101)
Panobinostat (LBH-589)
Givinostat (ITF2357)
Resminostat (4SC-201
Abexinostat (PCI-24781)
Tubacin
Ricolinostat (ACY-1215)

Benzamides Class I
Class I
Class I
Class I and IV

Entinostat (MS-275)
Mocetinostat (MGCD0103)
Tacedinaline (CI-994)
MGCD-0103

Cyclic peptides Class I
Class I
Class I

Depsipeptide (FK228)
Romidepsin
Apicidin

Mercaptoketone Class I and II KD5170
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and nonhistone proteins and affects the transcriptional modulation of 7%–10% of 
the genes in MM and lymphoma cell lines [15]. HDAC inhibitor effects on nonhis-
tone proteins are even more extensive with at least 50 candidate nonhistone proteins 
including transcription factors, transcription regulators, signal transduction media-
tors, DNA repair enzymes, nuclear import regulators, chaperone proteins, structural 
proteins, inflammation mediators, and viral proteins. The efficacy of HDACi is 
dependent on cell type, context, dose, and chemical structure of the inhibitor. Cancer 
cells are more susceptible to the effects of HDACi than normal cells, supporting its 
development as an anticancer drug.

7.4.2.1  Altered Gene Expression

Histone deacetylase inhibitors acetylate the histones of specific genes. They are able 
to induce the expression of cyclin-dependent kinase (CDK) inhibitor p21 (WAF1/
CIP1) by increasing the acetylation of histones H3 and H4 associated with the p21 
promoter region [54, 55]. This enables cell cycle arrest, repair, terminal differentia-
tion, and prevention of DNA replication in response to DNA damage.

7.4.2.2  Induction of Apoptosis

Tumor death mainly occurs via apoptosis through mitochondrial (intrinsic) and 
death receptor (extrinsic) pathways. These pathways converge to activate caspases 
and trigger cell death. HDACi is able to induce both intrinsic and extrinsic apopto-
sis. Apicidin, a cyclic tetrapeptide HDACi induces extrinsic apoptosis of HL60 cell 
lines by induction of Fas/Fas ligand and induces intrinsic apoptosis, evidenced by 
the translocation of Bax from the cytosol to the mitochondria and the release of 
cytochrome c [56]. Suberoylanilide hydroxamic acid (SAHA) and trichostatin A 
(TSA) induce the expression of DR3 and DR4, mediating tumor necrosis family- 
related apoptosis-inducing ligand (TRAIL) induced extrinsic apoptosis.

HDAC inhibitors also induce intrinsic apoptosis by the upregulation of the pro- 
apoptotic factors (Bax, Bak, Bid, and Bim) of the Bcl-2 related proteins, relative to 
the pro-survival factors (Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1). Cancer cells are 
more susceptible to HDACi induced apoptosis than their normal counterparts, partly 
because cancer is dependent on the upregulation of the pro-survival factors. In MM 
there is overexpression of pro-survival factors Bcl-2 or Mcl-1 and downregulation 
of the pro-apoptotic protein Bax [57, 58]. SAHA and TSA upregulate the pro-apop-
totic factors Bim, Bak, Noxa, PUMA β/δ, and Bax and downregulate the pro-sur-
vival factors Bcl-2 and Bcl-XL [59].

The mechanism by which HDACi interferes with the balance of pro-apoptotic 
and pro-survival factors is heterogeneous. HDAC3 inhibition increases the acetyla-
tion and ubiquitination of DNA-methyltransferase 1 (DNMT1), leading to reduced 
DNMT1 expression and downregulation of the members of the XIAP family (apop-
tosis inhibitors) and Bcl-2 [60]. Panobinostat, a pan-HDACi, induces apoptosis 

O. Sefhore and S. C. W. Ling



91

through caspase 3 mediated interferon regulatory factor 4 (IRF4) and MYC degra-
dation [61]. Pharmacologic and genetic inhibition of HDAC4 (Class IIa) was shown 
to induce ATF4 and CHOP expression and upregulate intrinsic pro-apoptotic factors 
Bim, Puma, and Bax [62].

7.4.2.3  Cell Cycle Arrest

Most, if not all, HDACi induce G0/S/G1 arrest. This is mediated by p53-dependent 
and independent upregulation of cyclin-dependent kinase inhibitor proteins. SAHA 
and TSA induce G1 growth arrest by upregulation of p21WAF1, p27Kip1, and 
p53 in myeloma cell lines [55, 59, 63]. Resminostat, a potent inhibitor of HDAC1, 
3, and 6, induces G0/G1 cell cycle arrest in MM cell lines by decreased levels of 
Cyclin D1, Cdc25a, Cdk4, pRb, and upregulation of p21 [64].

7.4.2.4  Inhibition of Angiogenesis

Histone deacetylases play a significant role in angiogenesis during embryogenesis, 
tissue repair, and cancer growth. HDAC7, a class IIa HDAC is an essential regulator 
of embryonic blood vessel development [9]. HDAC7 controls endothelial angio-
genic functions, such as tube formation, migration, and proliferation [10–12]. 
Conversely, HDAC5 represses angiogenic gene expression in endothelial cells and 
angiogenesis [13]. HDAC5 and HDAC7 are controlled by protein kinase 
D-dependent phosphorylation which mediates their nuclear export [14, 15].

HDAC6 is important in endothelial cell sprouting, tube formation, and perfusion 
of blood vessels. It is transcriptionally activated by hypoxia and deacetylates cortac-
tin independently of deacetylation of alpha-tubulin in the cytoplasm. Cortactin is 
essential for endothelial cell migration and blood vessel formation. However, 
HDAC6 deficiency is not embryonically lethal as HDAC10 compensates its angio-
genic function [65, 66].

Class I and II HDACi inhibit angiogenesis in vitro and in animal models [16]. 
The pan-HDAC inhibitor AR-42 inhibits angiogenesis by hyperacetylation of his-
tones H3 and H4, upregulation of miR-9-5p, and downregulation of CD44 [67]. 
CD44 is a receptor for hyaluronic acid which induces the expression of plasmino-
gen activator-inhibitor-1 (PAI-1) [68]. PAI-1 overexpression is associated with an 
unfavorable prognosis in many cancers. It stimulates the endothelial cell migration 
from vitronectin to fibronectin, promoting vascularization and tumor invasion from 
the vitronectin rich perivascular space into the fibronectin rich, poorly vascularized 
tumor stroma as well as promoting fibrosis [69].

R306465, a hydroxamate-based, potent inhibitor of HDAC1 and HDAC8 (class 
I HDACs) inhibits angiogenesis in vivo and induces G1 cell cycle arrest and apop-
tosis in solid and hematological malignancies including MM [70]. Panobinostat, a 
hydroxamic, pan-HDAC inhibitor has anti-angiogenic activity in prostate cancer 
xenografts. It acetylates histone H3 and alpha-tubulin in human umbilical vein 

7 Histone Deacetylase Inhibitors



92

endothelial cells [71]. Panobinostat also inhibits angiogenesis in Hodgkin 
Lymphoma cell lines by inhibition of HIF-1α expression [72]. TSA is a HDACi that 
induces the ubiquitination of histone acetylases, leading to the reduction of NOX4 
expression and inhibition of angiogenesis [73, 74].

7.4.2.5  Regulation of Cytokines

HDAC inhibitors downregulate the expression of genes involved in cytokine signal-
ing in MM. These include insulin-like growth factor 1 (IGF-1), IGF-1 receptor, and 
interleukin (IL)-6 receptor, important components in the interaction between MM 
cells and the bone marrow microenvironment.

IL-6 is a major growth factor for myeloma cells which is produced by the tumor 
microenvironment [75]. IL-6 binds to soluble IL-6 Receptor to form the IL-6/IL-6R 
complex, which binds to CD130 (gp130) on MM cells to activate downstream 
STAT3 signaling and ultimately MM cell survival and proliferation. This process is 
called IL-6 trans-signaling [76]. The natural inhibitor of IL-6 trans-signaling is the 
soluble gp130 (sgp130) which is dependent on HDAC3 mediated secretion by the 
bone marrow stromal cells [77].

Vorinostat (SAHA) had been shown to suppress the expression of IGF-1 and its 
receptor IGF-1R, IL-6R receptor and its key signal transducer gp130, TNF- 
receptor- 1 (TNF-R1), BCMA, and paracrine IL-6 secretion by BMSC [78].

7.4.2.6  Suppressed DNA Damage Repair

HDAC inhibitors affect the function of certain DNA repair proteins resulting in 
double-stranded breaks in DNA. KD5170, a novel mercaptoketone-based HDACi 
induced oxidative stress and oxidative DNA damage in myeloma cells as evidenced 
by the upregulation of heme oxygenase-1 and H2A.X phosphorylation [79].

SAHA selectively suppressed DNA repair proteins in cancer cells but not in 
normal cells, and therefore preferentially causing cell death in cancer cells [80].

7.4.2.7  Ubiquitin Proteasome System

Multiple myeloma is highly dependent on the ubiquitin proteasome system. 
Misfolded proteins are often refolded with the help of chaperones. If this process 
fails, misfolded proteins are ubiquitinated and are predominantly degraded by the 
26S proteasome. Failure of this degradation process results in the accumulation of 
these proteins which are toxic to the cells. HR23B (also known as UV excision 
repair protein RAD23 homolog B, XP-C repair complementing complex 58 kDa 
protein and p58) is a protein which is situated on the proteasome and shuttles ubiq-
uitinated proteins into the proteasome for degradation [81]. HDAC inhibitors can 
result in the hyperacetylation of HR23B, aberrant proteasomal activity, and cell 
death. HR23B is essential to the action of HDACi (TSA, SAHA, and BELINOSTAT). 
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In cutaneous T cell lymphoma, HR23B is a biomarker that predicts sensitivity to 
HDACi [82].

Panobinostat decreases DNMT1 by hyperacetylation of HSP90, disruption of the 
HSP90 and DNMT1 complex, and mediating proteasomal degradation of DNMT1. 
This contributes to the anticancer activity of panobinostat in breast cancer as 
DNMT1 is an essential breast cancer stem cell survival factor [83, 84].

7.4.2.8  Aggresome Pathway

The aggresome pathway is an alternate protein degradation pathway to the protea-
some pathway. Unfolded or misfolded proteins can form protein aggregates, which 
are not degradable by the proteasomes and are toxic to cells. To avoid cell death, 
protein aggregates are ubiquitinated and are taken up by aggresomes. 
Autophagosomes then engulf the aggresomes and fuse with lysosomes where their 
contents are degraded by lysosomal hydrolases [19].

HDAC6 is essential for the formation of aggresomes. HDAC6 localizes in the 
microtubule and regulates the acetylation of microtubules. HDAC6 binds to polyu-
biquitinated misfolded proteins and dynein motors, which transport the polyubiqui-
tinated misfolded proteins to aggresomes at the microtubule-organizing center [46]. 
Histone deacetylase inhibitors induce proteotoxic stress and cell death by block-
ing HDAC6.

Catley et al. has shown that the proteasome inhibitor bortezomib and the pan- 
HDACi panobinostat synergistically induced apoptosis of myeloma cells by hyper-
acetylation of tubulin and accumulation of small aggresomes [49]. This finding laid 
the foundation to the clinical development and subsequent approval of panobinostat 
in combination with bortezomib in the treatment of RRMM.

7.5  Approved Histone Deacetylase Inhibitors

The US Food and Drug Administration (FDA) has approved four HDACi in hema-
tological malignancies: vorinostat (Zolinza) and romidepsin (Istodax) for the treat-
ment of cutaneous T cell lymphoma; belinostat (Beleodaq) and panobinostat 
(Farydak) for the treatment of peripheral T cell lymphoma and panobinostat for 
MM [21].

7.5.1  Panobinostat

Histone deacetylase inhibitors and PIs have been shown to act synergistically to 
induce cell death in MM [25]. Proteasome inhibition results in the accumulation of 
misfolded proteins that are prone to aggregation. The presence of HDACi prevents 
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the removal of these protein aggregates by inhibiting the aggresome pathway, result-
ing in cytotoxic stress and downstream activation of cell apoptosis.

In February 2015, FDA approved panobinostat (Farydak; Novartis 
Pharmaceuticals), an orally administered, pan-HDACi, in combination with bort-
ezomib for the treatment of patients with MM who have received at least two prior 
lines of therapy including bortezomib and IMiDs.

Panobinostat has a stronger inhibitory effect against HDAC classes I, II, and IV 
compared to Vorinostat [25]. At the molecular level panobinostat affects cell cycle 
progression and apoptosis. Ninety percent of the drug is bound to plasma protein 
and the peak concentration is reached within 2  h. Metabolism of panobinostat 
occurs via reduction, hydrolysis, oxidation, and glucuronidation. Approximately 
40% of panobinostat is eliminated via CYP3A and approximately another 40% is 
eliminated by CYP2D6. Panobinostat is excreted from the body via the urine 
(29–51%) and via the feces (44–77%) [26].

Panobinostat was shown to improve survival in the PANORAMA1 trial, a multi-
center, double-blinded phase III clinical trial of bortezomib, panobinostat, and 
dexamethasone compared with placebo, bortezomib, and dexamethasone in RRMM 
patients who had received one to three previous treatment regimens. Approximately 
768 eligible patients were randomized. The study observed increased rates of com-
plete response (CR) or near CR with panobinostat compared to the placebo group 
(27.6% vs 16.7%) [85]. It also showed a prolonged median duration of response 
(13.14 vs 10.87 months), median PFS (11·99 vs 8·08 months), and median overall 
survival (OS) (33.6 vs 30.4 months) favoring the panobinostat group [85]. A sub-
group analysis showed that panobinostat was associated with an improved PFS of 
12.5 vs 4.7 months (HR 0.47; 95% CI 0.31–0.72) in patients who had received two 
or more prior regimens including bortezomib and an IMiD [86].

Panobinostat is the first HDACi used in MM. It is not widely used as other tar-
geted therapy probably due to its relatively small benefit compared with its added 
toxicities including mainly gastrointestinal effects and cytopenia.

7.5.2  Vorinostat

Vorinostat was the first HDACi approved for the treatment of cancer. It was approved 
in October 2006 for the treatment of progressive, persistent, or recurrent cutaneous 
T cell lymphoma [28]. It is a SAHA and an oral nonselective inhibitor of class I and 
II HDACs. When combined with bortezomib, vorinostat showed mild increases in 
efficacy in RRMM in multiple phase I, II, and III clinical trials compared with bort-
ezomib alone [28]. However, vorinostat is currently not approved for use in MM.
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7.5.3  Ricolinostat

Ricolinostat is a selective inhibitor of HDAC6 and has been tested as monotherapy 
and in combination with bortezomib and dexamethasone in a phase I/II study [87]. 
The combination therapy was well tolerated at ricolinostat doses of up to 160 mg/
day. The overall response rate (ORR) was 29% with a clinical benefit rate of 39%. 
The most common treatment emergent adverse events were thrombocytopenia 
(71%), diarrhea (67%), anemia (42%), fatigue (42%), nausea (38%), hypokalemia 
(33%), vomiting (29%), peripheral neuropathy (29%), hyperglycemia (25%), and 
renal insufficiency (21%) [87].

The combination of ricolinostat, lenalidomide, and dexamethasone was tested in 
an early phase clinical trial with 38 patients. Two dose-limiting toxicities were 
observed with ricolinostat 160 mg twice daily [88]. More clinical trials are required 
to further establish the safety and efficacy of this combination.

A meta-analysis has shown a weaker anti-MM effect with ricolinostat compared 
to vorinostat and panobinostat [89]. The highest ORR of panobinostat in RRMM 
was 64% versus 51% and 38% in those treated with vorinostat and ricolinostat, 
respectively. The main adverse events were pancytopenia, fatigue, diarrhea, and 
nausea which was more pronounced in patients treated with ricolinostat [89].

7.6  Immunomodulatory Imide Drugs and Histone 
Deacetylase Inhibitors

Immunomodulatory imide drugs are a class of novel targeted therapy in MM con-
sisting of thalidomide, lenalidomide, and pomalidomide. The effects of IMiDs on 
MM are mediated by the protein cereblon (CRBN) through ubiquitin-dependent and 
ubiquitin-independent pathways [90]. Studies have shown that the knockdown of 
CRBN results in resistance to treatment with IMiDs. The combination of IMiDs and 
HDACi has been shown to have synergistic activity in MM cell lines [91]. This 
combination induces caspase 8 and caspase 9 cleavage, activating the intrinsic and 
extrinsic apoptotic pathway and downregulating the anti-apoptotic XIAP pro-
tein [91].

Vorinostat (Class I and II HDACi) and Entinostat (Class I HDACi) have syner-
gistic effects with lenalidomide despite the downregulation of CRBN. Their cyto-
toxic effect is due to the downregulation of c-Myc and is independent of CRBN 
[91]. On the contrary, ricolinostat, a selective HDAC6 inhibitor, does not affect 
CRBN activity. It downregulates IKZF1 which in turn decreases IRF4 and c-Myc, 
inhibiting MM growth [91].
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7.7  Potential Mechanisms of Resistance to Histone 
Deacetylase Inhibitors

The basis of HDACi resistance is largely unknown and complex. This is due to the 
ability of HDACi to cause alterations at various cellular levels. Many molecular 
mechanisms of resistance have been demonstrated in vitro in cutaneous T cell lym-
phoma and solid cancers with limited evidence in humans.

7.7.1  Drug Transporters

ATP binding cassette transporter expression has been implicated in HDACi resis-
tance. ATP binding cassette transporters (ABC transporters) are essential for many 
processes in the cell and are often overexpressed in cancer cells. Overexpression of 
these transporters results in increased drug expulsion from cells. The ABC trans-
porter proteins that have been implicated in resistance to HDACi include ABCB1 
and ABCC1. Romidepsin is a substrate for ABCB1 and ABCC1 [92, 93].

7.7.2  Cell Signaling

Genome wide gene expression studies of MM cells with different sensitivities to 
HDACi suggest that HDACi resistance is associated with a 35-gene signature. This 
signature primarily involves two pathways: the regulation of the actin cytoskeleton 
and protein processing in the endoplasmic reticulum. Synergism between HDACi 
and drugs that target the regulation of the actin cytoskeleton has been observed. 
These drugs include MEK/ERK, PI3K, and FAK inhibitors [94].

In cutaneous T cell lymphoma, the activation of the signal transducer and activa-
tor of transcription (STAT) pathway is associated with resistance to vorinostat. 
STAT1, STAT3, and STAT5 are highly expressed in lymphoma cell lines that are 
resistant to vorinostat [95].

7.7.3  Antioxidant Pathway

HDACi induced apoptosis is associated with the generation of reactive oxygen spe-
cies [96]. The activation of an antioxidant signature was shown to be associated 
with resistance to vorinostat in acute myeloid leukemia and myelodysplasia [97]. 
Thioredoxin, a major reducing protein, is protective against HDACi induced cell 
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death. In malignant cells thioredoxin levels are relatively reduced compared with 
normal cells, and hence they are more sensitive to HDACi induced cell death com-
pared with normal cells. However, when malignant cells are transfected with thiore-
doxin siRNA, they become more sensitive to HDACi. Therefore, antioxidant 
mechanisms may mediate resistance to HDACi [98].

7.7.4  Cell Cycle Proteins

HDAC inhibition is associated with the induction of p21CIP1. Leukemic cell lines 
transfected with antisense p21CIP1 have increased sensitivity to HDACi, suggesting 
that induction of p21CIP1 could be a potential mechanism of resistance to HDACi [99].

7.7.5  Nuclear Factor-Kappa B

Resistance to panobinostat in cutaneous T cell lymphoma is associated with consti-
tutive activation of NF-kB which activates pro-survival factors, including inhibitors 
of apoptotic proteins and Bcl-2 family proteins. Inhibition of Bcl-2 by ABT-737 
overcomes resistance to panobinostat [100].

7.7.6  Anti-Apoptotic Proteins

Overexpression of anti-apoptotic proteins is another potential mechanism of resis-
tance to HDACi. Valproate and ITF2357 are HDACi with cytotoxic activity in hepa-
toma cell lines. They inhibit Bcl-xL expression and induce apoptosis. Overexpression 
of Bcl-xL can induce resistance to Valproate and ITF 2357 on hepatoma cell 
lines [101].

7.7.7  Altered Histone Deacetylases

Altered expression or structures of HDAC proteins may confer HDACi resistance. 
Cells of the HL-60 leukemic cell line that were selected for HDACi resistance were 
observed to express higher levels of HDAC1, HDCA2, and HDAC4 [102]. In mela-
noma cell lines, overexpression of HDAC1 confers resistance to sodium butyrate 
[103]. In breast cancer patients, HDAC2 expression level has been correlated with 
vorinostat response [104].
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7.7.8  Autophagy

Autophagy is a cellular process that removes damaged cellular components and 
misfolded proteins. Aggrephagy is a type of autophagy that targets and removes 
protein aggregates. HDAC6 is necessary for this process, recognizing protein aggre-
gates through its ubiquitin-binding domain. HDAC6 binds to dynein which is a 
motor protein mediating the retrograde transport of the protein aggregates on the 
microtubules to the perinuclear region at the microtubule-organizing center. The 
protein aggregate is then enclosed by a vimentin cage, becoming an aggresome, 
which further develops into an autophagosome. The autophagosome then fuses with 
a lysosome which contains acid hydrolases for the degradation of the enclosed pro-
tein aggregates.

The induction of autophagy has been shown to be a mechanism of resistance to 
other anticancer therapy. Inhibitors of autophagy such as chloroquine and hydroxy-
chloroquine have been shown to overcome resistance to chemotherapy in vitro and 
in vivo. The combination of chloroquine or hydroxychloroquine and other antican-
cer drugs are being investigated in ongoing clinical trials for the treatment of a range 
of cancer types. In a clinical trial comparing gemcitabine hydrochloride and nab- 
paclitaxel with and without hydroxychloroquine in patients with advanced pancre-
atic cancer, OS was similar in both groups. However, an improved ORR was 
observed in the hydroxychloroquine cohort [105]. In an early-phase clinical trial of 
vorinostat and hydroxychloroquine in metastatic colon cancer, there was prelimi-
nary evidence of autophagy inhibition, seen in the accumulation of lysosomal pro-
tease cathepsin D and p62 in biopsies [106].

The activation of autophagy could be a potential mechanism of resistance to 
HDAC6 inhibition. Autophagy activation in MM can be achieved by short hairpin 
RNA knockdown of HDAC1 or by treatment with SAHA, which upregulates the 
transcription of LC3, activating the ULK1 Complex and suppressing mTOR [107].

It can be seen that there are multiple potential mechanisms of resistance to 
HDACi, many of which are not yet fully understood. Further deciphering the mech-
anisms of HDACi resistance is important as it may enable the discovery of more 
synergistic combination therapies, the development of novel HDACi, and the dis-
covery of biomarkers that could predict resistance.

7.8  Conclusion

Multiple myeloma remains incurable with most patients either relapsing or becom-
ing refractory to treatments. The incorporation of various novel therapies has 
resulted in significant survival benefits not only in newly diagnosed MM patients 
but also in those with RRMM disease. Despite these advances, resistance to therapy 
leads to eventual relapse and fatal outcomes in the vast majority of patients. There 
remains an unmet need for novel drugs and efficacious therapies for continued 
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improvement in outcomes. The incorporation of HDACi with current MM therapies 
may improve long-term outcomes. The use of these drugs is however limited by 
unfavorable side effects and drug resistance. Further studies to address this, particu-
larly focusing on combining selective and better tolerated HDACi with PIs and 
IMiDs offer the possibility of improving outcomes in MM.
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Chapter 8
Bone Targeted Therapies

Ashley McEwan and Silvia CW Ling

Abstract Myeloma bone disease (MBD) is present in up to 90% of multiple 
myeloma (MM) patients and is a product of osteolytic lesions due to dysregulated 
osteoblast and osteoclast function. Myeloma bone disease is a cause of significant 
morbidity and decreased quality of life in MM patients as it leads to several skeletal- 
related events including pathologic fractures, severe bone pain, and spinal cord 
compression. Bisphosphonate drugs and the monoclonal antibody denosumab are 
currently the only approved treatments for MBD, despite their potential severe 
adverse events such as osteonecrosis of the jaw. Further studies and the continued 
development of novel treatments for MBD are needed to better combat MBD. This 
chapter will review the available efficacy data of current bisphosphonate drugs in 
use and denosumab and their mechanisms of action, explore the pathways and 
potential targets involved in MBD, and review the current progress in the develop-
ments of a number of potential novel treatments for MBD.
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Abbreviations

ASCO American Society of Clinical Oncology
BAFF B cell activating factor
bALP Bone-specific alkaline phosphatase
BMSC Bone marrow stem cell
BTK Bruton’s tyrosine kinase
CCL Chemokine (C-C motif) ligand
CCR Chemokine (C-C motif) receptor
DKK1 Dickkopf-1
FDA US Food and Drug Administration
HGF Hepatocyte growth factor
IL Interleukin
IMiD Immunomodulatory imide drug
IMWG International Myeloma Working Group
MBD Myeloma bone disease
MGUS Monoclonal gammopathy of uncertain significance
MIP-1α Macrophage-inhibitory protein 1 alpha
MM Multiple myeloma
NF-κB Nuclear factor kappa-B
OAF Osteoclast-activating factor
OPG Osteoprotegerin
OS Overall survival
PI Proteasome inhibitor
RANK Receptor activator of nuclear factor kappa-B
sFRP3 Soluble frizzled-related protein 3
SRE Skeletal related event
TGF-β Transforming growth factor-beta
TNF Tumor necrosis factor
TNF-α Tumor necrosis factor-alpha
TSP1 Thrombospondin 1
uNTX Urinary N-telopeptide of collagen type 1
VEGF Vascular endothelial growth factor
β-CTX Beta-isomerized C-terminal telopeptide of collagen type 1

8.1  Myeloma Bone Disease

Multiple myeloma (MM) is a cancer of differentiated B lymphocytes (plasma cells) 
and is characterized by clonal proliferation of these plasma cells in the bone mar-
row, the secretion of a monoclonal protein, and osteolytic bone disease [1]. Myeloma 
bone disease (MBD) is present in up to 90% of patients and is a result of plasma cell 
proliferation, characterized by osteolytic lesions and the suppression of osteoblast 
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differentiation and function [2]. Current International Myeloma Working Group 
(IMWG) guidelines require the presence of at least one osteolytic lesion to meet the 
criteria for MBD [3]. Myeloma bone disease leads to several skeletal-related events 
(SREs) including pathologic fractures, severe bone pain, and spinal cord compres-
sion which can result in the need for radiotherapy or surgical fixation [4]. In MM 
patients, pathologic fractures increase the risk of death by more than 20% compared 
to patients without fractures [5]. Hence, despite increasing overall survival (OS) for 
patients with multiple myeloma, MBD and secondary SREs can result in significant 
morbidity and reduced quality of life, highlighting the need for advancements in the 
current standard of care [1].

8.1.1  Diagnosis

Myeloma bone disease is diagnosed through the use of plain radiograph, whole 
body low dose computed tomography, or whole body magnetic resonance imaging 
skeletal surveys to detect the presence of osteolytic bone lesions [6]. Plain radio-
graph is the least sensitive available type of imaging, as a bone lesion needs to be at 
least 1 cm in size and associated with at least 30% loss of bone mineral content 
before it can be detected [7]. Despite this, most current guidelines recommend plain 
radiograph skeletal survey as the primary method for the detection of MBD, fol-
lowed by the utilization of other modalities if there is a suspicion of MBD and 
conventional radiography is negative [3, 8]. Imaging findings such as osteoporosis, 
osteopenia, or compression fractures without the presence of osteolytic lesions is 
insufficient to meet the current criteria for MBD [6]. The IMWG has also noted that 
increased fluorodeoxyglucose uptake on positron emission tomography (PET) scan 
without an associated destructive bone lesion does not meet the criteria for MBD [3].

8.1.2  Pathogenesis

Myeloma bone disease occurs as a result of numerous interactions between plasma 
cells and various pathways that affect osteoclasts and osteoblasts, leading to overall 
bone loss and the development of lytic bone lesions [1]. While augmented osteo-
clast function is a key pathogenic mechanism in the development of MBD, the 
reduction in trabecular thickness, calcification rate, and osteoblast numbers in bone 
specimens from multiple myeloma patients suggest that dysfunctional osteoblast 
activity is a significant contributor [9].

Osteoblasts and osteoclasts are the major cells involved in bone remodeling, with 
other factors including osteocytes, cytokines, and hormones also contributing to the 
process [10]. Osteoclasts are large multinucleated cells derived from monocyte- 
macrophage lineage which generate enzymes that breakdown the bone mineral 
matrix [11]. Osteoblasts are mononuclear cells originating from mesenchymal stem 
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cells which contain the enzyme alkaline phosphatase [12]. Immature osteoblasts 
secrete interleukin (IL)-6 that upregulates osteoclasts, while mature osteoblasts 
secrete osteoprotegerin (OPG) which inhibits the activation of osteoclasts [1]. 
Osteoblasts create the bone mineral matrix through the secretion of collagen and 
eventually become trapped as part of the mineralized matrix before differentiating 
into osteocytes [11]. Osteocytes communicate with surrounding cells in the bone 
surface and bone marrow via cytoplasmic projections and contribute factors such as 
receptor activator of nuclear factor kappa-B ligand (RANKL) and sclerostin that 
affect both osteoblastic and osteoclastic activity [13].

The normal signaling pathways are disrupted by interactions between malignant 
plasma cells (myeloma cells) and cells of the bone marrow microenvironment [14]. 
A group of mediators known as osteoclast-activating factors (OAFs) have been 
identified which include IL-6, interleukin-1 (IL-1), interleukin-3 (IL-3), macrophage- 
inhibitory protein 1 alpha (MIP-1ɑ), tumor necrosis factor-alpha (TNF-ɑ), hepato-
cyte growth factor (HGF), and vascular endothelial growth factor (VEGF) [14]. 
These OAFs affect various components of other pathways including the receptor 
activator of nuclear factor kappa-B (RANK), RANKL, and OPG. Additionally, cer-
tain molecules have been shown to inhibit osteoblast differentiation, including 
transforming growth factor-beta (TGF-β), HGF and Wnt-signaling inhibitors dick-
kopf- 1 (DKK1), soluble frizzled-related protein-3 (sFRP3), and sclerostin [14].

In the early stages of MBD, myeloma cells secrete IL-1 and tumor necrosis fac-
tor (TNF) which stimulate osteoblast differentiation and recruitment to affected 
sites. These recruited osteoblasts in turn secrete IL-6, which recruits osteoclasts and 
is a myeloma growth factor [7]. Later in MBD, osteoblast numbers decrease sec-
ondary to unclear mechanisms; postulated to be related to osteoblast inhibitory fac-
tors or decorin, a proteoglycan produced by osteoblasts which causes an 
anti-myeloma effect by inhibiting TGF-β [1]. Myeloma also affects osteoprogenitor 
cells, disrupting the normal production of osteoblasts, resulting in a net effect of 
reduced osteoblast levels and over activation of osteoclasts and leading to the lytic 
bone lesions found on imaging in MBD [15]. Hence, any coupled bone remodeling 
between osteoclasts and osteoblasts is disordered in MM. The numerous factors that 
affect osteoclasts and osteoblasts and contribute to the pathogenesis of MBD and 
may be potential foci for bone targeted therapies and are explored in further detail 
below [4].

8.1.3  Osteoclastic Activation

8.1.3.1  The RANK/RANKL Pathway

The RANK/RANKL pathway plays a major role in osteoclast function and bone 
remodeling [4]. RANK is a transmembrane receptor that is expressed on the surface 
of osteoclast precursors, and RANKL is a membrane-bound protein on stromal cells 
of the osteoblast line and activated T lymphocytes [11]. The binding of RANKL to 
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RANK triggers the maturation of osteoclast precursors into osteoclasts that bind to 
the bone surface and initiate bone resorption [14]. OPG is a cytokine secreted by 
osteoblasts and stromal cells that is a soluble decoy receptor for RANKL that inhib-
its osteoclast development; in MM patients OPG levels are reduced while RANKL 
levels are increased [4]. RANKL is produced by myeloma cells and increased 
RANKL expression by osteoblasts and bone marrow stromal cells can result from 
stimulation by other contributory cytokines such as increased levels of parathyroid 
hormone-related peptide [11]. This imbalanced ratio of RANKL to OPG results in 
a net increase in osteoclast stimulation and bone resorption. Treatments including 
thalidomide and autologous stem cell transplant can normalize the RANKL to OPG 
ratio, reducing bone resorption. Denosumab, a human monoclonal antibody (MoAb) 
targeting RANKL, prevents the activation of this signaling pathway and reduces the 
burden of MBD as well as progression of disease [16].

8.1.3.2  Interleukins

IL-3 stimulates osteoclast formation and inhibits osteoblast differentiation. IL-3 
exerts its osteoclastogenic effect by inducing activin A production by macrophages, 
a factor involved in promoting osteoclast differentiation [11]. IL-3 also acts in con-
junction with RANKL and MIP-1α to increase osteoclastogenesis [14]. Increased 
levels of IL-3 have been detected in studies of myeloma patient’s bone marrow 
plasma [17]. IL-6 augments osteoclast differentiation by simulating myeloma cells 
to secrete VEGF which activates osteoclasts via surface receptor binding [11]. IL-6 
levels are lowered with DKK1 protein inhibition [14]. IL-17 promotes osteoclast 
activation and can result in osteolytic lesion formation, although this has been seen 
mainly in preclinical models [18].

8.1.3.3  Hepatocyte Growth Factor

HGF is produced by bone marrow stem cells (BMSCs) and myeloma cells. The 
binding of HGF to MET receptor on the surface of myeloma cells triggers down-
stream signaling via the RAS pathway, causing the growth of myeloma plasma cells 
and inhibiting apoptosis [11]. HGF also acts as a coupling factor between osteo-
clasts and osteoblasts and mediates autocrine regulation of osteoclasts and paracrine 
regulation of osteoblasts.

8.1.3.4  Notch Pathway

There are four Notch transmembrane receptors on myeloma cells that can bind to 
their ligands on the same cell or on adjacent BMSCs which results in the production 
of RANKL by the myeloma cells [11]. This generates a feedback loop which stimu-
lates Notch2. The resulting Notch2 signaling cascade further stimulates osteoclast 
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differentiation and proliferation. Inhibition of this pathway results in apoptosis of 
myeloma cells and inhibits osteoclastogenesis, representing a potential therapeutic 
target [11].

8.1.3.5  Chemokines

Certain chemokines are involved in osteoclastogenesis. Chemokine (C-C motif) 
ligand 3 (CCL-3) is secreted by myeloma cells. Chemokine (C-C motif) ligand 20 
(CCL-20) is overexpressed in the multiple myeloma bone marrow. These chemo-
kines induce osteoclastogenesis, and higher levels are detected in myeloma patients, 
correlating with the extent of bone disease [11]. Chemokine receptors including the 
CCL-3 receptor, CCR1 receptor, and CCR5 receptor are expressed on BMSCs, 
osteoclasts, osteoblast, and MM cells. The activation of these receptors attracts 
immature osteoclasts, promoting differentiation and stimulating RANKL and IL-6 
[11]. Inhibitors of CCL-3 and its receptors are promising in preclinical studies for 
MBD therapy [16].

8.1.3.6  Activin A

When activin A binds to activin type 2A receptor, subsequent signaling results in 
increased bone resorption and reduced bone formation [16]. Activin A is elevated in 
myeloma patients, correlating with the extent MBD [11]. Activin A is further upreg-
ulated by IL-3, a cytokine released from the BMSCs of myeloma patients [16]. 
There is a synergistic effect between Activin A and RANKL, resulting in more 
potent stimulation of osteoclastogenesis. Preclinical studies have demonstrated that 
osteoclast formation is blocked following treatment with soluble activin receptor 
type 2A [11].

8.1.3.7  The TNF Superfamily

Key members of the TNF superfamily involved in MBD include TNF-α and B-cell 
activating factor (BAFF). TNF-α acts together with RANKL to induce osteoclast 
differentiation and growth and is elevated in MBD patients [11]. BAFF is secreted 
by myeloma cells, osteoclasts, and BMSCs, causing the activation of nuclear factor 
kappa-B (NF-κB), resulting in osteoclastogenesis and myeloma cell survival [14].

8.1.3.8  BTK and SDF-1α

Bruton’s tyrosine kinase (BTK) regulates osteoclast differentiation and is expressed 
in osteoclasts. Higher levels of BTK expression have been observed in myeloma 
patients [16]. BTK is linked to CXCR4 expression. The CXCR4SDF-1α pathway 
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induces BTK activation, promoting osteoclastogenesis [11]. Inhibition of osteoclas-
tic activity through agents like ibrutinib is being investigated in current clinical tri-
als [19]. This could potentially be an added therapy in patients with severe myeloma 
bone disease.

8.1.4  Osteoblastic Suppression

8.1.4.1  The WNT Pathway

The Wnt-signaling pathway cascade ultimately results in gene expression favoring 
bone formation and imminent bone resorption [11]. It is activated via Wnt ligands 
and parathyroid hormone binding to receptors in the Wnt pathway. Preclinical mod-
els demonstrate that increased Wnt signaling inhibits the development of MBD 
[20]. Conversely, aberrant Wnt signaling can result in the proliferation of myeloma 
cells and the subsequent development of MBD [11]. This dysregulated Wnt path-
way signaling contributes to the invasion of myeloma cells and is linked to their 
adhesion-mediated drug resistance [21]. The canonical Wnt pathway is inhibited by 
sclerostin, DKK1, and sFRP2. These proteins have been observed to be elevated in 
cases of MBD and may be potential therapeutic targets [11].

8.1.4.2  Sclerostin

Sclerostin is a protein encoded by the SOST gene and is produced by osteocytes. 
Sclerostin induces the apoptosis of mature osteoblasts and reduces osteoblast-driven 
bone formation [14]. It is an inhibitor of the canonical Wnt pathway through bind-
ing to LRP5/6 transmembrane receptors on osteoblasts, blocking the Wnt pathway 
cascade [11]. Sclerostin is secreted by myeloma cells and suppresses bone forma-
tion by inhibiting osteoblastogenesis while stimulating osteoclastogenesis by 
increasing the ratio of RANKL to OPG ratio [22]. High levels of sclerostin have 
been observed in patients with more severe disease and pathologic fractures at diag-
nosis [11]. Monoclonal antibodies against sclerostin are under investigation as a 
sole therapy for MBD and in conjunction with proteasome inhibitors (PI) [23].

8.1.4.3  DKK1

DKK1 inhibits the Wnt-signaling pathway by competitively binding LRP5/6 recep-
tors and removing transmembrane proteins [14]. DKK1 inhibits osteoblastogenesis 
by blocking osteoblast differentiation and acts together with sclerostin resulting in 
osteoblast dysfunction [11]. DKK1 also indirectly increases osteoclastogenesis, by 
blocking the osteoclastogenesis inhibitor OPG and increasing the osteoclastogene-
sis activator RANKL [14]. Higher DKK1 levels have been observed in patients with 
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more extensive MBD [24]. DKK1 expression can be utilized to predict early SREs, 
and reduced levels can be observed after myeloma treatment has commenced [11].

8.1.4.4  Periostin

Periostin is a protein produced by BMSCs that activates the integrin-AKT-FAK- 
β-catenin pathway and is implicated in the Wnt-signaling pathway [11]. High peri-
ostin levels in myeloma patients are associated with SREs, lytic bone lesions, and 
more advanced disease [25].

8.1.4.5  RUNX2/CBFA1 and IL-7

IL-7 reduces osteoblast differentiation and stimulates T lymphocytes to secrete 
RANKL.  IL-7 reduces transcriptional levels of runt-related transcription factor 2 
(RUNX2) via the noncanonical Wnt-signaling pathway [11]. RUNX2 is required 
for osteoblastogenesis, and both reduced levels of RUNX2 [12] and increased levels 
of IL-7 [14] have been observed in myeloma patients with MBD.

8.2  Indications for Bone Targeted Therapies

Bisphosphonate drugs are currently the only therapy approved in Australia for the 
treatment of MBD. The IMWG recommends considering bisphosphonate therapy 
[23], including patients with no visible lesions on conventional radiology [31]. It is 
difficult to accurately determine whether MM patients without radiological evi-
dence of bone disease would benefit from bisphosphonates as most clinical trials did 
not stratify patients according to the presence of lytic lesions prior to treatment. 
Certainly, there is no indication that bisphosphonate therapy in the setting of smol-
dering myeloma or monoclonal gammopathy of uncertain significance (MGUS) 
reduces the time or likelihood of progression to MM [31].

8.3  Utility of Bone Resorption Markers to Guide Therapy

Currently, the use of bone turnover markers to guide therapy and predict response 
or disease progression in myeloma is controversial, with mixed results across stud-
ies and a lack of consensus regarding appropriate markers. International guidelines 
do not currently support the utilization of bone turnover or resorption markers to 
guide therapy given the lack of convincing evidence [31]. A recent study examining 
123 patients with newly diagnosed multiple myeloma measured β-isomerized 
C-terminal telopeptide of collagen type I (β-CTX), which reflects the resorptive 
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osteoclast activity, and bone-specific alkaline phosphatase (bALP) over a 12-month 
period [26]. This study found that bALP levels did not have a clear relationship with 
the degree of underlying bone disease; however, β-CTX levels were increased in 
those patients with underlying bone disease, with a correlation between the degree 
of bone lesions and β-CTX levels [26]. Hence, changes in β-CTX levels could 
potentially reflect the degree of MBD burden and may be a clinically useful marker. 
A small retrospective study of patients receiving bisphosphonate therapy found that 
increasing levels of β-CTX were linked to increased likelihoods of disease progres-
sion [27]. Several other studies have utilized urinary N-telopeptide of type 1 colla-
gen (uNTX) as well as ALP to predict fracture risk in MM patients on bisphosphonates 
and concluded that these biomarkers did not correlate to fracture risk [28, 31]. Until 
further studies provide stronger evidence for the utility of bone turnover markers in 
guiding therapy for MBD, there is currently no support for their use.

8.4  Current Treatments for Myeloma Bone Disease

8.4.1  Bisphosphonates

8.4.1.1  Mechanism of Action

Bisphosphonates are the mainstay of MBD prevention and treatment. They are 
pyrophosphate analogs which bind with varying affinity to hydroxyapatite and 
become integrated into the bone matrix [31]. Bisphosphonates are then released 
from hydroxyapatite secondary to bone resorption and are potent inhibitors of 
osteoclast activity and signaling [4]. Bisphosphonates are absorbed by macrophages 
and mature osteoclasts and induce apoptosis via ATP metabolites [14]. The potency 
of different bisphosphonates is dependent on their binding affinity for hydroxyapa-
tite; the nitrogen group in the phosphate-carbon-phosphate core of pamidronate and 
zoledronic acid renders them 100–10,000 times more potent than etidronate and 
clodronate, as seen in Table 8.1 [29].

Table 8.1 Comparative 
potencies of bisphosphonates

Bisphosphonate Potency IC50a (nmol/L)

Etidronate ∼1× –
Clodronate ∼10× –
Pamidronate ∼100× 200
Alendronate >100 to <1000× 50
Ibandronate >1000 to <10,000× 20
Risedronate >1000 to <10,000× 10
Zoledronate >10,000× 3

aIC50 half-maximal inhibitory concentration
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8.4.1.2  Evidence in MBD

Treatment with pamidronate or zoledronic acid has been proven to improve symp-
toms related to MBD and prevent SREs. A 1996 study compared pamidronate with 
placebo in 392 MM patients demonstrated significant protection against SREs [30]. 
A non-inferiority trial comparing pamidronate with zoledronic acid for MBD dem-
onstrated equivalence between the two therapies [4]. As a result, pamidronate and 
zoledronic acid have become the standard of care for MBD. There is currently some 
evidence for the use of oral clodronate, which has been shown to lower the inci-
dence of SREs compared with placebo [31].

8.4.1.3  Comparison Between Bisphosphonates

Pamidronate and zoledronic acid are the two most commonly utilized bisphospho-
nates for MBD. They are nitrogen-containing bisphosphonates, which were proven 
to be superior at reducing SREs compared with non-nitrogen containing bisphos-
phonates in the MRC Myeloma IX trial [32]. A review of 20 studies found that 
zoledronic acid improved overall survival compared to placebo and etidronate, but 
not compared with other bisphosphonates [31]. An observational study comparing 
zoledronic acid with pamidronate found that patients treated with zoledronic acid 
had significantly less mortality and SREs compared with patients treated with pami-
dronate [33]. However, a randomized controlled trial comparing zoledronic acid 
with pamidronate found that they had similar efficacies in MBD [34]. Hence, cur-
rent recommendations suggest the use of zoledronic acid or pamidronate as primary 
treatment for MBD.

8.4.1.4  Adverse Events

Bisphosphonates can cause several rare but serious side effects including osteone-
crosis of the jaw, atypical femoral fractures, and renal impairment. More common 
side effects include acute phase reactions, injection site reactions, transient fevers, 
myalgias and flu-like symptoms, hypocalcemia, and hypophosphatemia [31]. 
Bisphosphonates also cause ocular side effects, which typically have a rapid onset 
ranging from within days to hours, such as conjunctivitis, uveitis, episcleritis, scle-
ritis, and keratitis [35]. The more severe side effects are discussed in greater 
detail below.

8.4.1.5  Renal Impairment

The kidneys are responsible for 40% of bisphosphonate excretion via glomerular 
filtration and active tubular excretion, and as such, are extremely sensitive to 
bisphosphonates [4]. Both acute and chronic renal impairment can result from 
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bisphosphonate therapy, but the level of kidney damage is related to blood drug 
levels [31]. Nephrotoxicity is directly linked to the maximum plasma concentration, 
bisphosphonate dose, and infusion time [4]. Renal impairment is seen equally with 
zoledronic acid and pamidronate however zoledronic acid has more potential for 
accumulation in the kidneys due to its prolonged half-life [4]. Kidney injury related 
to zoledronic acid is most often caused by tubular toxicity, and hence acute tubular 
necrosis. Comparatively, pamidronate more commonly causes acute kidney injury 
and nephrotic range proteinuria [31]. Patients with elevated creatinine levels at 
baseline are at higher risk of developing acute renal injury related to bisphosphonate 
treatment [36]. Dosing variations are required in renal impairment, as described in 
Table 8.2.

8.4.1.6  Osteonecrosis of the Jaw

Osteonecrosis of the jaw is a rare but serious side effect of bisphosphonate therapy. 
Characteristic features include exposed bone in the oral cavity, severe pain, necro-
sis, and increased risk of secondary infections at the site of osteonecrosis [4]. The 
symptoms preceding an osteonecrotic lesion include mucosal swelling, ulceration, 
loose dentition, pain, or a nonhealing socket after tooth extraction [4]. The patho-
genic etiology of osteonecrosis of the jaw is not clear but thought to be related to 
reduced vascularity of the bones of the maxilla and mandible, risk of dental infec-
tions, and bone turnover suppression [31]. The anti-angiogenic properties of 
bisphosphonates also contribute to osteonecrosis risk, due to an interruption of 
blood supply [37]. The suppression of bone remodeling appears to play a major 
role, evidenced by the higher rates of osteonecrosis of the jaw associated with treat-
ment with higher potency bisphosphonates like zoledronic acid [31]. Excessive 
inhibition of bone remodeling can occur secondary to the long half-life of bisphos-
phonates and potential accumulation if administered monthly [31]. Osteonecrosis 
may not only be due to bisphosphonate therapy but may be an outcome of bone 

Table 8.2 Renal dosing adjustments in bisphosphonate therapy [6]

Creatinine 
clearance

Sodium 
clodronate Pamidronate Zoledronic acid

>60 1600 mg 90 mg 2–4 h 4 mg over 15 min
50–60 1600 mg Reduce dose or infuse over 

4–6 h
3.5 mg over 15–30 min

30–50 1200 mg Reduce dose or infuse over 
4–6 h

40–49 mL/min: 3.3 mg 
30–39 mL/min: 3 mg
Over 15–30 min

10–30 800 mg 30 mg to be given over 2–4 h Not recommended
<10 Not 

recommended
30 mg to be given over 2–4 h Not recommended

Haemodialysis Not 
recommended

On renal advice only 30 mg 
to be given over 2–4 h

On renal advice only
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modeling suppression, supported by animal models and given that osteonecrosis of 
the jaw can occur with denosumab therapy [38].

The risk factors for osteonecrosis of the jaw include potency, dosage, and expo-
sure duration to bisphosphonate therapy [31]. Several studies have shown that the 
incidence of osteonecrosis of the jaw increases with longer exposure to bisphospho-
nate therapy. The median time to development of osteonecrosis of the jaw was 
shorter for intravenous administration compared to oral administration in a single 
center study; 34–54 months for intravenous versus 16 months for oral bisphospho-
nates [39]. Patients with preexisting dental disease or concomitant dental proce-
dures had significant increases in the risk of osteonecrosis of the jaw. Dental 
extraction caused an approximately nine times higher risk of osteonecrosis of the 
jaw development [38]. Alterations within the genes that affect bone turnover and 
collagen formation, and metabolic bone diseases may also predispose patients to 
osteonecrosis of the jaw [40].

As such, dental assessment prior to initiation of bisphosphonate is recommended 
in order to minimize the risk of developing osteonecrosis of the jaw. Any existing 
lesions should be addressed prior to bisphosphonate therapy, and bisphosphonates 
should be withheld for 90 days before or after any dental extraction [31]. In the 
event of osteonecrosis of the jaw developing, bisphosphonate therapy should be 
discontinued until the lesion is healed and treatment has been given as required [23].

8.4.1.7  Subtrochanteric and Other Atypical Femoral Fractures

The symptoms of atypical femoral fractures can be subtle and preceded by thigh or 
groin pain prior to diagnosis [31]. Long-term bisphosphonate use is linked to the 
development of atypical femoral fractures in approximately 93.9% of cases [41]. 
The majority of atypical femoral fractures occur at the proximal femur, with a 
minority occurring at the subtrochanteric region along the femoral shaft [42].

8.4.1.8  Duration, Frequency, and Monitoring of Therapy

Doses for bisphosphonate therapy are adjusted for renal function as described in 
Table 8.2. Zoledronic acid is not recommended in creatinine clearance rates <30 mL/
min given to the lack of available evidence. Pamidronate can be utilized in patients 
with significant renal disease, defined as having an estimated creatinine clearance of 
<30 mL/min. While expert guidelines do not currently include dosing guidelines in 
patients with a creatinine clearance of <30 mL/min, expert panels recommend that 
a reduced dose is used [43].

The American Society of Clinical Oncology (ASCO) guidelines suggest that 
bone targeted therapy continues for a period of at least 2 years, and if ceased, should 
resume upon multiple myeloma relapse with any new SREs [43]. The frequency of 
dosing is recommended to be around every 3–4 weeks with intravenous zoledronic 
acid or pamidronate, or daily for oral clodronate therapy [31]. Less frequent dosing 
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may be considered in patients with responsive or stable disease. Three-month inter-
vals of therapy may be considered in patients with inactive myeloma or on mainte-
nance therapy [3].

Renal function should be monitored before each dose of pamidronate or zole-
dronic acid, and in the event of an acute rise in creatinine, therapy should be with-
held until renal function normalizes within 10% of baseline [31]. Serum calcium 
and vitamin D levels should be reviewed intermittently during therapy and replaced 
as required. Intermittent review of albuminuria on a spot urine sample is recom-
mended every 3–6 months, and if present should lead to further evaluation with a 
24-h urine collection [43].

8.4.1.9  Future of Bisphosphonate Therapy

Bisphosphonates are the cornerstone of bone targeted therapy in MM.  Despite 
adverse effects and the development of new therapies, bisphosphonates remain the 
standard of care for MBD in all major guidelines [44]. There is ongoing research 
evaluating different dosing strategies and administration schedules of bisphospho-
nates as sole therapy and in conjunction with new bone therapies. Denosumab, a 
human MoAb against RANKL, has recently been approved by the US Food and 
Drug Administration (FDA) for the treatment of MBD and was shown to be non- 
inferior to zoledronic acid in phase III randomized controlled trial [45]. Further 
agents under investigation include anti-DKK1 MoAbs, and therapies targeting 
activin A and CCR1 [16].

8.4.2  Denosumab

8.4.2.1  Mechanism of Action

Denosumab is a fully humanized MoAb that binds RANKL, preventing RANKL 
from activating RANK on the surface of osteoclasts. This inhibits osteoclast func-
tion and osteoclastogenesis by preventing the RANK–RANKL interaction [14]. 
Denosumab mimics the endogenous effects of OPG by lowering the amount of 
RANKL and thus decreasing the osteoclastogenesis [1]. Unlike bisphosphonates, 
denosumab does not become embedded in the bone mineral matrix but binds 
RANKL in the extracellular fluid and circulation to inhibit osteoclasts formation 
[10]. Denosumab is cleared from the circulation by the reticuloendothelial system 
and has a half-life of approximately 26 days [10].
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8.4.2.2  Evidence in MBD

Denosumab has been approved by the FDA for the treatment of bone disease in 
solid organ cancers since 2010 but was not been approved for use in MBD until 
2018. The approval of denosumab for use in MBD was largely based upon the 
results of phase III randomized, controlled trial of denosumab versus zoledronic 
acid in patients with newly diagnosed MM [45]. The study recruited 1718 patients, 
with 859 patients assigned to each arm of the study. In the denosumab treatment 
arm, subcutaneous denosumab 120 mg was given along with intravenous placebo 
every 4 weeks. In the zoledronic acid treatment arm, intravenous zoledronic acid 
5 mg was given along with subcutaneous placebo every 4 weeks. The study showed 
that the median time to the first on-study SRE was similar between the denosumab 
and zoledronic acid arms (22.83 months with denosumab versus 23.98 months with 
zoledronic acid). Median progression free survival (PFS) was prolonged in the 
denosumab arm by 10.7 months compared to the zoledronic acid arm (P = 0.036). 
Prior to this landmark study, denosumab had been successfully studied in phase II 
and III trials in patients with solid organ cancer bone disease and those at high risk 
of developing bony metastatic disease, with results reporting that denosumab was 
equal to zoledronic acid in preventing or delaying SREs [16].

8.4.2.3  Adverse Events

The adverse events seen most commonly with denosumab therapy include neutro-
penia, thrombocytopenia, and anemia [45]. Renal toxicity is significantly lower in 
denosumab therapy compared with bisphosphonate therapy, and denosumab can be 
utilized in patients with poor baseline renal function without dose adjustment [46]. 
In a study of single-dose denosumab in patients with varying degrees of renal 
impairment, 15% of patients developed hypocalcemia. The severity of hypocalce-
mia appeared to relate to the severity of renal impairment, and two patients required 
hospitalization for treatment [46]. The serum nadir of hypocalcemia tends to appear 
approximately 10 days after administration of denosumab. Other associated adverse 
events include osteonecrosis of the jaw, nausea and vomiting, pneumonia, back 
pain, headache, arthralgia, and injection site reactions. Interestingly, in the phase III 
trial of denosumab versus zoledronic acid, the incidence of osteonecrosis of the jaw 
was not significantly different between denosumab and zoledronic acid arms [45].

8.4.2.4  Duration and Frequency of Therapy

Denosumab therapy is typically administered at 120 mg doses every 4 weeks sub-
cutaneously with no dose adjustments required for renal impairment [45]. The 
length of therapy in MBD is not yet established given the recency of approval for 
denosumab therapy in this area. However, given the findings of the phase III trial of 
denosumab versus zoledronic acid, it can be extrapolated that denosumab may be 
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dosed at the same length and frequency as current bisphosphonate guidelines. This 
is the area that currently needs further development as denosumab is incorporated 
into current treatment guidelines.

8.4.3  Novel Therapies

8.4.3.1  Anti-Sclerostin Antibodies

Sclerostin is a soluble Wnt antagonist produced by osteocytes, which binds to Wnt 
coreceptors LRP5/6 to inhibit the Wnt-signaling pathway during bone formation, 
leading to an increase in osteoclastogenesis via RANKL production and OPG inhi-
bition [1]. Multiple myeloma results in elevated sclerostin expression, and a recip-
rocal decrease in osteoblast markers. Sclerostin expression has been observed to be 
restricted to osteocytes, presenting a potential therapeutic target [47]. Anti-sclerostin 
therapies such as romosozumab, a humanized anti-sclerostin MoAb, have shown 
improvements in bone formation and bone mineral density in osteoporosis [1]. The 
effects of anti-sclerostin treatment on MBD currently remain unknown.

Anti-sclerostin MoAbs have been effective in mouse models and humans in pro-
moting bone formation in the context of osteoporosis [16]. Anti-sclerostin treatment 
in mice with multiple myeloma has resulted in the normalization of bone volumes 
by increasing trabecular bone volume and thickness, increased osteoblastogenesis, 
reduced osteolytic lesions, and reduced bone loss [1, 47]. These mouse models also 
demonstrated a potential link between DKK1 and sclerostin; as DKK1 appeared to 
control increases in sclerostin by inducing its release from osteoblasts [48]. 
Romosozumab has been shown to increase bone mineral density and bone forma-
tion in numerous studies, mainly in the setting of postmenopausal osteoporosis [48]. 
However, romosozumab has been shown to increase the risk of cardiovascular 
events by 2.5% [1].

Anti-sclerostin antibodies have also been shown to reduce bone marrow adipose 
tissue, which has a downstream effect of reducing signaling molecules such as adi-
pokines and fatty acids that normally promote the growth of myeloma plasma cells 
and osteolytic lesions [49]. Overall, sclerostin inhibition has been demonstrated to 
be beneficial in postmenopausal osteoporosis but there is currently a lack of evi-
dence to support its use in MM [50].

8.4.3.2  Anti-DKK1 Neutralizing Antibodies

The DKK1 protein negatively regulates the Wnt/β-catenin signaling pathway. 
DKK1 binds to LRP 5/6 receptors, causing β-catenin breakdown by the proteasome 
and reducing osteoblast differentiation [51]. DKK1 prevents the differentiation of 
stem cells into mature osteoblasts by downregulating the Wnt signaling required for 
osteoblast differentiation [11]. The undifferentiated stem cells secrete IL-6, 
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promoting the expansion of myeloma cells which further secrete DKK1 [52]. DKK1 
also causes an increase in the ratio of RANKL to OPG, increasing osteoclastogen-
esis and leading to the development of MBD [53].

DKK1 inhibition via a neutralizing antibody has been studied in murine and 
humanized MM models. Antibodies such as BHQ880 and DKN-01 aim to increase 
osteoblast differentiation and activity by DKK1 blockade and Wnt-signaling path-
way modulation [54]. In vitro studies have observed that DKK1 inhibition promotes 
osteoblast differentiation and activity and inverts the negative effects of myeloma 
cells on osteoblast differentiation. These findings were demonstrated by the 
increased trabecular thickness of bone [55]. In vivo studies have demonstrated that 
DKK1 antibodies can improve bone formation, osteoblast numbers, and decrease 
lytic lesions [4].

A phase IB trial has evaluated the combination of DKK1 antibodies and bisphos-
phonate therapy in MM patients [56]. The study demonstrated that the combination 
therapy resulted in a delay in SREs and increased bone density. The contribution of 
DKK1 inhibition to these results is unclear.

Overall, DKK1 inhibition has been shown to positively affect osteoblastogenesis 
but the effects on osteoclastogenesis are currently unclear. The utility of DKK1 
inhibition in MM at present may be limited as some myeloma patients do not show 
increased DKK1 levels, and DKK1 levels have been observed to decrease in later 
stages of the disease [57].

8.4.3.3  Activin Receptor Ligand Traps

Activin A is a cytokine that is upregulated in MM patients, especially in the setting 
of MBD. Activin A levels correlate with the severity of bone disease and disease 
stage [58]. Activin A inhibits bone mineralization by binding to the activin type 2A 
receptor, resulting in increased bone resorption and reduced bone formation [59]. 
Activin receptor ligand traps have been shown to increase markers of bone forma-
tion and decrease bone pain in MM patients [14].

A murine analog of sotatercept, a recombinant activin type 2A receptor ligand 
trap, has demonstrated dual anabolic and anti-bone resorptive effects in preclinical 
trials [60]. The safety and tolerability of sotatercept in combination with melphalan, 
prednisolone, and thalidomide have been evaluated in a phase IIA trial [60]. A total 
of 24 patients received sotatercept during the study, with three patients experiencing 
adverse events secondary to therapy. These three patients each experienced signifi-
cant hypertension, which was resolved following antihypertensive therapy or inter-
ruption of sotatercept therapy. One patient had a grade five adverse event of sudden 
death following a second dose of sotatercept. The efficacy and safety of activin A 
receptor ligand traps for the treatment of MBD currently remains unclear. Further 
studies are required to the utility of this treatment in MBD.
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8.4.3.4  Bruton’s Tyrosine Kinase (BTK) Inhibitors

BTK is expressed in many hematopoietic lineages and affects the development and 
function of B cells via B cell antigen receptor signaling pathways [16]. BTK inhibi-
tors have proven efficacy in the setting of chronic lymphocytic leukemia. BTK is 
highly expressed in patients with MM and is involved in the promotion of osteoclas-
tic bone resorption [61].

PCI-32765 (ibrutinib), a potent BTK inhibitor, has been shown to reduce osteo-
clast differentiation and bone resorption [19]. Ibrutinib has also resulted in a reduc-
tion of chemokine and cytokine secretion from osteoclasts.

Overall, BTK activation in MM facilitates osteoclast differentiation and osteo-
clastic bone resorption. BTK inhibitors such as ibrutinib appear to reduce this effect, 
and further investigations into this potential therapy for the management of MBD 
are warranted.

8.4.3.5  B Cell Activating Factor (BAFF) Neutralizing Antibodies

BAFF is a TNF superfamily member that promotes normal B cell development [62]. 
It is expressed by myeloma cells, osteoclasts, and bone marrow stromal cells, and is 
increased in MM patients and mediates survival of myeloma plasma cells in the 
bone marrow [16]. BAFF neutralizing antibodies have been tested in a mouse MM 
model [62]. Anti-BAFF treated animals showed decreased IL-6 receptor levels, sug-
gesting anti-myeloma activity. Additionally, a survival advantage and reduction in 
radiologically evident lytic lesions were observed.

A phase I study examined tabalumab, a human MoAb against BAFF, in combi-
nation with the PI bortezomib in 48 patients [28]. Twenty of 46 evaluable patients 
achieved a partial response or better following the combination treatment, showing 
some promise for BAFF neutralizing antibodies.

Although early studies have so far promising results of BAFF neutralizing anti-
bodies in both animals and humans, further studies are still required to fully assess 
the utility and impact of this therapy in MBD.

8.4.3.6  Transforming Growth Factor-β (TGF-β) Inhibitors

The TGF-β protein has been observed to result in increased tumor-induced bone 
disease, although the exact mechanism is unclear. Increased levels of TGF-β are 
released by osteoclasts in MBD [1]. The use of TGF-β inhibitor neutralizing anti-
body (1D11) in mice has been shown to improve the trabecular architecture and 
increase osteoblast differentiation in mouse MM models [63]. 1D11 in combination 
with bortezomib was shown to reduce tumor burden and bone disease, but 1D11 
alone did not reduce tumor burden.

Thrombospondin 1 (TSP1) binds to and activates TGF-β. SRI31277, a TSP1 
antagonist that acts by reducing TGF- β activation, has been tested in mice with 
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MBD [64]. SRI31277 treatment resulted in a decrease in osteoclasts and an increase 
in osteoblastogenesis. It is unclear if these benefits would be seen in humans as only 
mice with highly osteolytic lesions and the human CAG-HPSE myeloma cell line 
were studied.

8.4.3.7  Parathyroid Hormone

Parathyroid hormone has been shown to be beneficial in osteoporotic bone disease 
via anabolic pathways at intermittent lower doses. The mechanism of action is 
thought to be due to the inhibition of sclerostin which normally promotes osteoclas-
togenesis, as well as direct activity on osteoblasts to promote osteoblastogene-
sis [65].

Treatment with teriparatide therapy has been linked to the development of MM 
in several case reports [66]. Additionally, it has been shown that high parathyroid 
hormone levels could facilitate the development of myeloma cells and have been 
correlated with a reduced progression free survival [67]. Conversely, a study of 
parathyroid hormone administration in murine MM models found an increase in 
bone mineral density via upregulation of osteoblasts [68].

Overall, there is minimal evidence to support the role for, and investigation of, 
parathyroid hormone therapy in the setting of MBD.

8.4.3.8  Proteasome Inhibitors

Bortezomib is a PI which impairs osteoclastogenesis and stimulates osteoblast dif-
ferentiation, and hence actively modulating bone remodeling in MM [4]. Proteasome 
inhibitors produce an anabolic effect through the stimulation of osteoblast differen-
tiation via the reduction of sclerostin levels, and the upregulation of BMP-2 and 
transcription factor RUNX2 via inhibition of proteasomal degradation [1].

It has been demonstrated that bortezomib therapy results in a reduction of 
sclerostin levels [58]. Patients with active MM and pathologic fractures at diagnosis 
possessed very high levels of sclerostin compared to other patient groups (relapsed 
myeloma, MGUS, and a control group). Higher sclerostin levels were associated 
with reduced survival with a median survival of 27 months for those with higher 
sclerostin levels versus 98 months for other patient groups [58]. Bortezomib mono-
therapy resulted in a significant reduction of sclerostin levels by almost 50%. 
Bortezomib has been shown to have anabolic activity leading to increased bone 
formation through promoting osteoblastogenesis and increasing bone mineral 
density.

Other PIs such as carfilzomib and ixazomib have also been shown to have bone 
anabolic effects similar to bortezomib [1]. Overall, PIs have been shown to improve 
MBD, disease control, and progression. They are a promising therapeutic in the set-
ting of MBD.
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8.4.3.9  Immunomodulatory Imide Drugs

Immunomodulatory imide drugs (IMiD) such as thalidomide, lenalidomide, and 
pomalidomide have a direct inhibitory effect on MM growth, as well as exerting an 
immunomodulatory effect and inhibiting angiogenesis [4]. Immunomodulatory 
imide drugs have been shown to reduce both osteoclastogenesis and growth factors 
associated with bone destruction [16]. Lenalidomide decreases RANKL secretion 
and increases OPG in MM patients, restoring the balance of RANKL and OPG and 
resulting in reduced osteoclast differentiation and activation. By decreasing RANKL 
secretion in MM patients, lenalidomide also causes OPG to increase, restoring the 
RANKL-OPG balance and resulting in reduced osteoclast formation and activation.

It has been demonstrated that thalidomide downregulates transcriptional factor 
PU.1 [69]. Lenalidomide and pomalidomide also both downregulate PU.1 expres-
sion in osteoclast precursors, causing a net reduction in osteoclast differentiation. 
Additionally, lenalidomide causes inhibition of the osteoclast-activating factors 
APRIL and BAFF [14].

Overall, it is clear that IMiDs have numerous effects on tumor growth, growth 
factors, and signaling proteins that result in a reduction in osteoclastogenesis. 
Further studies are warranted to further examine and understand the direct impacts 
of IMiDs on MBD.

8.5  Conclusion

Myeloma bone disease can result in significant associated morbidity and mortality. 
Effective therapies to combat the development and progression of MBD are crucial 
in maintaining quality of life, reducing cost, and improving overall survival. The 
current treatments available to combat MBD are limited to bisphosphonates and 
denosumab. Given the plethora of pathways and proteins involved in MBD, the 
potential targets for therapy are numerous. Further studies of novel agents, as well 
as studies of new combinations of existing and novel therapies, are needed to better 
manage MBD, reduce morbidity and mortality, and increase the quality of life and 
survival in patients with MM.
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Chapter 9
New Targeted Therapies for Multiple 
Myeloma Under Clinical Investigation

Caroline Dix and Christian Bryant

Abstract The current landscape of multiple myeloma treatment has greatly 
improved outcomes for the majority of patients and includes proteasome inhibitors, 
immunomodulatory imide drugs, and more recently, a number of monoclonal anti-
bodies. However, there remains a proportion of patients that possess inherent resis-
tance and fail to achieve optimal responses to these treatments. To overcome this 
problem, the continued research into and development of novel therapies is needed 
with the hope of further improving outcomes for all MM patients. This chapter will 
discuss novel targeted therapies currently being evaluated for the treatment of MM 
including antibody therapies, cellular therapies, and small-molecule inhibitors.

Keywords Multiple myeloma · Novel targeted therapies · Antibody therapies · 
Checkpoint inhibitors · Small-molecule inhibitors · Cellular therapies
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IMiD Immunomodulatory imide drug
KSP Kinesin spindle protein
MAPK Mitogen-activated protein kinases
MM Multiple myeloma
MoAb Monoclonal antibody
MR Minimal response
mRNA Messenger RNA
NK Natural killer
ORR Overall response rate
PFS Progression free survival
PI Proteasome inhibitor
PR Partial response
RRMM Relapsed/refractory multiple myeloma
SINE Selective inhibitor of nuclear export
SLAMF7 Signaling lymphocytic activation molecule family member 7
TNF Tumor necrosis factor
VGPR Very good partial response
XPO1 Exportin 1

9.1  Introduction

Despite major advances in pharmacotherapy for multiple myeloma (MM), it remains 
incurable. There is a complex clonal molecular architecture present at diagnosis, 
and while current therapies control sensitive cells, there is an inevitable escape of 
cells with inherent resistance. Targeted therapies hold the promise of overcoming 
this problem and inducing deeper, more long-lasting remissions. Targeted therapies 
can be broadly divided into (1) antibody therapies, (2) cellular therapies, and (3) 
small-molecule inhibitors. While clinical testing of antibody therapies is the most 
advanced, there is considerable activity in MM in all three groups. In this chapter, 
the most promising targeted therapies for myeloma will be discussed.

9.2  Antibodies

9.2.1  Monoclonal Antibodies Directed at Plasma Cells

Monoclonal antibodies (MoAb) have revolutionized cancer therapy. While they 
have been used for a number of years in both solid organ and hematological malig-
nancies, it was not until 2015 that the first monoclonal antibodies directed at 
myeloma cells were approved by the FDA—daratumumab and elotuzumab—sig-
naling a paradigm shift in the way MM is treated. As discussed in previous chapters, 
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daratumumab, a CD38 specific MoAb, has single agent efficacy [1] and promotes 
deep remission when combined with immunomodulatory imide drugs (IMiDs) [2]. 
In addition, CD38 expression on nonmalignant immune cells such as T regulatory 
cells means daratumumab has immunoregulatory effects as well as direct antitumor 
effects [3, 4]. This is associated with increases in clonally expanded T cells, and 
absolute numbers of helper and cytotoxic T cells, suggesting daratumumab drives 
antigen-specific immunity [4]. Isatuximab is another humanized immunoglobulin G 
(IgG) antibody directed against CD38, although it targets a different epitope to dara-
tumumab [5]. It is currently being evaluated in phase I and II dose-escalation stud-
ies. A phase 1b study recently confirmed that isatuximab is active in combination 
with lenalidomide and dexamethasone in heavily pretreated relapsed/refractory 
multiple myeloma (RRMM) patients, with an overall response rate (ORR) of 52% 
and progression free survival (PFS) of 8.5 months [6].

There are other MM antigens that have been targeted with MoAbs. Elotuzumab 
is a humanized IgG MoAb targeting Signaling Lymphocytic Activation Molecular 
family member 7 (SLAMF7), a surface glycoprotein that is expressed on both nor-
mal plasma cells and myeloma cells. CD138 is another interesting target as it is 
specific to plasma cells [7]. Indatuximab ravtansine is an antibody-drug conjugate 
comprising a CD138 chimerized antibody and the maytansinoid DM4 as the cyto-
toxic agent. It binds to the CD138 on cancer cells and releases the DM4 after inter-
nalization, resulting in cell death [8]. Indatuximab ravtansine has been evaluated as 
both single agent and in combination with lenalidomide or pomalidomide and dexa-
methasone for heavily pretreated RRMM. In a study reported in 2016, with a patient 
group having received between one and six prior therapies, the ORR of those treated 
with the lenalidomide/indatuximab combination was 77% and the median duration 
of response 21 months, compared to an ORR of 79% in the pomalidomide/indatux-
imab combination group where the duration of response was not reached [9]. 
Treatment was well tolerated with >90% of adverse events being Common 
Terminology Criteria for Adverse Events (CTCAE) grade 1 or 2.

Other antibody-drug conjugates have also been developed and are currently in 
preclinical or early clinical trial stages. By targeting specific molecules on the sur-
face of the neoplastic cells, the cytotoxic agent is delivered locally and at higher 
levels than could be achieved otherwise, without the systemic toxicity associated 
with traditional chemotherapy. A study evaluating amanitin as the drug (an RNA 
polymerase II and III inhibitor) and B cell maturation antigen (BCMA) as the anti-
body target (“Hdp-101”) found it to have cytotoxic effects ex vivo and was safe in 
monkey models [10]. The first human trials of this antibody-drug conjugate are 
expected in 2018. BCMA is a member of the Tumor Necrosis Factor (TNF) receptor 
superfamily and is expressed on B cells predominantly in the interfollicular region 
of germinal centers and on differentiated plasma cells and plasmablasts [7]. High 
levels of messenger RNA (mRNA) have been found in the plasma cells of all MM 
patients [11].

A phase I study of a BCMA-monomethyl auristatin-F conjugate (“GSK2857916”) 
in 38 patients with heavily pretreated RRMM and with limited therapeutic options 
demonstrated an ORR of 60%, with 51% obtaining greater than very good partial 
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response (VGPR) [12]. The safety profile was manageable. The results of this study 
are remarkable given that more than half the recruited patients had received at least 
5 or more prior lines of therapy, 97% were refractory to proteasome inhibitors (PI), 
91% were refractory to IMiDs and almost 40% were refractory to both PIs and 
IMiDs [12].

9.2.2  Bispecific Antibodies

Bispecific T cell engager (BiTe) antibodies direct a specific autologous immune 
response to MM. They are formed from single fragment chain variable components 
(i.e., the antigen-binding domain) with specificity for two antigens, joined by a 
linker domain [13]. They generally bind the target antigen on the tumor cell to 
CD3  in the T cell receptor complex, leading to activation of T cells in a tumor- 
specific fashion [14, 15]. This has proven highly effective in acute lymphoblastic 
leukemia when directed at the pan-B cell antigen CD19, with Blinotumumab induc-
ing 43% complete response (CR) rates in poor prognosis relapsed patients [16].

Preclinical data supports the potential utility of bispecific antibodies in 
MM. BCMA is particularly appealing as it is highly restricted to, and is expressed 
by all malignant plasma cells [17]. BCMA and CD3-specific bispecific antibodies 
kill MM cell lines and increase survival in xenograft models [18]. Antibody thera-
peutics have the great advantage of being highly modifiable, for example, using a 
high Fc affinity immunoglobulin G1 (IgG1) region induced greater activation of 
natural killer (NK) and T cells, and enhanced MM cell killing [19].

BiTe antibodies for MM are currently in clinical development, with some having 
reached phase I dose-escalation studies. A BiTe targeting BCMA and CD3 (BI 
836909) has been shown to induce selective lysis of BCMA-positive myeloma cells 
in both ex vivo assays, mouse and primate studies [20]. EM801, another such BiTe, 
has been shown to induce myeloma cell death by autologous T cells in ex vivo bone 
marrow samples, including in high-risk patients with multiple lines of previous 
treatment [21]. BiTes targeting other surface antigens, including Fc receptor-like 
protein 5 (FcRH5, a B cell lineage marker overexpressed on myeloma cells), and 
CD38 have undergone preclinical testing and show great promise [21, 22]. Currently, 
numerous Phase I clinical trials are underway or are being set up (NCT03269136, 
NCT02514239).

9.2.3  Checkpoint Inhibitor

Antibodies blocking immune checkpoints have demonstrated marked efficacy in 
malignancies such as melanoma [23] and Hodgkin’s lymphoma [24]. They work by 
blocking signaling molecules (e.g., CTLA4, PD1, 41BB) which act as brakes on 
existing natural autologous antitumor immunity [25]. The PD-1/PD-L1 axis is of 
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particular interest as the expression of PD-1 is high in MM, T, and NK cells [26, 27], 
and the expression of PD-L1 is high on MM cells [26]. Furthermore, PD-1 blockade 
improved anti-MM T cell responses in vitro to a DC-tumor fusion vaccine [27].

The PD-1 inhibitor Nivolumab had little single agent efficacy in heavily treated 
MM patients [28, 29], with the best result being a 63% rate of stable disease with a 
median PFS of only 10 weeks [28]. However, the combination of pembrolizumab, 
another PD-1 inhibitor, with IMiDs has produced more impressive results [30–32]. 
Pembrolizumab combined with lenalidomide resulted in an overall response rate of 
76% in heavily pretreated patients, 75% of which were refractory to lenalidomide 
[32]. Pembrolizumab combed with pomalidomide is also potent, with an ORR of 
60% in patients with a median of three prior lines of therapy, with 40% of these 
patients having high-risk MM factors [31]. It is difficult to assess the additive effect 
of the checkpoint inhibitor to pomalidomide in this phase II study; however, the 
response rate is higher than the response rate to pomalidomide and low dose dexa-
methasone in patients with a median of five prior lines of therapy (35% ORR in 
IFM2009-02) [33], and in patients with a median of three prior lines (34% ORR in 
MM-03) [34]. More impressively, the PFS with pembrolizumab and pomalidomide 
was 17.4  months at a median follow-up of 15.6  months. There were ongoing 
decreases in patients’ paraproteins after many months of treatment and patients who 
did not have deep responses did not progress for long periods. This is strikingly dif-
ferent from the experience with pomalidomide and dexamethasone where progres-
sion is more likely when only a partial response (PR) is achieved [35]. This indicates 
that the link between the kinetics and depth and durability of responses of PD-1 
inhibition are fundamentally different when combined with an immunotherapeutic. 
However, the FDA placed a clinical hold on all IMiD and pembrolizumab combina-
tion trials in July 2017 stating that it had “determined that the data available … indi-
cate that the risks of Keytruda plus pomalidomide or lenalidomide outweigh any 
potential benefit for patients with multiple myeloma.” There has been no further 
detailed public explanation of the safety concerns, but it would seem for now that 
this approach will not be pursued.

9.2.4  Cellular Therapies

9.2.4.1  Chimeric Antigen Receptor T Cells

The ability of the cytotoxic T cell to eliminate tumor cells has been recently show-
cased by the remarkable success of chimeric antigen receptor (CAR) T cells [36]. 
CAR T cells are autologous T cells, modified with retroviruses to express constructs, 
which have antigen-specific binding domains of antibodies in their extracellular 
domains, and signaling components of the T cell receptor and costimulatory recep-
tors in their intracellular domains.

This renders these T cells specific to the antigen of choice and avoids the need 
for interactions with antigen presenting cells and the normal limitations of affinity 
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maturation. Infusion of these cells induces the recognition and killing of MM cells 
by T cells.

CAR T cells have been produced against a number of antigens for MM. Although 
CD19 is known to be largely negative on MM cells, a CD19 CAR T cell product 
generated a clear response in one patient with MM following autologous stem cell 
transplantation who was previously refractory to nine lines of therapy [37]. This 
success stimulated considerable interest and was attributed to a potential CD19 
positive MM precursor cell [38]. However, when this was tested in a larger cohort 
there were no striking responses [39].

CAR T cells recognizing the more myeloma-restricted antigen BCMA have also 
shown activity in preclinical testing [17]. Subsequently, numerous early phase clini-
cal trials have been conducted. The most impressive results have been seen in a 
2017 study of 19 patients with RRMM [40]. The median follow-up was 208 days. 
Of 7 patients followed up for longer than 6 months, 6 were in minimal residual 
disease negative CR, and of 12 patients followed up for less than 6 months, all 12 
were in near CR or VGPR with progressively dropping paraproteins, suggesting that 
they would reach CR [40]. These promising results came at the cost of prevalent 
cytokine release syndrome (CRS), with 10 of 19 patients having CTCAE Grade 1–3 
CRS, and one death resulting from CRS. These results were so impressive that the 
word “cure” has been used, but clearly clinical assessment is required, and a multi-
national study is planned.

A separate phase I study of BCMA CAR T cells in MM has also been conducted 
[41]. The study treated a total of 21 RRMM patients who were very heavily pre-
treated with a median of seven prior lines of therapy, in three separate cohorts. 
Although follow-up was short, there appeared to be more limited efficacy. The first 
cohort utilized a higher CAR T cell dose (1-5 × 108 cells) but no lymphodepleting 
chemotherapy (1.5 g/m2 cyclophosphamide given to other cohorts). In this cohort, 6 
of 9 patients responded with 1 stringent CR ongoing at 21 months, 2 VGPR, 1 PR, 
and 2 minimal response (MR). Only 2 of 5 patients responded in the second cohort 
with lymphodepletion but a lower CAR T cell dose (1-5  ×  107 cells). The third 
cohort combined the higher cell dose with lymphodepletion and had too little fol-
low- up to make comment. Notably, toxicity was high in the first cohort, with 
CTCAE Grade 3–4 CRS in 4 of 9 patients and fatal neurotoxicity in 2 of 9 patients.

A third study has also presented early data of BMCA CAR T cells in MM [42]. 
Very heavily pretreated patients who had received a median of seven prior lines 
were treated BMCA CAR T cells in a dose-escalation design. While CTCAE Grade 
1–2 CRS was prevalent (71%), there was little grade 3 CRS (2 of 18 patients). The 
ORR was 89% and responses were seen in 100% of patients that received the high-
est CAR T cell dose (1.5 × 108 cells) [42]. At presentation, 10 of 18 patients achieved 
CR, and at 52 weeks, five patients had remained progression free for 1 year, with the 
longest duration of response at 58 weeks.
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9.2.4.2  DC Vaccination

It is difficult to assess the place of dendritic cell (DC) vaccination in MM given the 
early successes seen with CAR T cells. However, it is still worth noting the consid-
erable amount of work that has gone into the development of DC vaccination for 
MM.  Dendritic cells are professional antigen presenting cells with the ability to 
generate new immune responses, in particular T cell responses [43]. Their use as a 
therapeutic requires extracting them from the patient (as monocytes or preformed 
blood DCs), activating them in vitro, exposing them to some form of tumor antigen, 
then readministering them to traffic to lymph nodes to stimulate T cells. There is a 
sound rationale for performing this process ex vivo, as this avoids the tumor micro-
environment which renders the DC nonfunctional [44–47].

Dendritic cell vaccination has been assessed by multiple groups in MM, and 
definitive clinical efficacy has so far been difficult to demonstrate. The first substan-
tial trial suggested a survival advantage with a blood-derived DC vaccine of 
5.3 years versus 3.4 years seen with a historical control cohort; however, this may 
not be a fair comparator [48]. A monocyte-derived DC vaccine produced by fusing 
cells with tumor cells using polyethylene glycol was tested as a consolidation strat-
egy after autologous transplantation [49]. The study reported that paraprotein 
responses deepened in 24% of patients, with conversion of some PRs to CRs during 
the vaccination schedule [49]. However, paraprotein levels continue to drop in 39% 
of patients in the 3 months after autograft [50], so the improvement in responses 
may not be completely attributable to the vaccine. It is worth remembering that with 
Sipeleucel T, the only DC vaccine to receive FDA approval [51], 512 patients with 
castrate-resistant prostate cancer were enrolled in a randomized trial design, and 
while there was no change in PFS, there was a significant increase in OS 
(2–3 months). Therefore, immunological control may still significantly prolong sur-
vival despite difficulties in detecting it by conventional measures of disease burden. 
This puts extra emphasis on immunological biomarkers to detect the vaccine’s 
effect and reinforces the need to perform randomized studies with OS as a primary 
endpoint. In fact, numerous clinical trials of DC vaccination in MM have demon-
strated disease stability along with convincing T cell responses [52–54], potentially 
representing a meaningful clinical effect. At present, a combination of checkpoint 
inhibitors and DC vaccination is being assessed in a clinical trial (NCT01067287). 
This is a rational way forward, as the specificity of a DC vaccine may pair well with 
checkpoint inhibitors, avoiding the autoimmunity seen with checkpoint inhibitors 
combined with IMiDs.
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9.2.5  Small-Molecule Inhibitors

9.2.5.1  Targeting Specific Subsets of Patients

Venetoclax for Patients with Chromosomal Translocation t(11;14)

Venetoclax is an oral small-molecule inhibitor of BCL-2 that has shown some 
promising results both as monotherapy and in combination with conventional anti- 
myeloma therapy in RRMM. BCL-2 is a protein expressed in many malignant cells; 
it has the ability to block apoptosis, in particular when cells are exposed to chemo-
therapeutic agents, and has been shown to mediate the survival of myeloma cells 
[55, 56]. Specific genetic subtypes of MM cells are particularly sensitive to veneto-
clax, including those with the t(11;14) chromosomal translocation, which have a 
high ratio of BCL-2 to MCL1 [56].

A phase I study of venetoclax monotherapy for 36 patients with RRMM, 26 of 
whom had had prior autologous stem cell transplant, revealed a tolerable safety 
profile, with better responses and a longer time on venetoclax for t(11;14) patients 
[56]. A 2017 study of venetoclax monotherapy again confirmed anti-myeloma 
activity and improved responses in those with the t(11;14) abnormality [57]. This 
study treated 66 patients who had received a median of five prior therapies, 61% of 
whom were bortezomib and lenalidomide double refractory, and 46% of whom pos-
sessed the t(11;14) abnormality. The ORR was 21% and 15% of patients achieved a 
VGPR or better. In those with t(11;14), the ORR was 40% and 27% of these patients 
achieved VGPR or better [57].

The combination of venetoclax, bortezomib, and dexamethasone has greater 
potency, with bortezomib inhibiting MCL-1 indirectly through the stabilization of 
MCL-1 neutralizing protein NOXA [58], while dexamethasone increases the 
expression of the pro-apoptotic molecule BIM which binds to BCL-2 [59]. 
Subsequently, a Phase Ib study has been completed in patients with a median of 3 
prior lines of therapy, demonstrating acceptable toxicity (29% of patients develop-
ing grade 3 or 4 thrombocytopenia) and an ORR of 67% with a median time to 
progression of 9.5 months. Notably, 73% of patients were not refractory to bortezo-
mib, and this subgroup achieved at least a VGPR [60].

Patients with BRAF V600E Mutation

Targeting intracellular proteins that influence the regulation of the cell cycle has 
been an area of interest in cancer therapy, particularly in the solid malignancy set-
ting. The MAPK (mitogen-activated protein kinases) pathway, also known as the 
Ras-Raf-Mek-Erk pathway, regulates diverse cellular programs by relaying extra-
cellular signals to intracellular processes [61]. One of the major programs it regu-
lates is cellular proliferation, and mutations in any of the steps of the pathway can 
result in malignancy. The role of this pathway in the pathogenesis of MM is 
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fundamental to its clinical targeting. Both BRAF and MEK have been examined in 
the MM setting.

BRAF V600E mutations in MM have been investigated, but no clinical implica-
tions of the mutation have been found. This mutation activates the MAPK signaling 
pathway, resulting in the growth and survival of tumor cells. The incidence of the 
mutation in MM has been reported to be between 4 and 10% [62]. A case report, 
consisting of only seven patients, found the BRAF V600E mutation conferred 
shorter OS and higher prevalence of extramedullary disease [63]. However, a study 
in 2014 found the mutation in 6.2% of 209 patient biopsies and reported discordant 
results—with no evidence of a prognostic role or clinical phenotype for this muta-
tion in early MM [64]. A small trial enrolling patients with the BRAF V600E muta-
tion using vemurafenib in RRMM found a clinical benefit in 71%, with one patient 
having a PR and four having stable disease [65]. More work is clearly needed in this 
area to establish firstly whether the BRAF mutation has any clinical implications in 
MM and secondly whether targeting it will produce any definite clinical benefit. A 
well-known issue with BRAF inhibitors, identified in the melanoma setting, is that 
they can result in paradoxical activation of the MAPK pathway, requiring MAPK 
(MEK) inhibitors (see next section below) [66].

Potential MEK Inhibition

MEK1 and MEK2, similar to BRAF, are involved in the MAPK pathway, and play 
similar roles in cellular proliferation and apoptosis [67]. Although MEK1/2 have 
rarely mutated themselves, upstream mutations may result in MEK being constitu-
tively activated, which in turn activates downstream signals, leading to altered tran-
scription and cellular proliferation; thus MEK inhibitors can halt this cascade and 
lead to cell cycle arrest [68].

Approximately 50% of multiple myeloma patients have NRAS and KRAS muta-
tions leading to the activation of the MAPK pathway via MEK [69]. MEK inhibitors 
such as trametinib have been used in RRMM, with response rates between 30 and 
50%, albeit not in a formal clinical trial setting [66]. An assessment of the impor-
tance of RAS mutation status in sensitivity to MEK inhibitors found that those with 
the RAS mutation were sensitive to MEK inhibitors, while those with RAS wild 
type were resistant [69]. Furthermore, if there is coexpression of the t(14;16) chro-
mosomal translocation which leads to MAF overexpression, patients are resistant to 
MEK inhibitors. In a very small study evaluating a combined RAF/MEK inhibitor 
as monotherapy in a range of patients with KRAS, NRAS, or BRAF mutated 
tumors, one included patient with MM achieved a PR [70].
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9.2.5.2  Patients with Overexpressed FGFR3

FGFR3 (fibroblast growth factor receptor 3) is a glycoprotein belonging to the tyro-
sine kinase receptor family, and its activation leads to the activation of several key 
pathways implicated in neoplastic signaling, including the MAPK pathway [71]. 
Germline mutations in FGFR3 have long been known to lead to congenital anoma-
lies such as achondroplasia [72]. It has only been recently that somatic FGFR3 
mutations have been discovered, particularly in bladder cancer and endometrial 
cancer, and the discovery of its oncogenic role [71].

Approximately 10–20% of MM patients have the t(4;14)(p16.3;q32.2) transloca-
tion, which results in overexpression of FGFR3 and has an adverse prognosis [73]. 
Preclinical studies suggest FGFR3 inhibitors can induce cytotoxic responses in cells 
harboring a t(4;14) translocation, as well as a synergistic response with dexametha-
sone and additive response with melphalan or bortezomib [74]. Unfortunately, the 
Phase I/II clinical trial (NCT00304590) with the FGFR3 inhibitor XL999 has been 
discontinued because of unexpected cardiac toxicity.

9.2.5.3  Targeting Inherent Weaknesses in MM

SINE Compounds

Selective inhibitor of Nuclear Export (SINE) compounds are a family of small- 
molecule drugs that inhibit exportin 1 (XPO1)-mediated nuclear export, resulting in 
the retention of important tumor suppressor proteins in the nucleus, such as p53, 
FOXO, pRB, and IκB and ultimately leading to cancer cell death [75]. XPO1 is 
overexpressed in a wide variety of cancers including multiple myeloma and often 
correlates with a poor prognosis [76].

Selinexor is an oral SINE compound currently undergoing clinical trials in 
patients with both hematological and solid malignancies. In a study of 28 heavily 
pretreated RRMM patients, the combination of selinexor and dexamethasone 
resulted in an ORR of 60%, with 10% of patients achieving CR and 50% achieving 
PR. Patients given selinexor without dexamethasone had significantly worse out-
comes [76]. These trials were initially halted due to incomplete safety documenta-
tion but have now resumed.

Selinexor has been evaluated in combination with a variety of IMiDs, PIs, 
MoAbs, and traditional chemotherapeutic agents, and there have been attempts to 
exploit synergism between agents with different mechanisms of action. An early- 
phase trial of selinexor with lenalidomide and low dose dexamethasone in 18 
patients, found better results in lenalidomide naïve patients, with an ORR of 91%. 
Thrombocytopenia was the most common side effect without major organ toxicity 
[77]. Pomalidomide and dexamethasone alone in the R/R myeloma setting had an 
ORR of 30% and PFS of 3.6  months; when combined with selinexor the ORR 
improved to 54% without any additive toxicity [78].
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Selinexor has also now been combined with bortezomib and dexamethasone in 
patients with RRMM.  Selinexor was able to restore sensitivity to bortezomib in 
those that were previously PI-resistant [79]. Selinexor has demonstrated excellent 
activity when combined with bortezomib and dexamethasone in RRMM, with an 
ORR of 83% in PI-naïve patients, and an ORR of 42% in PI-refractory patients, 
both with lower rates of peripheral neuropathy than bortezomib alone [79]. A phase 
Ib study has assessed the combination of selinexor and daratumumab in patients 
previously exposed to PIs and IMiDs and reported responses without significant 
safety issues [80]. Combining selinexor with liposomal doxorubicin was shown to 
have no clinical benefit over selinexor alone [81].

Second-generation SINE compounds have also been developed, including elt-
anexor which, in phase I studies, has been shown to be safe and has anti-myeloma 
activity [82].

Bromodomain Inhibitors

The bromodomain and extraterminal (BET) family regulate and activate gene tran-
scription by binding to acetylated lysine residues on histones, and thus play a key 
role as epigenetic regulators [83]. Bromodomain proteins are involved in tumori-
genesis, regulating the expression of certain oncogenes, including those involved in 
cellular proliferation and apoptosis [84]. Small-molecule inhibitors of BET proteins 
have been investigated in both solid organ and hematologic malignancies and have 
shown some promise. They have been shown to have potent anti-myeloma activity 
in preclinical studies [85].

A next-generation bromodomain inhibitor, which causes degradation rather than 
just inhibition of BET bromodomains, has shown promising results ex vivo, encour-
aging its development as a myeloma therapy [86]. BET inhibitors have also been 
shown in myeloma cell lines to improve response when combined with lenalido-
mide and dexamethasone, even in cases with previous suboptimal prior response to 
IMiDs [87]. Phase Ib trials of BET inhibitors are currently underway.

Kinesin Spindle Protein Inhibitors

The kinesin spindle protein (KSP) is a member of the kinesin superfamily of 
microtubule- based motors and plays a crucial role in mediating centrosome separa-
tion and assembling bipolar spindles during mitosis [88]. Inhibition of the KSP 
leads to cell cycle arrest and reduction in the MCL-1 protein [89], which is an anti- 
apoptotic factor in MM cells.

Filanesib, a KSP inhibitor, has demonstrated promising clinical activity both as 
a single agent and when combined with dexamethasone in RRMM, with an ORR of 
16% response rate (greater than partial response) in heavily pretreated patients who 
had no other therapeutic options [90]. A Phase II study of filanesib plus carfilzomib, 
in carfilzomib-naïve patients who had received at least two prior lines of therapy and 
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were refractory to their last therapy, showed that the addition of filanesib increased 
the median PFS to 8.5 months versus 3.7 months for carfilzomib alone. The ORR of 
filanesib and carfilzomib was 30% versus 10% for carfilzomib alone [91]. Clinical 
trials are continuing to establish the efficacy of filanesib in combination with other 
standard-of-care anti-myeloma agents, including pomalidomide, in heavily pre-
treated RRMM patients.

9.3  Conclusion and Perspectives

While the armamentarium of targeted agents is growing, none are likely to be highly 
effective as single agents (outside of perhaps CAR T cells). This poses challenges 
around the clinical testing of optimal combinations. Adding new agents to current 
standard-of-care regimens is feasible, for example, the addition of daratumumab to 
a novel agent backbone, as clinical trials with randomization to the additional agents 
are ethical and practical. However, it becomes more difficult to assess the efficacy 
of multiple new agents in combination. The “pick a winner design” used in acute 
myeloid leukemia may accelerate this process [92].

There are also challenges in assessing combinations of antibodies, cellular thera-
pies, and small-molecule inhibitors, all with differing response kinetics and mecha-
nisms of disease control. It is possible to assess the effects of small-molecule 
inhibitor in a subset of “sensitive” patients with a defined molecular abnormality, 
but it is not as simple as immune therapies. Responses may not only be determined 
by tumor characteristics therefore conventional pre-therapy prognostic factors 
(including tumor karyotype, gene expression, clinical prognostic factors, etc.) may 
no longer predict responses, requiring an appreciation of complex immunological 
factors. Incorporating thorough assessments of immune biomarkers into clinical tri-
als will be essential to direct these therapies to those who are most likely to respond.

While we may demonstrate that a new agent provides a progression free survival 
benefit of a few months in heavily pretreated patients, the cost and toxicity of these 
agents are significant, and funding bodies will increasingly ask whether the efforts 
put into these new agents are justifiable. Specific combinations of effective agents, 
directed to those likely to respond, at suitable points in their disease, may provide 
more meaningful benefits to patients.
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