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1. Introduction

Multiple myeloma (MM), the second most common hematologic malignancy (HM), is a malig-
nant B-cell neoplasm that is characterized by clonal expansion of plasma cells in the bone mar-
row (BM) with subsequent production of monoclonal immunoglobulins [1–8]. The disease has 
several complications including anemia; renal dysfunction or failure; bone involvement includ-
ing osteopenia, lytic lesions, and pathological fractures; hypercalcemia; immunodeficiency; 
and various infectious complications [1, 4, 5, 7–12]. The incidence of MM has increased since 
the year 1990 with the largest increase in resource-poor countries [13]. MM is a heterogeneous 
disease even in its etiology, and there are several risk factors for the disease that include old 
age; obesity; ionizing radiation; exposure to solvents and pesticides; agricultural occupations; 
autoimmune disorders such as pernicious anemia and ankylosing spondylitis; monoclonal 
gammopathy of undetermined significance; and familial predisposition [14–18]. One hallmark 
of MM is the presence of heterogeneous chromosomal aberrations and numerous genetic 
mutations that not only can help in risk stratifying the disease but also can affect management 
and prognosis to a large extent [7, 8, 19]. Recently, MM is stratified according to stage of the 
disease, plasma cell labeling index, cytogenetics, and gene expression profiling [20–22].

Over the past two decades, the outcomes of patients with MM have improved substantially 
even in patients with relapsed or refractory (RR) disease [1–4, 23–28]. The remarkable improve-
ment in the outcome of MM is due to the following reasons: (1) the evolution of advanced 
technology that facilitated understanding biology of the disease and helped in the diagnosis, 
risk stratification, and follow-up of patients; (2) the introduction of several novel therapies, 
monoclonal antibodies, and immunotherapies; (3) the widespread utilization of high-dose 
(HD) chemotherapy followed by autologous stem cell transplantation (HSCT); (4) the recent 
improvements in supportive care and antimicrobial therapies; and (5) the evolution of new 
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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therapeutic strategies such as consolidation and maintenance treatments as well as total or con-
tinuous therapy [1–5, 24–29]. Currently, the following novel therapies are available for patients 
with MM: (1) immunomodulatory agents such as thalidomide, lenalidomide, and pomalido-
mide; (2) proteasome inhibitors such as bortezomib, carfilzomib, and ixazomib; (3) monoclonal 
antibodies such as daratumumab and elotuzumab; and (4) histone deacetylase inhibitors such 
as panobinostat and vorinostat [1–5, 26–29]. Other novel therapeutic options that are available 
for patients with RR-MM include chimeric antigen receptor T cells as well as other cellular and 
immunotherapies such as the use of specific antigen-presenting cells to overcome immune 
incompetence and engineered T cells as well as natural killer cell products [30–32].

Several studies and meta-analyses have shown that the most beneficial induction therapies 
in terms of overall response rate, overall survival (OS), and progression-free survival (PFS) 
in transplant-eligible patients with newly diagnosed MM are (1) bortezomib, lenalidomide, 
and dexamethasone (VRD), (2) bortezomib, cyclophosphamide, and dexamethasone, and  
(3) bortezomib, thalidomide, and dexamethasone [1, 33–35]. However, the standard induction 
therapy in patients with newly diagnosed MM is the VRD triplet regimen [4, 8]. Also, autolo-
gous HSCT is the standard of care for transplant eligible patients either upfront or at relapse 
[4, 8, 27]. Therefore, HD chemotherapy followed by autologous HSCT, which is an integral 
part in the treatment of the disease, is considered the standard of care for patients with MM 
who are eligible for HSCT [36–39]. With the recent advances in supportive care, autologous 
HSCT has been extended to include older patients with MM and those with comorbid medi-
cal conditions such as renal failure (RF) [37, 38]. Nevertheless, autologous HSCT and novel 
therapies are complementary to each other in the management of patients with MM [37, 40].

Studies have shown that post-HSCT consolidation and maintenance treatments can further 
improve the outcome of patients with MM [8, 27, 41]. In particular, the use of either proteasome 
inhibitors such as bortezomib or immunomodulatory drugs such as lenalidomide in the mainte-
nance therapy is associated with increased OS and PFS [42–46]. However, for transplant-eligible 
patients, stratified maintenance therapy based on risk features and depth of response is recom-
mended [47]. Monitoring disease response at various stages of treatment is essential, and studies 
have shown that monitoring of minimal residual disease (MRD) is associated with longer PFS 
and OS [48, 49]. Patients with high-risk (HR) cytogenetics require not only specific induction 
therapies but also autologous HSCT as well as consolidation and maintenance therapies [50, 51]. 
For such patients, deeper responses should be obtained as several studies and meta-analyses 
have shown that MRD negativity is a strong predictor of clinical outcome and is associated with 
long-term survival [49, 52, 53].

The numerous treatment modalities that are available for patients with MM have shown their 
efficacy, but they have their own adverse effects that include BM suppression and infectious 
complications that may be life-threatening [9, 10, 54].

Also, there is very limited access to effective care in many countries particularly in sub-Saharan 
Africa. Additionally, the available novel therapies are rather expensive, and the economic bur-
den of the disease is huge [13, 14, 55–57].

Progression of MM is related to the underlying BM microenvironment and to the genetic hetero-
geneity of the disease [7, 19]. Studies have shown that the main causes of death in patients with 
MM are infections, comorbid medical conditions such as RF, having RR disease, and the presence 
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of HR features such as adverse cytogenetics or advanced stage of the disease at presentation 
[54, 58, 59]. The second-line treatment for patients with RR-MM is rather heterogeneous [60]. 
Different novel therapeutic agents that are usually given in various combinations are currently 
available for the treatment of patients with RR disease [61, 62]. However, in the setting of RR 
disease, treatment options become more complex, but the aim should be to provide the patient 
with specific drug combination so as to gain clinical benefit while minimizing drug toxicity [63]. 
Additionally, studies have shown clinical benefit for continued therapy. However, improved 
outcome is paralleled by certain barriers such as drug toxicity and evolution of drug resistance 
[64, 65].

Current treatment standards for patients with RR-MM include (1) salvage therapy using a com-
bination of novel agents, (2) salvage autologous HSCT, (3) allogeneic HSCT in highly selected 
patients with RR-MM, and (4) post-HSCT consolidation and maintenance therapies [39, 66–68]. 
The available novel drug combinations that have been shown to be effective in RR disease 
include (1) daratumumab, lenalidomide, and dexamethasone, (2) daratumumab, bortezomib, 
and dexamethasone, (3) carfilzomib-based combinations with panobinostat or elotuzumab, 
and (4) pomalidomide-based combinations with carfilzomib or dexamethasone [24, 66, 69–72]. 
However, the choice of therapeutic regimen should take disease-related factors and patient-
related factors into consideration [62, 63, 73].

Life expectancy in patients with MM has recently increased due to the availability of large num-
bers of novel agent with different mechanisms of action against the disease [3, 24, 27, 74]. For 
example, in the year 2015, five new novel agents were approved for the treatment of RR-MM 
[24]. Unfortunately, despite the progress achieved in the diagnostics and therapeutics including 
the plethora of new novel agents and despite the remarkable improvements in supportive care 
and stem cell therapies, the disease remains mostly incurable as patients usually experience 
disease relapse after enjoying a certain period of disease control [1, 3–5, 24, 28, 74, 75].

Hopefully, the following will optimize antimyeloma management in the near future: (1) bet-
ter understanding of the biology of the disease, (2) characterization of genetic and molecular 
basis of the disease, (3) incorporation of risk stratification in the management of newly diag-
nosed MM patients, (4) availability of several novel agents as well as monoclonal antibodies 
and effective management of their adverse effects, (5) availability of safer autologous HSCT, 
(6) improvement of supportive care and management of comorbid medical conditions, and 
(7) designing new novel therapies to restore autologous antimyeloma immunity and to target 
protein degradation as well as aberrant biology [4, 65, 76–78]. Finally, it is essential to reduce 
the costs of the novel therapies so that patients with low income can afford them and make 
benefit from utilizing them particularly in the setting of RR-MM [13, 79–81].
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Abstract

Multiple myeloma is a heterogeneous hematological malignancy in which epidemiol-
ogy plays an increasingly important role. In recent years, an unprecedented intensive 
research, including both clinical and molecular epidemiology, has deepened the knowl-
edge about its pathogenesis, risk factors, and prognostic factors, leading also to the 
approval of new drugs. Although the etiology remains largely unknown, among the con-
firmed risk factors, only obesity and the exposure to certain carcinogens are potentially 
preventable. Familial myeloma and occupational myeloma are topics of great interest. 
Most population-based cancer registries show a stable incidence or only a slight trend to 
increase. The diagnostic delay should be avoided as much as possible. Mortality rates, 
including early mortality, are progressively decreasing, although infection remains the 
leading cause of mortality. The outcome in terms of overall survival and health-related 
quality of life has remarkably improved, joining the group of potentially curable malig-
nancies. Nowadays the clinical scenario is challenging. Clinical and epidemiological vari-
ables of interest should be standardized in clinical records. Patients should be included 
in a population-based registry network. The clinical coordination of a multidisciplinary 
team in a specialized unit is needed in order to maximize the outcome of every patient.

Keywords: multiple myeloma, epidemiology, population-based registry, incidence, 
risk factors, survival

1. Introduction

Multiple myeloma (MM) is a complex and heterogeneous disease [1–3], with variable survival. 
MM is a malignancy of terminally differentiated clonal plasma cells (PC) which are primarily 
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Multiple myeloma is a heterogeneous hematological malignancy in which epidemiol-
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research, including both clinical and molecular epidemiology, has deepened the knowl-
edge about its pathogenesis, risk factors, and prognostic factors, leading also to the 
approval of new drugs. Although the etiology remains largely unknown, among the con-
firmed risk factors, only obesity and the exposure to certain carcinogens are potentially 
preventable. Familial myeloma and occupational myeloma are topics of great interest. 
Most population-based cancer registries show a stable incidence or only a slight trend to 
increase. The diagnostic delay should be avoided as much as possible. Mortality rates, 
including early mortality, are progressively decreasing, although infection remains the 
leading cause of mortality. The outcome in terms of overall survival and health-related 
quality of life has remarkably improved, joining the group of potentially curable malig-
nancies. Nowadays the clinical scenario is challenging. Clinical and epidemiological vari-
ables of interest should be standardized in clinical records. Patients should be included 
in a population-based registry network. The clinical coordination of a multidisciplinary 
team in a specialized unit is needed in order to maximize the outcome of every patient.
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1. Introduction

Multiple myeloma (MM) is a complex and heterogeneous disease [1–3], with variable survival. 
MM is a malignancy of terminally differentiated clonal plasma cells (PC) which are primarily 
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localized in the bone marrow. In most cases, these PC are able to secrete a monoclonal immu-
noglobulin (Ig) protein (M protein) in the serum and/or urine. About 15–20% of MM patients 
secrete monoclonal light chains (LC) only, without expression of the normal Ig heavy chain, 
which constitutes LCMM [4], a subtype of MM-associated to poor outcome [5, 6]. True non-
secretory MM represents only about 3% [7, 8].

The current definition of MM is based on the demonstration of 10% or more clonal bone mar-
row PC (or a biopsy-proven plasmacytoma) and one or more of the so-called myeloma defining 
events (MDE), including those events that evidence end-organ damage such as hypercalcemia, 
renal insufficiency, anemia, or osteolytic bone lesions (CRAB), or the presence of a biomarker 
of malignancy such as 60% or more clonal PC, 100 or more involved/uninvolved serum free 
light chain ratio (i/u FLCr), or more than one focal lesion on MRI.

Most patients with newly-diagnosed MM (NDMM) are preceded by a precursor disease (PD) [9, 
10]. The most frequent PD is the monoclonal gammopathy of undetermined significance (MGUS), 
which is defined by a low M protein level (<30 g/L in serum or <500 mg/24-hour in urine), <10% 
of clonal bone marrow PC, and absence of CRAB or amyloidosis. Smoldering MM (SMM) is an 
asymptomatic plasma cell disorder. It is an intermediate entity between MGUS and MM, char-
acterized by both the absence of MDE or amyloidosis, and a certain level of M protein (Ig G or 
A ≥ 30 g/L in serum or ≥500 mg in 24-hour urine) and/or 10–60% clonal bone marrow PC. The 
risk of progression to MM of MGUS and SMM is about 1 and 10% per year, respectively [11, 12].

The outcome of patients with NDMM in terms of overall survival (OS) is highly variable 
according to the type of study, selection criteria and calendar period. The real improvement 
in OS over time can be shown using population-based registries in which all incident cases are 
included with standardized rules and thorough follow-up [13–15]. Several well-established 
or emergent prognostic factors in relation to the disease, the host, the stage and the response 
to therapy are involved. However, the current risk stratification systems [16–20] cannot accu-
rately predict the outcome in a particular patient.

Multilevel heterogeneity is a common denominator of MM. The epidemiological background 
[21, 22], the clinical presentation [23, 24], the genetic instability [25, 26] as well as clonal evolu-
tion [27, 28], and finally, the response to therapy [29, 30], are the most relevant levels of het-
erogeneity. All of them have a well-known impact on the outcome. Epidemiology is probably 
the first level of heterogeneity and its knowledge is key to understand MM outcome. Herein, 
an updated perspective on the epidemiology of MM will be highlighted.

2. Epidemiology of multiple myeloma

2.1. Incidence of multiple myeloma

MM incidence within a geographically determined population can be established by means of 
population-based cancer registries. The main goal of these registries is the identification of all 
incident cases of NDMM diagnosed among the residents of a defined geographical area [31]. 
The International Agency for Research on Cancer and the International Association of Cancer 
Registries provides high-quality statistics on the incidence of cancer from population-based 
registries around the world [32].
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The incidence of MM is generally higher in more-developed countries. The estimated NDMM 
incident cases in the United States throughout 2017 is 30,280 (17,490 men and 12,790 women), 
representing 1.8% of all new cancer, with an incidence rate (per 100,000 inhabitants and age-
standardized to the 2000 United States standard population) of 8 and 5.2 respectively, and a 
male/female ratio of 1.5 [33]. Similar or slightly lower age-standardized incidence rates can 
be found in European countries [31, 34–38]. Conversely, in Asian countries, the incidence is 
particularly low [39, 40]. There is a marked racial disparity in the incidence of MGUS and 
MM, with a two to threefold increased risk in blacks compared with whites, after adjusting for 
socioeconomic and other risk factors, suggesting a genetic predisposition [41].

Most population-based cancer registries show a stable or slightly increasing MM incidence 
over the last decades. In some registries, an improvement in case ascertainment may be the 
reason for the slight increase trend in the incidence. Based on data from the Surveillance, 
Epidemiology, and End Results Program [42] approximately 0.8% of the population will be 
diagnosed with MM at some point during their lifetime. On the other hand, as expected, the 
prevalence of MM has increased due to progressive improvement in OS.

2.2. Risk factors

MM is a multifactorial disease with a wide variety of risk factors including both environ-
mental and genetic. Despite the growing interest in the field, the etiology of MM is poorly 
understood. However, many risk factors have been implicated, with variable levels of evi-
dence [43, 44]. Herein, the main risk factors will be reviewed. Interestingly, some of these 
variables such as age, sex, race, and others, have a double behavior, as risk and prognostic fac-
tors. Remarkably, only two risk factors are potentially preventable. On the one hand, obesity 
is an increasingly common comorbidity. On the other hand, the exposition to certain chemical 
products, such as some herbicides, has been also demonstrated to be associated with the risk 
of developing MM.

2.2.1. Precursor disease

MM has a multistep pathogenesis [2, 45]. All MM patients are virtually preceded by a 
PD. Several PD can progress to MM, such as MGUS [46], SMM [12] or solitary plasmacytoma 
[47]. Despite the fact that MGUS is considered the main risk factor for MM, only few MM 
patients have a prior knowledge of MGUS at the time of the diagnosis of MM. Remarkably, in 
a Swedish nationwide study of 14,798 patients with MM, only 2.7% had previously diagnosed 
as having MGUS, but this subgroup showed significantly better OS [48]. Moreover, in the 
Granada (south of Spain) population-based cancer registry, all MM with any type of previ-
ously documented PD had a better outcome and this trend was maintained over the past three 
decades and it was not associated to diagnostic delay [49].

2.2.2. Age

The incidence of cancer in general and hematologic malignancies increases with age. The median 
age of MM at diagnosis is about 70 years [14, 38]. 72% of patients included in the Swedish Multiple 
Myeloma Registry were 65 years or older [38]. The median relative survival was 7.7 years for 
patients 65 years or younger, in comparison with 3.4 years for those with 66 years or older.
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registries around the world [32].
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Several studies [50–54] have demonstrated that the advanced age is predictive of shorter 
OS. Aging is associated with a decrease in the tolerability to treatment, a higher rate of drug 
discontinuation due to adverse events and lower cumulative delivered-dose. All these cir-
cumstances may have an impact on the outcome. Survival in older adults with MM is also 
improving, but to a lesser extent than in young patients [14, 55].

Age, along with renal failure and certain comorbidities, is associated with early mortality 
[56, 57]. The number of comorbidities increases with aging, and this may be one of the rea-
sons why elderly people with MM have a poor outcome.

2.2.3. Sex

Most but not all registries show a higher incidence of MM in men. Moreover, in several stud-
ies, men have a trend to poorer survival in relation to women [14, 54, 58, 59] although in most 
cases this is not statistically significant.

2.2.4. Race

The prognostic impact of race in OS is controversial. Racial disparities in outcomes may be 
related with biologic factors, individual factors, health behaviors, and structural barriers [60]. 
In a large study from the Surveillance, Epidemiology, and End Results (SEER), with more than 
40,000 patients, the differences in OS between patients in the white and black race did not reach 
statistically significant differences [61]. A recent study from the Mayo Clinic did not found any 
survival difference by race but it showed considerable variability in MM therapeutics utilization 
with seeming inequity for racial-ethnic minorities [62]. A comprehensive study analyzing ethni-
cally defined NDMM has shown molecular differences between African and European descent 
cases [63]. If this fact could have a clinical impact remains to be determined. Overall, the current 
evidence seems to confirm the conclusion of old studies pointing out that race is not a significant 
prognostic factor in MM, whereas the socioeconomic status may influence survival [64].

2.2.5. Socioeconomic status

In recent years, the socioeconomic status has been suggested to be a confusing variable in order to 
analyze more deeply the association between race and survival. However, there was not strong 
evidence until recently. Fiala et al. [65] showed that low socioeconomic status was independently 
associated with poorer OS in 562 patients at the Washington University School of Medicine, and 
this was confirmed in a large cohort of 45,505 patients from the SEER. The most likely hypothesis 
for this is that this subgroup of patients delay seeking medical attention and thus are farther 
advanced at presentation. Costa et al. [66] also studied a cohort of 10,161 patients from SEER 
highlighting the strong impact of social determinants of health, such as marital status (other than 
married), insurance status, and income. In this study, income and education were reported at the 
county level, not at the individual level. An important limitation of both studies is that comor-
bidities are not registered in the SEER database and therefore, its influence could not be explored.

Accordingly, all variables affecting outcomes, including sociodemographic factors, should 
be taken into account in order to make rigorous comparisons between different therapeutic 
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approaches. A widening gap among socioeconomic status groups have been shown in the last 
two decades [67]. In this increasingly complex therapeutic scenario, it is imperative to focus 
on subgroups that may remain disadvantaged [68].

2.2.6. Familial MM

Family history is a well-defined risk factor for cancer. The demonstration of MM in two or 
more members of the same family is a rare occurrence. However, several reports during the 
past three decades [69–73] have analyzed the pattern of aggregation and pointed out a puta-
tive autosomal dominant mode of genetic transmission, reporting an excess familial risk for 
MM of about 2- to 4-fold and supporting a role for germline susceptibility genes, shared envi-
ronmental influences, or an interaction of both. A variation in the presence of defining clini-
cal features in MM patients according to family history of hematologic malignancy has been 
described [74, 75]. MM showed an association with breast and prostate cancer, and colorectal 
cancer families, suggesting that MM shares genetic susceptibility with many cancers [76].

2.2.7. Occupational MM

To facilitate international comparisons of occupational statistics, the definitions of all groups 
of occupations should be standardized [77]. The risk of MM has been associated with several 
manufacturing occupations and industries [78], such as machine operators and tenders, tex-
tile, food and beverage preparation, bakers and pastry cooks [79], printing and cleaning [80], 
hairdressers [81], and others. A meta-analysis including 5 cohort studies and 13 case–control 
studies on occupational exposure to dichloromethane, a widespread used solvent, showed an 
excess risk of MM [82].

Agriculture plays an important economic role in both developed and developing countries. 
There is a growing body of evidence about the association between farming and the risk of MM 
[83–85]. Despite methodological issues in some studies, the exposure to potential or confirmed 
carcinogens such as herbicides and pesticides commonly used by agricultural workers have 
been pointed out as key determinants of the cancer risk observed in agricultural populations. 
Some studies found a different pattern of risk according to sex [86] or even in female spouses 
of pesticide applicators [87]. Glyphosate is the most commonly used herbicide in the world 
and recent meta-analysis points out a marginally significant positive association with MM [88].

2.2.8. Obesity

Obesity is one of the biggest problems in public health throughout the world. According to 
the WHO definition, obese individuals have a body mass index of 30 Kg/m2 or higher [89]. A 
causal link between obesity and cancer has been shown. About 20% of cancers are obesity-
related, even 40% including overweight [90].

About 32% of NDMM patients are obese [14] Four meta-analysis have shown a positive 
association between obesity and MM risk [91–94]. The impact of obesity on the number of 
obesity-attributable NDMM cases was estimated to be 1.3 as relative risk and about 10% as 
population attributable risk [95]. On the other hand, the association of obesity with higher 
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Obesity is one of the biggest problems in public health throughout the world. According to 
the WHO definition, obese individuals have a body mass index of 30 Kg/m2 or higher [89]. A 
causal link between obesity and cancer has been shown. About 20% of cancers are obesity-
related, even 40% including overweight [90].
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all-cause mortality is consistent [96], although the role of obesity as prognostic factor in MM 
is controversial. However, evidence suggests that obesity could have a negative impact on 
MM outcome [97].

2.2.9. Type 2 diabetes

Obesity and type 2 diabetes share close ties [98]. Approximately one fifth of NDMM have type 
2 diabetes. The association between type 2 diabetes and MM has been evaluated in one meta-
analysis [99] showing a trend toward significantly increased odds of MM in patients with type 
2 diabetes. Moreover, some genetic variants may influence the risk of developing MM [100]. 
There is increasing evidence regarding the role of type 2 diabetes as an independent prognostic 
factor in MM at both clinical and genomic level [101, 102].

2.2.10. Alcohol

Alcohol consumption is a major cause of disease and death worldwide. More than 5% of the 
total number of cancer cases are alcohol-attributable [103]. However, the role of alcohol intake 
in the MM risk is unclear. Interestingly several studies, including two meta-analyses, have 
shown a protective effect in terms of MM risk [104–107].

2.2.11. Smoking

Smoking is not considered a risk factor for MM [108, 109]. Surprisingly, a recent study shows 
a potential interaction between certain single nucleotide polymorphisms and smoking associ-
ated with increase MM risk [110].

2.2.12. Diet

The current evidence about this topic is not strong due to the inherent difficulties and char-
acteristics of the studies. Notwithstanding, some issues can be highlighted. A high consump-
tion of fish is inversely associated with MM risk [111]. The consumption of green tea seems 
to have a protective effect in some [43] but not all studies [112]. Combined fruit and vegetable 
consumption has been associated with decreased non-Hodgkin lymphoma risk but it did not 
reach statistical significance for MM [113]. Remarkably, a diet-induced obesity promotes an 
MM-like condition [114]. Despite the potentially important role of diet and nutrition in cancer 
prevention, the current evidence is inconsistent [115].

2.2.13. Physical activity

The literature surrounding MM and physical activity are very limited [116]. Leisure-time 
physical activity was associated with lower risks of many cancer types, including MM [117, 
118]. The effectiveness of participation in exercise programs remains unclear for patients 
with MM [119].
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2.2.14. Other risk factors

Little evidence supports the infection with hepatitis B and C viruses [120, 121], environmental 
factors [122], or the use of drugs [123], as risk factors for MM.

Besides obesity and type 2 diabetes, other conditions such as autoimmune diseases [124], thy-
roid disease [125], or inflammatory disorders [126], may increase the MM risk.

Autoimmune diseases constitute a heterogeneous group of disorders, which jointly affect 
5–10% of the population. In relation to the potential association of autoimmune diseases and 
MM, an individualized approach must be implemented. A significant increase in MM inci-
dence after ankylosing spondylitis and systemic sclerosis was showed [124]. A few cases of 
immune thrombocytopenia purpura associated with MM at the time of MM diagnosis have 
been reported [127]. In a Swedish cohort study, a significant increase of MM was demonstrated 
in women previously diagnosed with pernicious anemia [128]. A history of the autoimmune 
disease has been recently associated with impaired OS in MM and MGUS [129].

Host-related immunodeficiency is known to play a role in the development of MM [130]. 
More than 8% of NDMM have a prior or synchronous malignancy [14]. MM is associated 
with many other malignancies, including colorectal, breast and prostate cancers, non-thyroid 
endocrine tumors, leukemia and cancer of unknown primary [76]. The prognosis of patients 
with a second or third cancer is inferior [131]. Sometimes, NDMM and other hematological 
neoplasm such as myelodysplastic syndrome are diagnosed at the same time in the same 
patient [132]. Increased life expectancy has led to renewed concerns about the long-term risk 
of second primary malignancies [133].

2.3. Survival

OS remains the key end-point in both clinical trials and real-life patients. Survival in MM is 
highly variable and depends on prognostic factors, which can be categorized into four groups: 
host-related, disease-related, staging and therapy. Among host-related factors, comorbidity 
plays an important role. However, the analysis of prognostic factors is beyond the aim of this 
chapter. Notwithstanding, it must be emphasized that many of the above-mentioned risk fac-
tors can also behave as prognostic factors, as is the case of age. In this regard, less than 3% of 
patients with MM are younger than 40 years, showing similar clinical features to the whole MM 
population, except for a higher proportion of LCMM [134]. On the other hand, renal impair-
ment is a common presenting complication of MM with a negative impact on the outcome; 
despite this, there has been a major improvement in OS in these patients, although the risk of 
early death remains high [135]. Moreover, the size and type of institution where the patients 
are treated may have an impact on the outcome in some studies [38, 136, 137]. OS has continu-
ously improved over the past decades due to better supportive care and advances in therapy. 
Population-based studies are needed to accurately estimate OS in real-life patients [14, 35, 38]. 
An important gap exists between the outcome of these patients and those included in clinical 
trials, which have to fulfill specific selection criteria. Although some patients can achieve deep 
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all-cause mortality is consistent [96], although the role of obesity as prognostic factor in MM 
is controversial. However, evidence suggests that obesity could have a negative impact on 
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2 diabetes. The association between type 2 diabetes and MM has been evaluated in one meta-
analysis [99] showing a trend toward significantly increased odds of MM in patients with type 
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ated with increase MM risk [110].
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The current evidence about this topic is not strong due to the inherent difficulties and char-
acteristics of the studies. Notwithstanding, some issues can be highlighted. A high consump-
tion of fish is inversely associated with MM risk [111]. The consumption of green tea seems 
to have a protective effect in some [43] but not all studies [112]. Combined fruit and vegetable 
consumption has been associated with decreased non-Hodgkin lymphoma risk but it did not 
reach statistical significance for MM [113]. Remarkably, a diet-induced obesity promotes an 
MM-like condition [114]. Despite the potentially important role of diet and nutrition in cancer 
prevention, the current evidence is inconsistent [115].

2.2.13. Physical activity

The literature surrounding MM and physical activity are very limited [116]. Leisure-time 
physical activity was associated with lower risks of many cancer types, including MM [117, 
118]. The effectiveness of participation in exercise programs remains unclear for patients 
with MM [119].
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factors [122], or the use of drugs [123], as risk factors for MM.

Besides obesity and type 2 diabetes, other conditions such as autoimmune diseases [124], thy-
roid disease [125], or inflammatory disorders [126], may increase the MM risk.

Autoimmune diseases constitute a heterogeneous group of disorders, which jointly affect 
5–10% of the population. In relation to the potential association of autoimmune diseases and 
MM, an individualized approach must be implemented. A significant increase in MM inci-
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been reported [127]. In a Swedish cohort study, a significant increase of MM was demonstrated 
in women previously diagnosed with pernicious anemia [128]. A history of the autoimmune 
disease has been recently associated with impaired OS in MM and MGUS [129].

Host-related immunodeficiency is known to play a role in the development of MM [130]. 
More than 8% of NDMM have a prior or synchronous malignancy [14]. MM is associated 
with many other malignancies, including colorectal, breast and prostate cancers, non-thyroid 
endocrine tumors, leukemia and cancer of unknown primary [76]. The prognosis of patients 
with a second or third cancer is inferior [131]. Sometimes, NDMM and other hematological 
neoplasm such as myelodysplastic syndrome are diagnosed at the same time in the same 
patient [132]. Increased life expectancy has led to renewed concerns about the long-term risk 
of second primary malignancies [133].

2.3. Survival

OS remains the key end-point in both clinical trials and real-life patients. Survival in MM is 
highly variable and depends on prognostic factors, which can be categorized into four groups: 
host-related, disease-related, staging and therapy. Among host-related factors, comorbidity 
plays an important role. However, the analysis of prognostic factors is beyond the aim of this 
chapter. Notwithstanding, it must be emphasized that many of the above-mentioned risk fac-
tors can also behave as prognostic factors, as is the case of age. In this regard, less than 3% of 
patients with MM are younger than 40 years, showing similar clinical features to the whole MM 
population, except for a higher proportion of LCMM [134]. On the other hand, renal impair-
ment is a common presenting complication of MM with a negative impact on the outcome; 
despite this, there has been a major improvement in OS in these patients, although the risk of 
early death remains high [135]. Moreover, the size and type of institution where the patients 
are treated may have an impact on the outcome in some studies [38, 136, 137]. OS has continu-
ously improved over the past decades due to better supportive care and advances in therapy. 
Population-based studies are needed to accurately estimate OS in real-life patients [14, 35, 38]. 
An important gap exists between the outcome of these patients and those included in clinical 
trials, which have to fulfill specific selection criteria. Although some patients can achieve deep 
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responses and become long-term survivors, being some of them cured, the goal of curing MM 
in a significant proportion of patients is still far away. In the current scenario, getting and main-
taining a minimal residual disease has become the primary objective of therapy before cure 
[29]. In the meantime, the importance of improving quality of life should be pointed out [138].

2.4. Mortality

Based on data from the SEER Program [42], MM is the fourteenth leading cause of cancer 
death in the United States. The number of deaths was 3.3 per 100,000 men and women per year 
(age-adjusted rates), based on 2010–2014 deaths.

Comorbidity has also an impact on mortality, in particular, early mortality [57]. Infection 
remains as the first cause of death in most studies, frequently associated with aging, renal 
failure, and relapse. Therefore, every effort to avoid serious infection should be taken into 
account. In this regard, prophylactic antibiotics [139] and vaccines are key measures.

2.5. Prevention

Little is known about effective measures to avoid the development of MM. Early treatment of 
asymptomatic patients with high-risk SMM or even high-risk MGUS, now only in the context 
of clinical trials, may prevent the appearance of MM, increasing the probability of cure [140].

Currently, the potentially preventable risk factors for MM are obesity and the exposure to 
MM-related carcinogens, particularly in the context of farming. Efforts should be made to 
fight globally and effectively against these risk factors.

On the other hand, the prevention of treatment-related adverse events is a matter of concern 
[141].

3. Conclusions

• MM is a very complex and heterogeneous disease. Heterogeneity is largely responsible for 
the great variability in the outcome of patients and can be stratified in several levels. Epide-
miology should be considered the first level of heterogeneity. Therefore, the knowledge of 
the epidemiological background should be taken into account in both real-life and clinical tri-
als settings to accurately assess the outcome, allowing a precise comparison between studies.

• MM epidemiology is an exciting research topic. In the era of precision and personalized 
medicine, both clinical and molecular epidemiology should be integrated as a mandatory 
step in the optimized workup of every patient.

• MM is a multistep malignancy. Virtually all patients with NDMM had a previous pre-
cursor disease. However, the proportion of NDMM patients with a previously known 
precursor disease is remarkably small. Both MGUS and SMM have also a heterogeneous 
pattern of risk progression. Early treatment in high-risk SMM is expected to increase the 
rate of cure.

Update on Multiple Myeloma20

• MM is a multifactorial condition. Many risk factors are involved with variable levels of 
evidence. The meta-analysis is located at the top of the pyramid of evidence, having largely 
contributed to highlight the role of potential or plausible risk factors.

• MM is a rapidly changing field. In the last decade, the pathogenesis, diagnosis, prognosis, 
and treatment of MM have dramatically changed. The knowledge of the epidemiological 
perspective can help to better understand current and future challenges, leading to an op-
timized MM care.
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Abstract

Multiple myeloma (MM) is a malignancy of plasma cells that not only shows different
clinical behavior but also depicts heterogeneous groups at molecular level. The prognosis
of the disease has been dramatically changed with the arrival of new drugs in the past few
years. In this context of better therapeutic agents, there are important challenges for
accurate evaluation of patients by better prognostic and predictive tools. Transcriptomic
studies have largely added to decipher MM heterogeneity, dividing MM patients into
different subgroups according to prognosis. Micro-arrays and more recently RNA sequen-
cing have helped in evaluating coding and non-coding genes, mutations, unique trans-
criptome convertors and different splicing events giving new information concerning
biology, outcome and treatment options. Initial data from gene expression profiling stud-
ies have also pointed out genes that predict prognosis, i.e., CSK1-B, and can deliver phar-
macogenomics and biologic vision into the pathophysiology, targeted treatment, and
future direction. Importantly, we suggest that all prospective studies and clinical trials
now accept genetic testing and risk stratification of MM patients. In this review, we
discuss the part and effect of gene expression profiling in myeloma.

Keywords: multiple myeloma, monoclonal gammopathy of undetermined significance,
smoldering multiple myeloma, gene expression profile

1. Background

In literature, multiple myeloma accounts 1% of all malignancies and almost 10% of all hema-
tologic malignancies [1, 2]. Every year more than 20,000 new patients are diagnosed in the
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United States [3]. The age-adjusted annual incidence in the United States has lingered similar
for years at almost 4 per 100,000 [4]. Multiple myeloma is marginally more commonly reported
in men than in women, and is twofold as common in African-Americans as compared with
Caucasians [5]. At time of diagnosis of this disease, the median age is about 65 years [6].

2. Approach for diagnosis

The diagnosis of multiple myeloma requires the presence of one or more myeloma defining
events (MDE) in addition to evidence of either 10% or more clonal plasma cells on bone
marrow examination or a biopsy-proven plasmacytoma [7–12]. MDE consists of established
CRAB (hypercalcemia, renal failure, anemia, or lytic bone lesions) features as well as three
specific biomarkers: clonal bone marrow plasma cells ≥60%, serum free light chain (FLC) ratio
≥100 (provided involved FLC level is ≥100 mg/L), and more than one focal lesion on magnetic
resonance imaging (MRI). Each of the new biomarkers is associated with an approximately
80% risk of progression to symptomatic end-organ damage in two or more independent
studies. The updated criteria represent a paradigm shift since they allow early diagnosis and
initiation of therapy before end-organ damage [13–16]. The rate of progression is influenced by
the underlying cytogenetic type of disease; patients with t(4;14) translocation, del(17p), and
gain(1q) are at a higher risk of progression from SMM to multiple myeloma [17–19].

When multiple myeloma is suspected clinically, patients should be tested for the presence of
M proteins using a combination of tests that should include a serum protein electrophoresis
(SPEP), serum immunofixation (SIFE), and the serum free light chain (FLC) assay [20]. App-
roximately 2% of patients with multiple myeloma have true non-secretory disease and have no
evidence of an M protein on any of the above studies [6]. Bone marrow studies at the time of
initial diagnosis should include fluorescent in situ hybridization (FISH) probes designed to
detect t(11;14), t(4;14), t(14;16), t(6;14), t(14;20), trisomies, and del(17p) [21]. Conventional
karyotyping to detect hypodiploidy and deletion 13 has value, but if FISH studies are done,
additional value in initial risk-stratification is limited. Gene expression profiling (GEP) if
available can provide additional prognostic value [22].

3. Molecular classification

Although multiple myeloma is still thought to be a single disease, it is in reality comprises of
collection of variable cytogenetically distinct plasma cell malignancies [23–30]. On fluorescent
in situ hybridization (FISH) studies of the bone marrow, approximately 40% of multiple
myeloma cells have trisomies (trisomic multiple myeloma), while remaining have transloca-
tion involving the immunoglobulin heavy chain (IgH) locus present on chromosome 14q32
(IgH translocated multiple myeloma) [31–34]. In small subset of patients both trisomies and
IgH translocations are found simultaneously. Trisomies and IgH translocations are primary
cytogenetic abnormalities and observed at the time of establishment of MGUS. In addition,
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secondary cytogenetic abnormalities developed during the disease course of multiple mye-
loma, including gain(1q), del(1p), del(17p), del [13], RAS mutations, and secondary transloca-
tions of MYC. Both primary and secondary cytogenetic abnormalities can influence disease
progression, response to treatment, and overall prognosis [30].

4. Prognostication

The median survival of this disease is approximately 6–7 years; especially ASCT (Autologous
stem cell transplant) eligible patients 4 year survival rates exceed 80%. However, behavior
ofmalignancies is unpredictable, prognosis depends on patient characteristics such as age,
co-morbids as well as disease characteristics such as disease stage, biology (cytogenetic abnor-
malities), and response to therapy [35, 36] Stage, i.e., tumor burden in multiple myeloma, is
being evaluated by using the Durie-Salmon Staging (DSS) and the International Staging
System (ISS) [37–39]. Disease biology best assessed by molecular abnormalities of multiple
myeloma and the presence or absence of secondary cytogenetic abnormalities such as del(17p),
gain(1q), or del(1p) [21, 29]. In literature, it is emphasized that the interpretation and impact of
cytogenetic abnormalities are different according to the disease phase [30]. The recent staging
system, Revised International Staging System (RISS) combines stage and disease biology
(presence of high risk cytogenetic abnormalities or elevated lactate dehydrogenase level) to
better define not only prognosis but guide treatment options [40].

It is important to note that in order to ensure constant availability, only three widely available
cytogenetic markers are used in the RISS. Patients with standard risk multiple myeloma have a
median overall survival (OS) of >7 years while those with high risk disease have a median OS of
approximately 3 years despite tandem autologous stem cell transplantation (ASCT) [41, 42]. In
addition to cytogenetic risk factors, two other markers that are related with rapid disease pro-
gression are elevated serum lactate dehydrogenase and plasma leukemic cells in circulation [43].

5. Pathways involved in multiple myeloma

5.1. PI3K/MEK/ERK pathways in myeloma

The phosphatidylinositol 3-kinases (PI3Ks) are a group of intracellular enzymes that phos-
phorylate the 3-OH group at the inositol ring of phosphatidylinositol leads to activation of
PI3K/AKT signaling pathway that is responsible for chemoresistance [44]. PI3K signaling is
inhibited by Phosphatase and tensin homolog (PTEN) and activated by insulin like growth
factor 1 (IGF-1) and interleukin-6 (IL-6) But there is no FDA approved PI3K inhibitors for MM
[44]. Inhibition of this pathway alone is not showing meaningful clinical responses in studies.
MEK/ERK pathway is co-functioning with the PI3K/AKT [45]. Both pathways decrease apo-
ptosis [45]. Resistance to treatment develops secondary to cross talk between pathways [45].
Therefore, targeting both pathways together may be an effective therapeutic strategy and has
been proved in certain cancers, i.e., in melanoma and renal cell carcinoma [45].
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5.2. Ras/MAPK pathway in myeloma

Ras protein family (H, K and N-Ras) send downstream signals that attracts growth-factor-
receptor bound protein 2 (Grp2) and sons of Seven less (SOS) [46]. The grp2/SOS combination
then converts Ras to active form by changing GTP to GdP [46]. Activated Ras recruits Raf to the
cell membrane by phosphorylation [46]. This process is antagonized by GTPase-activating pro-
teins, which promote GTP hydrolysis and the formation of inactive Ras-GDP complexes [46].

Mitogen-activated protein kinases (MAPKs) are a family of expressed kinases that convey cell
surface signals into the cell. MAPK pathways are activated via a phosphorylation cascade [47].
The most proximal kinase in these pathways, the MAPK kinase kinase (MAPKKK or MAP3k),
engaged by extracellular signals, phosphorylates a dual specificity MAPK kinase (MAPKK or
MAP2K), which in turn phosphorylates and actives the distil effector MAPK [47].

The Ras/MAPK pathway consists of the Ras proteins, a family of small G-coupled molecules, the
Raf kinases (MAP3K), the MAP2K kinases (MEK1 and MEK2) and ERK1 and ERK2 [47]. The
Ras/MAPK network is frequently deregulated in malignancy and causes uncontrolled cellular
proliferation and resistance to drug [47]. MEK is present at a junction of the Ras/MAPK pathway
[47]. Amplification of Ras/MAPK pathway leads to the aggressive tumor characteristics [45]. In
MM, certain translocation points the overall prognosis. The t(4;14) translocation overexpresses
fibroblast growth factor receptor 3 overexpression that activates the Ras/MAPK pathway that
subsequently leads to decreased apoptosis [45]. Incidence of activating Ras mutations is between
32 and 50% in MM (K-Ras and N-Ras), are also deregulate this pathway [46]. Novel agent
RO5126766 showed activity in RAS- and RAF-mutated malignancies (lung and gynecological
cancers) [48]. It also showed partial response in myeloma patient in Maxime Chenard-Poirier
study [48].

5.3. Bruton’s tyrosine kinase (BTK)

Bruton’s tyrosine kinase (BTK) belongs to Tec family of tyrosine kinases [49]. The Tec family
comprises of BTK, BMX, ITK, TEC, and RLK. BTK is the most commonly studied member of
the Tec family and is present in different stages of B cells [49]. But this protein is absent in T
lymphocytes and normal plasma cells [50]. On B cells and myeloma cells BTK controls signal
pathways including PI3K, PLCγ, and PKC in multiple myeloma [49]. These pathways play
important functions in cell propagation, expansion, delineation and survival [49]. BTK attract
MM cells toward stromal cell-derived factor-1 (SDF-1) which is present at high levels in the BM
[49]. BTK expression is correlated with SDF-1 receptor CXCR4 in myeloma cells [51]. BTK
inhibition leads to the inhibition of anti-apoptotic proteins Bcl-xL, survivin and FLIPL and
stimulates caspase-controlled apoptotic death within the myeloma cells [52]. One of the BTK
inhibitor, ibrutinib, inhibits MM cell growth, osteoclasts or mesenchymal stem cells growth
in vitro [53]. As a single agent, BTK inhibitor CC-292 did not show anti-myeloma activity
in vitro but reveals negative impact on osteoclasts function. Interestingly, high levels of BTK
have been reported as a poor prognostic marker in MM patients [52]. Therefore, we need
targeting agents against this protein (BTK) to not only control microenvironment but also
malignant plasma cells [54].
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5.4. HSP70

Pathways, like HSP70, ubiquitin-proteasome and unfolded protein response (UPR) and auto-
phagy pathways help neoplastic cells to adjust according to stress that is produced by immu-
noglobulin overload in the endoplasmic reticulum (ER) [55]. Heat shock protein 70 is one of
the pathways that increase survival of myeloma cells by inhibiting gh APAF-1 and caspase 9
[55]. HSP expression is activated by heat and other stressors, i.e., radiation and chemotherapy
exposure [56]. HSP70 family comprises of 13 proteins. Proteins of this family are: HSPA1A and
HSPA1B (called together as HSP70 or HSP72), HSPA5 (BIP), HSPA8 (HSC70), and HSPA9 [55].
Hsp proteins consist of an N-terminal ATPase domain, a C-terminal domain, and a middle
portion. After binding of ATP, Hsp undergoes a conformational change [57]. The middle
segment is binding site for protein kinase PKB/Akt and is implicated as the main site for client
protein interactions [58].

Recent studies reveal that tumor cells with high levels of HSP70 have beneficial effect of
proteasome inhibitors [55]. This protein represents a possible target to establish a new approach
for multiple myeloma treatment [55]. HSF1 knockdown sensitizes myeloma cells to bortezomib
treatment [55]. Bustany et al. study strongly suggests that HSF1(HSP) inhibitors might be
promising agents in combination with bortezomib-based therapeutic protocols to treat MM
patients with adverse prognosis or in relapse [59]. Bustany et al. study, strongly suggest that
HSF1(HSP) inhibitors might be promising agents in combination with bortezomib-based thera-
peutic protocols to treat MM patients with adverse prognosis or in relapse [60].

5.5. MicroRNAs (miRNAs)

MicroRNAs (miRNAs) are a group of 18–24 nucleotides, non-coding RNA molecules. Mature
one attaches to 30’UTR non translated site and control gene expression by translation modifi-
cation or mRNA degradation [61]. They have substantial impact on post-transcriptional nega-
tive regulation of oncogenes (e.g. MYC, MDM2) and tumor suppressor genes (e.g. TP53,
PTEN) [62]. miR-145 is tumor suppressor miRNA in MM, miR-145 mimics inhibited p-AKT
and p-PI3K, impairing proliferation and survival of MM cells [63]. Until now, around 700
miRNAs have been revealed in humans. Each miRNA can target at least 200 genes [64].
Anderson et al. identified a MM-specific miRNAs print that is evident by degradation of
miRNAs -15a/-16 and over expression of miRNAs -222/-221/-382/-181a/-181b [64]. They also
reported that these miRNAs control proliferation and growth of MM cells by inhibiting AKT
serine/threonine protein-kinase (AKT3), ribosomal-protein-S6, MAP-kinases, and NF-_B-acti-
vator MAP3KIP3. Furthermore these miRNAs exerted their activity even on bone marrow
microenvironment [64]. One of the poor prognostic cytogenetics in myeloma is deletion of
chromosome 13 that has been associated with overexpression, of miRNA-17_92 cluster
(located on chromosome 13) in these patients [80]. In another study, miRNA-15 and -16, were
down-regulated in MM patients having ch13 deletion [63].

The miRNA analysis showed contrary relationship between five assumed target genes
(RAD54L, CCNA2, CYSLTR2, RASGRF2 and HKDC1) [61]. Anti-MM effects are also linked
with miR-137 and miR-197. Studies showed that miR-34 and miR-125a inhibitors upregulates
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5.2. Ras/MAPK pathway in myeloma
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MM, certain translocation points the overall prognosis. The t(4;14) translocation overexpresses
fibroblast growth factor receptor 3 overexpression that activates the Ras/MAPK pathway that
subsequently leads to decreased apoptosis [45]. Incidence of activating Ras mutations is between
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important functions in cell propagation, expansion, delineation and survival [49]. BTK attract
MM cells toward stromal cell-derived factor-1 (SDF-1) which is present at high levels in the BM
[49]. BTK expression is correlated with SDF-1 receptor CXCR4 in myeloma cells [51]. BTK
inhibition leads to the inhibition of anti-apoptotic proteins Bcl-xL, survivin and FLIPL and
stimulates caspase-controlled apoptotic death within the myeloma cells [52]. One of the BTK
inhibitor, ibrutinib, inhibits MM cell growth, osteoclasts or mesenchymal stem cells growth
in vitro [53]. As a single agent, BTK inhibitor CC-292 did not show anti-myeloma activity
in vitro but reveals negative impact on osteoclasts function. Interestingly, high levels of BTK
have been reported as a poor prognostic marker in MM patients [52]. Therefore, we need
targeting agents against this protein (BTK) to not only control microenvironment but also
malignant plasma cells [54].
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p53 related miR-192 and -194 and inhibits oncogenesis and migration while enhance apoptosis
[63]. miR-202 is down-regulated in bone marrow microenvironment and treatment with miR-
202 mimics to inhibit growth by decreasing BCL-2 and BAFF levels [63].

5.6. Histone

Histone acetyl transferase (HAT) and histone deacetylase (HDAC) are enzymes that regulate
expression of genes by moving acetyl from acetyl-CoA to the lysine residue of histones [65].
Subsequently, hyper acetylated histones aggravate transcription [65]. HDACs are enzymes
that catalyze the removal of acetyl groups from amino lysines in histones, resulting in relaxa-
tion of the DNA around the histones and suppression of transcription [66]. HDACs are
divided into five groups: class I (HDAC1, HDAC2, HDAC3, and HDAC8), class IIa (HDAC4,
HDAC5, HDAC7, and HDAC9), class IIb (HDAC6 and HDAC10), class III (SIRT family), and
class IV (HDAC11) [66]. Inhibiting HDAC converts histones in hyperacetylation form and
leads to alter gene expression [67]. In malignant cells, many HDAC inhibitors (HDACi) have
shown good anti-tumor activities with anti-proliferative, pro-apoptotic and anti-angiogenic
properties [67]. SAHA (suberoylanilide hydroxamic acid) is one of the HDACi, showed
antimyeloma activity by inhibiting proteasome and expression of its subunits, and increases
myeloma cell sensitivity to Bortezomib [68]. Extrinsic and intrinsic apoptotic pathways, non-
apoptotic cell death, i.e., autophagy pathways and cytokines and proteins implicated in mul-
tiple myeloma survival, progression and immune escape have been documented in myeloma
cells treated with an HDACi [67]. The cellular pathways controlled by SAHA include IGFIGF-
1RAkt, IL-6gp130 and proliferative/antiapoptotic factors (e.g., NF-B, XBP-1, and E2F-1) [68].

Myeloma cells have overexpression of antiapoptotic proteins Bcl2 and Mcl1 and down regula-
tion of pro-apoptotic protein Bax [67]. These findings depict resistance to chemotherapeutic
agents [67]. Treatment with depsipeptide in myeloma cell line resulted in a decrease of the anti-
apoptotic proteins Mcl1, Bcl2, BclxL and an increase in Bax [67]. 5-azacitidine is a DNA
methyltransferase inhibitor shows activity against myeloma [67]. Azacitidine and analogs such
decitabine are interesting agents to investigate hypermethylation in tumorigenesis and the
clinical efficacy is under investigation in phase II trials [67]. In S. B. Khan s study, depsipeptide
(HDACi) induces apoptosis in MM cells and shows an additive effect with melphalan [65].

5.7. Microenvironment

Microenvironment is defined as surrounding cells and tissues can impact the growth of specific
cells by changing the pH, oxygen levels, nutrients, and antiapoptotic factors [69]. when this
microenvironment is dysfunctional leads to disease progression, particularly in cancer. Like in
other parts of body, the bonemarrow has ownmicroenvironment [69]. That is classically defined
as to have two niches: the endosteal (osteoblastic) niche and the vascular (sinusoidal) architec-
ture [69]. The osteoblastic niche comprises of reticular cells, fibroblasts, and adipocytes [70]. They
provide supportive matrix for stem cells [70]. The vascular niche has important functions in bone
marrow: transfer oxygen, nutrients and growth factors to hematopoietic cells for proliferation
and differentiation of cells; support of homing and recruitment through chemokines [70].

Update on Multiple Myeloma42

The BM milieu of MM consists of extracellular matrix, hematopoietic and nonhematopoietic
cells along with cytokines, growth factors, and adhesion molecules [70]. The increased osteo-
clastic activity is secondary to increase cytokines, i.e., IL-6, IL-1b, tumor necrosis factor (TNF)-α,
and parathyroid hormone-related protein [70]. Other causes of osteoclast activation are: Mye-
loma cells express RANKL, TNF-α, and inactivation of RANKL decoy receptor and OPG. The
destroyed bone environment stimulates platelets to release TGF-β and IGF-I that will cause
myeloma genesis [70]. Not only osteoclast is activated, osteoblasts are also inhibited in myeloma.
Factors responsible for inhibiting osteoblast are TGF-β and IL-3 [70]. Extracellular matrix of the
myeloma show increased expression of angiogenic factors and their receptors, i.e., vascular
endothelial growth factor (VEGF) and VEGF receptor-2, fibroblast growth factor-2 (FGF-2) and
FGF-2 receptor-2, platelet-derived growth factor receptor beta (PDGFR-β) and ECs-released
VEGF and IL-8 [70]. In the bone microenvironment, myeloma cell are surrounded by immune
competent cells [68]. Because of certain growth factors rapid expansion of immature myeloid
cells which fail to differentiate and, impede immune system and leads to oncogenesis [68].
Specific CD8+ T cells has been recognized in microenvironment, inhibiting CD4 + �cell growth
by releasing interferon gamma causing immunosuppression [68]. The T-cell activity is also
suppressed by the activation of PD-1 receptor with its ligand [69].

The PI3K-Akt signaling has been demonstrated to phosphorylate HKII Hexokinase II to acti-
vate Glycolytic pathway in MM cells [69].

A number of intracellular signaling pathways, i.e., NF-κB, Akt, p38MAPK, protein p62, Pim-2
are over-in both MM cells and their BM microenvironment [69]. Pim kinases are also involved
in drug resistance by activating drug efflux transporters [69]. Pim-1 phosphorylates the ATP-
binding cassette (ABC) transporter ABCG2 that subsequently causes drug resistance [69]. The
side population (SP) phenotype is a feature of stem cells in tissues. The SP cells are associated
with the expression of genes involved in the glycolytic pathway including GLUT1, GLUT3,
and PDK1 and the glycolysis appears to be highly accelerated in SP cells [69]. The inhibition of
glycolysis via targeting these SP cells can disrupt the drug resistance [69].

Immune microenvironment consists of T Cells, NK and NKT Cells, dendritic cells, myeloid
derived suppressor cells and adipocytes [70]. Reciprocal increase in IL-17, IL-17 induces mye-
loma tumor cell growth and inhibits immune function in myeloma patients [70]. Impaired
differentiation and function of NK and NKT cells have been recognized in MM. A major
contributing factor to this immune dysfunction is believed to be IL-6 mediated [70]. Myeloid-
derived suppressor cells (MDSCs) expands during cancer, inflammation and infection and
have ability to suppress T-cell responses (Table 1) [71]. Recently, it has been proposed that a
5-fold increase in MDSCs in newly diagnosed MM [70] Tables 1–3.

5.8. Marrow-infiltrating lymphocytes

Lymphocytes residing in the bone marrow are called marrow infiltrating lymphocytes [72].
These MILs need to be activated and expanded in vitro to destroy malignant cells. Difference
between peripherally derived T lymphocytes and marrow derived lymphocytes is: MILs have
a ability to recognize a wide variety of proteins on the surface of the tumor cells than do cells
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and differentiation of cells; support of homing and recruitment through chemokines [70].
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side population (SP) phenotype is a feature of stem cells in tissues. The SP cells are associated
with the expression of genes involved in the glycolytic pathway including GLUT1, GLUT3,
and PDK1 and the glycolysis appears to be highly accelerated in SP cells [69]. The inhibition of
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that obtained from the blood [73]. So on relapse after receiving CAR T cells therapy, new type of
antigen or protein are developed on tumor cell surface (similar to the antibiotic resistance) [73].
While MILs can identify a huge variety of proteins on tumor cells, problem of resistance is
significantly lower [73].

Growth factors/cytokines Possible mechanism of actions

PTH, VIT D3, IL-1, IL-11 Activates osteoblast and stromal cells

PD-1 on T cells PD-L1 on myeloma cells

VEGF, IL-6 on stromal cells Raf/MEK/ERK activation on myeloma cells

VEGF, TGF-β, FGF from stromal cells Angiogenesis

G-CSF and IL-6 induced a higher level of phospho-STAT3 in neutrophils Angiogenesis

IL-10 Plasma cell proliferation and angiogenesis

Wnt, Dickkopf Wnt signaling pathway 1 (DKK1), fibroblast growth factor
(FGF)

Decreased increased osteoblast number
Decreased bone mineral density

Downregulating expression of the RANK-L decoy receptor (OPG)
Elevated levels of IL-6 induce RANK-L expression and decrease INFγ
production

Osteoclastogenesis
Bone resorption

Abbreviations: PTH, parathyroid hormone; VIT D3, Vitamin D3; IL-1, IL-11:Interleukin1/11; VEGF, vascular endothelial
growth factor receptor; TGF-β, transforming growth factor beta; FGF, fibroblast growth factor; G-CSF, granulocyte colony
stimulating factor; RANK-L, receptor activator of nuclear factor kappa beta.Source: Mondello et al. [71].

Table 1. Bone marrow micro-environment.

Pathways Consequences of activation of pathways

Raf/MEK/P42/44 MAPK* Proliferation

β-catenin* Proliferation

PI-3 K/Akt** Proliferation
Anti-apoptosis
Drug resistance

JAK/STAT3* Proliferation
Anti-apoptosis
Drug resistance

NF-κB* Proliferation
Anti-apoptosis
Drug resistance

Notch-1* Anti-apoptosis
Drug resistance

MEK/ERK/P27** Proliferation
Anti-apoptosis
Drug resistance (Cytokine mediated)

*van de Donk et al. [80].
**Kizaki and Tabayashi [81].

Table 2. Intracellular signaling pathways in the pathogenesis of multiple myeloma.
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Adoptive T-cell therapy (ACT) has been assessed in trials, in which activated tumor-specific
T cells has been used to activate antitumor immunity after myeloablative chemotherapy in
patients with multiple myeloma (MM) [73]. But efficacy of this approach is limited by the
tumor-non specific T cells [73]. In phase I study, Noonan and colleagues assess the safety, and
efficacy of this approach in 25 patients in multiple myeloma patients [74]. MILs infused after
autologous stem cell transplant in 22 patients and found complete remission/partial response/
stable disease in six/seven/five patients [74]. Progression-free survival was correlated
with greater than 90% reduction in tumor burden (25.1 vs. 11.8 months) [74]. Borrello
and colleagues also showed that marrow-infiltrating T lymphocytes (MILs) can led to clinical

Protein BMI-1 substance
PTC-209

Preclinical studies

Inhibitor of microRNA genes EZH2
inhibitor

Preclinical studies

Irreversibly inhibition of 20S proteasome, pan-
proteasome inhibitor

Marizomib Phase 1 clinical trials, relapsed/refractory. Trials
ongoing for CNS involvement in myeloma

Oral 26S proteasome inhibitor Oprozomib Phase 1 studies relapsed/refractory

Anti-CD138 monoclonal antibody conjugated to
DM4, inhibitor of the microtubule assembly

Indatuximab Phase 1/2 clinical trials, relapsed/refractory

Monoclonal antibody to CD38 SAR
(SAR650984)

Phase 1 clinical trials, relapsed/refractory

Histone deacetylase (HDAC) 6 inhibitor Panobinostat Phase 3 clinical trials

HDAC6-specific histone deacetylase inhibitor Ricolinostat Preclinical studies

Non-specific histone deacetylase inhibitor Vorinostat Phase 3 clinical trials

Alkylating agent Bendamustine Phase 1/2 trial PR rate of 52%, with very good PR
achieved in 24%

AKT kinase inhibitor Afuresertib
(PKB115125)

Phase 1 studies ORR—50% in relapsed/refractory

Bcl-2 inhibitors ABT 199 Preclinical studies

BTK inhibitors Ibrutinib Phase 2 dose escalation study, relapsed or
refractory

Inhibitor of cyclin-dependent kinases (CDKs) Dinaciclib Phase 2 dose escalation study

IL-6 inhibitors Siltuximab Phase 2, newly diagnosed MM, VGPR rate was
significantly improved but not CR rate

Kinesin spindle protein (KSP) Filanesib
(ARRY-520)

Phase 2 clinical trials, ORR was 58%, relapsed/
refractory

Phosphoinositide 3-kinase (PI3K) Idelalisib
BAY80-6946
GDC-0941

Relapsed/refractory, preclinical investigation

Heat-shock protein 90 inhibitor Tanespimycin Phase 1 dose-escalation study

Source: Refs. [139, 140].

Table 3. Potential Target for Multiple Myeloma.
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VEGF, TGF-β, FGF from stromal cells Angiogenesis

G-CSF and IL-6 induced a higher level of phospho-STAT3 in neutrophils Angiogenesis

IL-10 Plasma cell proliferation and angiogenesis

Wnt, Dickkopf Wnt signaling pathway 1 (DKK1), fibroblast growth factor
(FGF)

Decreased increased osteoblast number
Decreased bone mineral density

Downregulating expression of the RANK-L decoy receptor (OPG)
Elevated levels of IL-6 induce RANK-L expression and decrease INFγ
production
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Bone resorption

Abbreviations: PTH, parathyroid hormone; VIT D3, Vitamin D3; IL-1, IL-11:Interleukin1/11; VEGF, vascular endothelial
growth factor receptor; TGF-β, transforming growth factor beta; FGF, fibroblast growth factor; G-CSF, granulocyte colony
stimulating factor; RANK-L, receptor activator of nuclear factor kappa beta.Source: Mondello et al. [71].

Table 1. Bone marrow micro-environment.

Pathways Consequences of activation of pathways

Raf/MEK/P42/44 MAPK* Proliferation

β-catenin* Proliferation

PI-3 K/Akt** Proliferation
Anti-apoptosis
Drug resistance

JAK/STAT3* Proliferation
Anti-apoptosis
Drug resistance

NF-κB* Proliferation
Anti-apoptosis
Drug resistance

Notch-1* Anti-apoptosis
Drug resistance

MEK/ERK/P27** Proliferation
Anti-apoptosis
Drug resistance (Cytokine mediated)

*van de Donk et al. [80].
**Kizaki and Tabayashi [81].

Table 2. Intracellular signaling pathways in the pathogenesis of multiple myeloma.
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Adoptive T-cell therapy (ACT) has been assessed in trials, in which activated tumor-specific
T cells has been used to activate antitumor immunity after myeloablative chemotherapy in
patients with multiple myeloma (MM) [73]. But efficacy of this approach is limited by the
tumor-non specific T cells [73]. In phase I study, Noonan and colleagues assess the safety, and
efficacy of this approach in 25 patients in multiple myeloma patients [74]. MILs infused after
autologous stem cell transplant in 22 patients and found complete remission/partial response/
stable disease in six/seven/five patients [74]. Progression-free survival was correlated
with greater than 90% reduction in tumor burden (25.1 vs. 11.8 months) [74]. Borrello
and colleagues also showed that marrow-infiltrating T lymphocytes (MILs) can led to clinical

Protein BMI-1 substance
PTC-209

Preclinical studies

Inhibitor of microRNA genes EZH2
inhibitor

Preclinical studies

Irreversibly inhibition of 20S proteasome, pan-
proteasome inhibitor

Marizomib Phase 1 clinical trials, relapsed/refractory. Trials
ongoing for CNS involvement in myeloma

Oral 26S proteasome inhibitor Oprozomib Phase 1 studies relapsed/refractory

Anti-CD138 monoclonal antibody conjugated to
DM4, inhibitor of the microtubule assembly

Indatuximab Phase 1/2 clinical trials, relapsed/refractory

Monoclonal antibody to CD38 SAR
(SAR650984)

Phase 1 clinical trials, relapsed/refractory

Histone deacetylase (HDAC) 6 inhibitor Panobinostat Phase 3 clinical trials

HDAC6-specific histone deacetylase inhibitor Ricolinostat Preclinical studies

Non-specific histone deacetylase inhibitor Vorinostat Phase 3 clinical trials

Alkylating agent Bendamustine Phase 1/2 trial PR rate of 52%, with very good PR
achieved in 24%

AKT kinase inhibitor Afuresertib
(PKB115125)

Phase 1 studies ORR—50% in relapsed/refractory

Bcl-2 inhibitors ABT 199 Preclinical studies

BTK inhibitors Ibrutinib Phase 2 dose escalation study, relapsed or
refractory

Inhibitor of cyclin-dependent kinases (CDKs) Dinaciclib Phase 2 dose escalation study

IL-6 inhibitors Siltuximab Phase 2, newly diagnosed MM, VGPR rate was
significantly improved but not CR rate

Kinesin spindle protein (KSP) Filanesib
(ARRY-520)

Phase 2 clinical trials, ORR was 58%, relapsed/
refractory

Phosphoinositide 3-kinase (PI3K) Idelalisib
BAY80-6946
GDC-0941

Relapsed/refractory, preclinical investigation

Heat-shock protein 90 inhibitor Tanespimycin Phase 1 dose-escalation study

Source: Refs. [139, 140].

Table 3. Potential Target for Multiple Myeloma.
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antitumor immunity [73]. Results from small studies are encouraging but need confirmation in
a larger trials [73].

5.9. PD-1/PD-L1

The PD-1 receptor is present on T, B cells, monocytes, and natural killer (NK) T cells when
activated to certain antigen stimulus [75]. PD-L1 and PD-L2 are present on antigen presenting
cells, i.e., dendritic cells and macrophages [75]. After contact of PD-1 to PD-L1 or PD-L2, this
complex reduces secretion of Th1 cytokines, inhibits T-cell proliferation and inhibits CTL-
mediated killing [75]. In the physiologic state, this pathway maintains immunologic equilib-
rium. While, in pathologic settings, e.g., in malignancy, over expression of this pathway leads
to to activation and function of cancer related T-cell populations, which supports for immune
escape and tumor proliferation [75]. PD-L1 expression is also documented in cells of the tumor
microenvironment, i.e., myeloid-derived suppressor cells that helps in escape to natural body
defense system [75]. To improve already decrease immunity in myeloma patients, strategies
have been explored at molecular and cellular levels [76]. These are: passive immunotherapy
with monoclonal antibodies that hit myeloma specific antigens; cancer vaccines; T-cell therapy
and change immunosuppressive microenvironment of the bone marrow via immunomodula-
tory medicines or by inhibiting immune checkpoints [76]. There are studies under process for
PD-1 receptor/PD-L1 and PD-L2 inhibitors in myeloma, i.e., Pembrolizumab in combination
with IMiDs [77]. Preliminary results of a phase II trial with pembrolizumab with pomali-
domide showed 50% objective response with near complete and very good partial responses
in refractory patients [77].

5.10. Monoclonal antibodies

In 2015, two monoclonal antibodies were approved for the treatment of relapsed or refractory
multiple myeloma (RRMM), elotuzumab and daratumumab [78]. CD38 is a type II cell mem-
brane glycoprotein. It has multiple functions in cell to cell adhesion, enzymatic (cellular nucleic
acid metabolism) activity [77]. It is present on a multiple hematopoietic and non-hematopoietic
cell types. Cell that harbors this receptor are: medullary thymocytes, activated B and T lym-
phocytes, NK cells and dendritic cells [77].

Daratumumab is a fully humanized monoclonal IgG-κ antibody directed that works against
CD38 of myeloma cells [77]. It exerts its effects like other monoclonal antibodies, i.e., antibody
dependent cytotoxicity, complement mediated cytotoxicity and antibody dependent phagocy-
tosis (ADCP), induction of autophagy/apoptosis [77].

Antibodies targeting CD38 are easily tolerated and showed partial response or better in
approximately 30% of relapsed/refractory MM patients as single agent [79]. In future, deep
responses and better progression-free survival can be obtained by combining them with
immunomodulatory agent or proteasome inhibitors [79].

In phase I/II study recently published by Lokhorst et al., impressive clinical responses were
seen in heavily pretreated patient population with 64% double refractory to PIs and IMiDs and
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had undergone ASCT in 76% [77]. Daratumumab as a single agent yielded 36% overall
response rate in 16 mg/kg arm and remarkably, in the responder group, 65% remained pro-
gression free in 12 months [77].

Elotuzumab is a monoclonal IgG-κ antibody works against signaling lymphocytic activation
molecule F7 (l surface receptor helps in activation of natural killer cell) [78]. This antibody
induces cell death via antibody dependent cytotoxicity (ADCC) and inhibits CS1-mediated
MM cell adhesion to bone marrow stem cells [79].

In phase III ELOQUENT-2 study, different regimens with this agent were tried in relapsed/
refractory setting. It was found that 1-year PFS rate was higher in the ELO-LEN-DEX (-
Elotuzumab-Lenalidomide-Dexamethasone) arm (68 vs. 57%), and this difference was slightly
greater at 2 years (41 vs. 27%). Other targeted antigens on which trials are being conducted are:
CD74, CD138, B-cell activating factor, interleukin-6 [79].

5.11. CARTcells

CART cells, is made by fusing the variable fragment (scFv) of a monoclonal antibody (mAb)
with intracellular signaling domain related to CD-19 related antigen [77]. The MHC-
independency, in vivo expansion and memory cell growth make these cells more beneficial
the antibodies [77]. Plasma cells do not have a strong CD-19 expression but Garfall et al. have
observed a relatively more frequent expression than previously reported [77]. In 43 years old
patients after nine lines of treatment this approach showed remission. This generates a hypoth-
esis that there may be a role of this strategy even in minimally/weakly expressed antigens
Currently, it remains unclear whether concurrent targeting of multiple antigens (such as CD38,
CS1, BCMA, CD138, etc.) is helpful for achieving eradication of myeloma clone [77]. For CART
cells, costimulatory molecules are required to prevent the immune system from eradication of
these cells, but best costimulatory antigen is not known yet. Few costimulators are under
study, these are: CD19, CD138, CD38, CD56, Lewis Y, CD44v6, CS1, and BCMA.

In new data from a Garfall pilot study, after anti-CD19 CAR and a salvage SCT, progression-free
survival (PFS) was reported after first-line SCT in 3 of 10 study participants. In 2017, studies
with chimeric antigen receptor (CAR)-T cells targeting B-cell maturation antigen (BCMA) have
shown good response in relapsed/refractory myeloma patients. But this option is impeded by
short half lived effector cells, acute toxicity, and host immune responses against CARs.

6. Pathways involved in multiple myeloma

6.1. Gene expression profile (GEP) and molecular variability in myeloma

The MM transcriptome has been evaluated in different groups [81–84]. Different genes have
been explored between MM and normal plasma cells and also during different phases of
disease. Impaired control of certain genes of the Cyclin D family (CCND1, CCND2 and
CCND3) appeared to be a universal characteristic of MM cells, especially early MGUS
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antitumor immunity [73]. Results from small studies are encouraging but need confirmation in
a larger trials [73].

5.9. PD-1/PD-L1

The PD-1 receptor is present on T, B cells, monocytes, and natural killer (NK) T cells when
activated to certain antigen stimulus [75]. PD-L1 and PD-L2 are present on antigen presenting
cells, i.e., dendritic cells and macrophages [75]. After contact of PD-1 to PD-L1 or PD-L2, this
complex reduces secretion of Th1 cytokines, inhibits T-cell proliferation and inhibits CTL-
mediated killing [75]. In the physiologic state, this pathway maintains immunologic equilib-
rium. While, in pathologic settings, e.g., in malignancy, over expression of this pathway leads
to to activation and function of cancer related T-cell populations, which supports for immune
escape and tumor proliferation [75]. PD-L1 expression is also documented in cells of the tumor
microenvironment, i.e., myeloid-derived suppressor cells that helps in escape to natural body
defense system [75]. To improve already decrease immunity in myeloma patients, strategies
have been explored at molecular and cellular levels [76]. These are: passive immunotherapy
with monoclonal antibodies that hit myeloma specific antigens; cancer vaccines; T-cell therapy
and change immunosuppressive microenvironment of the bone marrow via immunomodula-
tory medicines or by inhibiting immune checkpoints [76]. There are studies under process for
PD-1 receptor/PD-L1 and PD-L2 inhibitors in myeloma, i.e., Pembrolizumab in combination
with IMiDs [77]. Preliminary results of a phase II trial with pembrolizumab with pomali-
domide showed 50% objective response with near complete and very good partial responses
in refractory patients [77].

5.10. Monoclonal antibodies

In 2015, two monoclonal antibodies were approved for the treatment of relapsed or refractory
multiple myeloma (RRMM), elotuzumab and daratumumab [78]. CD38 is a type II cell mem-
brane glycoprotein. It has multiple functions in cell to cell adhesion, enzymatic (cellular nucleic
acid metabolism) activity [77]. It is present on a multiple hematopoietic and non-hematopoietic
cell types. Cell that harbors this receptor are: medullary thymocytes, activated B and T lym-
phocytes, NK cells and dendritic cells [77].

Daratumumab is a fully humanized monoclonal IgG-κ antibody directed that works against
CD38 of myeloma cells [77]. It exerts its effects like other monoclonal antibodies, i.e., antibody
dependent cytotoxicity, complement mediated cytotoxicity and antibody dependent phagocy-
tosis (ADCP), induction of autophagy/apoptosis [77].

Antibodies targeting CD38 are easily tolerated and showed partial response or better in
approximately 30% of relapsed/refractory MM patients as single agent [79]. In future, deep
responses and better progression-free survival can be obtained by combining them with
immunomodulatory agent or proteasome inhibitors [79].

In phase I/II study recently published by Lokhorst et al., impressive clinical responses were
seen in heavily pretreated patient population with 64% double refractory to PIs and IMiDs and
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had undergone ASCT in 76% [77]. Daratumumab as a single agent yielded 36% overall
response rate in 16 mg/kg arm and remarkably, in the responder group, 65% remained pro-
gression free in 12 months [77].

Elotuzumab is a monoclonal IgG-κ antibody works against signaling lymphocytic activation
molecule F7 (l surface receptor helps in activation of natural killer cell) [78]. This antibody
induces cell death via antibody dependent cytotoxicity (ADCC) and inhibits CS1-mediated
MM cell adhesion to bone marrow stem cells [79].

In phase III ELOQUENT-2 study, different regimens with this agent were tried in relapsed/
refractory setting. It was found that 1-year PFS rate was higher in the ELO-LEN-DEX (-
Elotuzumab-Lenalidomide-Dexamethasone) arm (68 vs. 57%), and this difference was slightly
greater at 2 years (41 vs. 27%). Other targeted antigens on which trials are being conducted are:
CD74, CD138, B-cell activating factor, interleukin-6 [79].

5.11. CARTcells

CART cells, is made by fusing the variable fragment (scFv) of a monoclonal antibody (mAb)
with intracellular signaling domain related to CD-19 related antigen [77]. The MHC-
independency, in vivo expansion and memory cell growth make these cells more beneficial
the antibodies [77]. Plasma cells do not have a strong CD-19 expression but Garfall et al. have
observed a relatively more frequent expression than previously reported [77]. In 43 years old
patients after nine lines of treatment this approach showed remission. This generates a hypoth-
esis that there may be a role of this strategy even in minimally/weakly expressed antigens
Currently, it remains unclear whether concurrent targeting of multiple antigens (such as CD38,
CS1, BCMA, CD138, etc.) is helpful for achieving eradication of myeloma clone [77]. For CART
cells, costimulatory molecules are required to prevent the immune system from eradication of
these cells, but best costimulatory antigen is not known yet. Few costimulators are under
study, these are: CD19, CD138, CD38, CD56, Lewis Y, CD44v6, CS1, and BCMA.

In new data from a Garfall pilot study, after anti-CD19 CAR and a salvage SCT, progression-free
survival (PFS) was reported after first-line SCT in 3 of 10 study participants. In 2017, studies
with chimeric antigen receptor (CAR)-T cells targeting B-cell maturation antigen (BCMA) have
shown good response in relapsed/refractory myeloma patients. But this option is impeded by
short half lived effector cells, acute toxicity, and host immune responses against CARs.

6. Pathways involved in multiple myeloma

6.1. Gene expression profile (GEP) and molecular variability in myeloma

The MM transcriptome has been evaluated in different groups [81–84]. Different genes have
been explored between MM and normal plasma cells and also during different phases of
disease. Impaired control of certain genes of the Cyclin D family (CCND1, CCND2 and
CCND3) appeared to be a universal characteristic of MM cells, especially early MGUS
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(monoclonal gammopathy of undetermined significance) stage [43]. The mechanisms elaborate
in Cyclin D mutation are multiple and comprised of 1—cyclin D amplifications, 2—transloca-
tion of CCND1 or CCND3 with the IgH gene in the t(11;14) and the t(6;14), 3—trisomies and
other cytogenetics events that incidentally contribute to over-expression of CCND genes. In
particular, CCND2 is overexpressed in certain group of patients that carry t(4;14) and t(14;16)
MM [81, 82]. These observations allowed classification of MM in eight subgroups in the
translocation cyclin D (TC) classification [43]. Additional studies have observed other molecu-
lar subgroups independent of Cyclin D involvement and linked with other clinical and pheno-
typical characteristics. For example, a Low-Bone subgroup, that includes MM patients with
minimal or few bony lesions and minimal expression of Dickkopf WNT Signaling Pathway
Inhibitor 1 (DKK1) or the proliferative subgroup which shows over expression of specific cell
cycle- and proliferation-associated genes [83]. Overall, GEP emphasis an important molecular
heterogeneity in this disease. Over 500 genes have a substantial difference between the differ-
ent clinical subgroups [43]. Cytogenetic changes, mainly hyperdiploidy and translocations
involving IgH are highly connected with certain molecular subcategories clusters. For exam-
ple, t(4;14) which primes to the over-expression of the histone methyl transferase Multiple
Myeloma SET Domain (MMSET) is linked with a specific gene expression profile secondary
to MMSET activity [85]. More globally, HDMM and NHDMM can be observed by using
GEP [86].

6.2. Definition of myeloma pathogenesis by using GEP

In order to explore the molecular basis of myeloma cell development, several studies have
observed GEP at the different stages of the disease [87]. In these studies, normal plasma cell
was compared with cells during different stages of MM i.e. MGUS cell, Myeloma, smoldering
MM, newly-diagnosed symptomatic MM, relapsed MM and cells from patients with plasma
cell leukemia (PCL) by using GEP [87]. In one study of 877 patients, authors concluded that
MGUS plasma cells share similar features with MM and relapse MM but have different genes
and pathways that are expressed lately during MM progression [87]. These activated pathways
comprises of E2F activation, cMYC and chromosomal instability genes and these demonstrates
a possibility of progression to MM if exist at MGUS or SMM stage [88]. Other groups have
examined other different genes, i.e., antiapoptotic DNA repair, NF-kB and cytokines-signaling
pathway related genes in established MM cells in comparison with premalignant MGUS cells
[88]. Interestingly, influence of microenvironment on gene profile of the MM cells has been
assessed that confirmed activation of crucial critical pathways such as Notch and Ras, NF-kB,
and genes affecting proliferation, survival, cell cycle regulators/activation in MM cells [89].

6.3. Link of prognosis with GEP

Ability to explore complete transcriptomic expression profile of MM cell provided an unique
opportunity to confirm predictive role of GEP on disease behavior. Clinical trials and long
term follow-up of MM patients revealed the ability of GEP to predict prognosis in different
cohorts. Many studies have identified gene expression signatures capable of predicting EFS
and OS in MM by using different approaches. Most of these studies have shown GEP profile as
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an independent prognostic factor. Some studies have used a biological approach with respect
to specific features of MM cells. Chromosome instability signature [90], centrosome index
signature, and cell death profile [91] were explained based on instability of genomes, whereas
a 7-gene prognostic expression profile was developed from MM cell lines study [92, 93]. Other
prognostic signatures like the 15-gene prognostic signature or the proliferation signature have
also been published in literature [94]. Other groups evaluated GEP signature correlation
between GEP with overall survival of MM patients in separate cohorts. The HOVON-
65/GMMG-HD4 clinical trial researchers [94], the Intergroup Francophone du Myeloma 99
clinical trial [84], and UAMS researchers [95] published reports on 92, 15 and 70 genes signa-
ture respectively [95]. Importantly, only minimal or no genes overlay between these signatures
signifying that each signature does not encompass all high risk patients and also highpoints
the dismissal in the system. In an attempt to streamline GEP use in clinical practice and to
define a distinctive tool, amalgamation of existing prognostic signatures have been recently
reported. That combination will define a single reliable signature that might be able to predict
outcome in MM at diagnosis and relapse [96].

Interestingly, GEP signature has also shown significance in early stages of MM or in plasma
cell leukemia patients. Investigators from UAMS have reported that 70-genes signature and its
derivative are able to predict outcome in context of MGUS and SMM [97]. In the context of
PCL, in a cohort of 21 patients, a 27 gene expression signature was identified as an indepen-
dent prognostic factor [24].

6.4. Transcriptome modifiers profiling

The RNA-sequencing have been created and will be incorporated into GEP to enhance estima-
tion of the outcome in the future [98]. Of these modifiers, non-coding RNA are mainly
researched in MM since reports have already proved that micro-RNA contribute to myeloma
formation and can be used to predict prognosis or response to auto-transplant [98]. MiR17 and
miR886-5p have been observed as a strong prognostic indicator in a study of 163 newly
diagnosed patients from the MRC Myeloma IX l trial [99]. Recent literature is now signifying
importance of microRNAs MM and separate MM subgroups [100]. For example, miR-126
stimulates cMYC overexpression in t(4;14) MM [101], and miRs-192, -194, and -215 leads to
impaired control of p53 and MDM2 in a subgroup of MM, causing poorer outcome [102, 103].
Very interestingly, overexpression of circulating microRNAs, which are easily access for inves-
tigations has been researched and may represent a decent prognostic biomarkers in MM [104].
Furthermore, management options that can reestablish miRNAs (Tumor suppressor miRNA)
or impede miRNAs (Oncogene miRNA) are in process to be used as major therapeutic option
in the future [105, 106]. Long noncoding RNAs (lnc RNA) are also being sensibly studied
inMM. Samur et al. with others is currently identifying important changes in deregulation of
lncRNAs over- or underexpression and its impact on clinical outcome [108].

In post-transcriptional event, alternate splicing is an important event that extremely increases
the transcript collection affecting number of cell development process including cell growth
and survival. It has been documented as important marker of malignant phenotype and the
knowing the alternate splicing events will help in future to better predict prognosis in MM.
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(monoclonal gammopathy of undetermined significance) stage [43]. The mechanisms elaborate
in Cyclin D mutation are multiple and comprised of 1—cyclin D amplifications, 2—transloca-
tion of CCND1 or CCND3 with the IgH gene in the t(11;14) and the t(6;14), 3—trisomies and
other cytogenetics events that incidentally contribute to over-expression of CCND genes. In
particular, CCND2 is overexpressed in certain group of patients that carry t(4;14) and t(14;16)
MM [81, 82]. These observations allowed classification of MM in eight subgroups in the
translocation cyclin D (TC) classification [43]. Additional studies have observed other molecu-
lar subgroups independent of Cyclin D involvement and linked with other clinical and pheno-
typical characteristics. For example, a Low-Bone subgroup, that includes MM patients with
minimal or few bony lesions and minimal expression of Dickkopf WNT Signaling Pathway
Inhibitor 1 (DKK1) or the proliferative subgroup which shows over expression of specific cell
cycle- and proliferation-associated genes [83]. Overall, GEP emphasis an important molecular
heterogeneity in this disease. Over 500 genes have a substantial difference between the differ-
ent clinical subgroups [43]. Cytogenetic changes, mainly hyperdiploidy and translocations
involving IgH are highly connected with certain molecular subcategories clusters. For exam-
ple, t(4;14) which primes to the over-expression of the histone methyl transferase Multiple
Myeloma SET Domain (MMSET) is linked with a specific gene expression profile secondary
to MMSET activity [85]. More globally, HDMM and NHDMM can be observed by using
GEP [86].

6.2. Definition of myeloma pathogenesis by using GEP

In order to explore the molecular basis of myeloma cell development, several studies have
observed GEP at the different stages of the disease [87]. In these studies, normal plasma cell
was compared with cells during different stages of MM i.e. MGUS cell, Myeloma, smoldering
MM, newly-diagnosed symptomatic MM, relapsed MM and cells from patients with plasma
cell leukemia (PCL) by using GEP [87]. In one study of 877 patients, authors concluded that
MGUS plasma cells share similar features with MM and relapse MM but have different genes
and pathways that are expressed lately during MM progression [87]. These activated pathways
comprises of E2F activation, cMYC and chromosomal instability genes and these demonstrates
a possibility of progression to MM if exist at MGUS or SMM stage [88]. Other groups have
examined other different genes, i.e., antiapoptotic DNA repair, NF-kB and cytokines-signaling
pathway related genes in established MM cells in comparison with premalignant MGUS cells
[88]. Interestingly, influence of microenvironment on gene profile of the MM cells has been
assessed that confirmed activation of crucial critical pathways such as Notch and Ras, NF-kB,
and genes affecting proliferation, survival, cell cycle regulators/activation in MM cells [89].

6.3. Link of prognosis with GEP

Ability to explore complete transcriptomic expression profile of MM cell provided an unique
opportunity to confirm predictive role of GEP on disease behavior. Clinical trials and long
term follow-up of MM patients revealed the ability of GEP to predict prognosis in different
cohorts. Many studies have identified gene expression signatures capable of predicting EFS
and OS in MM by using different approaches. Most of these studies have shown GEP profile as
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an independent prognostic factor. Some studies have used a biological approach with respect
to specific features of MM cells. Chromosome instability signature [90], centrosome index
signature, and cell death profile [91] were explained based on instability of genomes, whereas
a 7-gene prognostic expression profile was developed from MM cell lines study [92, 93]. Other
prognostic signatures like the 15-gene prognostic signature or the proliferation signature have
also been published in literature [94]. Other groups evaluated GEP signature correlation
between GEP with overall survival of MM patients in separate cohorts. The HOVON-
65/GMMG-HD4 clinical trial researchers [94], the Intergroup Francophone du Myeloma 99
clinical trial [84], and UAMS researchers [95] published reports on 92, 15 and 70 genes signa-
ture respectively [95]. Importantly, only minimal or no genes overlay between these signatures
signifying that each signature does not encompass all high risk patients and also highpoints
the dismissal in the system. In an attempt to streamline GEP use in clinical practice and to
define a distinctive tool, amalgamation of existing prognostic signatures have been recently
reported. That combination will define a single reliable signature that might be able to predict
outcome in MM at diagnosis and relapse [96].

Interestingly, GEP signature has also shown significance in early stages of MM or in plasma
cell leukemia patients. Investigators from UAMS have reported that 70-genes signature and its
derivative are able to predict outcome in context of MGUS and SMM [97]. In the context of
PCL, in a cohort of 21 patients, a 27 gene expression signature was identified as an indepen-
dent prognostic factor [24].

6.4. Transcriptome modifiers profiling

The RNA-sequencing have been created and will be incorporated into GEP to enhance estima-
tion of the outcome in the future [98]. Of these modifiers, non-coding RNA are mainly
researched in MM since reports have already proved that micro-RNA contribute to myeloma
formation and can be used to predict prognosis or response to auto-transplant [98]. MiR17 and
miR886-5p have been observed as a strong prognostic indicator in a study of 163 newly
diagnosed patients from the MRC Myeloma IX l trial [99]. Recent literature is now signifying
importance of microRNAs MM and separate MM subgroups [100]. For example, miR-126
stimulates cMYC overexpression in t(4;14) MM [101], and miRs-192, -194, and -215 leads to
impaired control of p53 and MDM2 in a subgroup of MM, causing poorer outcome [102, 103].
Very interestingly, overexpression of circulating microRNAs, which are easily access for inves-
tigations has been researched and may represent a decent prognostic biomarkers in MM [104].
Furthermore, management options that can reestablish miRNAs (Tumor suppressor miRNA)
or impede miRNAs (Oncogene miRNA) are in process to be used as major therapeutic option
in the future [105, 106]. Long noncoding RNAs (lnc RNA) are also being sensibly studied
inMM. Samur et al. with others is currently identifying important changes in deregulation of
lncRNAs over- or underexpression and its impact on clinical outcome [108].

In post-transcriptional event, alternate splicing is an important event that extremely increases
the transcript collection affecting number of cell development process including cell growth
and survival. It has been documented as important marker of malignant phenotype and the
knowing the alternate splicing events will help in future to better predict prognosis in MM.
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There is evidence that splicing events affect specific genes as hyaluronan synthase 1 (HAS1)
[109] or deleted in colorectal carcinoma gene (DCC) occur repeatedly in MM [110], or that a
targeted therapy that control the splicing of X-box binding protein 1 (XBP1) increases sensitiv-
ity of MM cells to proteasome inhibitor. Pilot investigations by Nagoshi et al. as well as and by
some other researchers have identified important number of spliced isoforms in myeloma in
comparison to normal plasma cells with regards to both functional concern as well as prog-
nostic importance. Interestingly, the ability to depict mutations at the RNA level is becoming
well recognized entity. DNA-based studies in MM, including mainly whole exome sequencing,
have emphasized the mutational background of the disease, which includes few repeated
mutations (NRAS, KRAS, TP53, DIS3, and FAM46C). NFkB and ERK trails are the most
involved pathways, with mutations in 43 and 17% of MM cases respectively [111–114].
Although only specific mutations have a clear impact on prognosis (TP53, ATR, and ATM)
until now. The capability to diagnose these mutations at the RNA level [114] can now be used
to predict outcome that can be integrated in the future models expecting prognosis in MM.
Finally, next generation sequencing helps us to perform single cell studies. This method,
exemplified by the drop-seq technology [115], allows documentation of the variable clones as
well as identification of the transcriptome in the reference of the microenvironment. The initial
data regarding single cell transcriptome assessment depicts exciting applications [116] includ-
ing amalgamation into a new GEP signature [117].

6.5. GEP and variability in clones

Intraclonal variability is an important characteristic of cancer that has been shown in MM
[118, 119]. It refers to malignant cells having same genomic changes but with subtle differences
in mutations, copy number abnormalities and chromosome changes including translocations
among different clones. In MM cells, the evaluation of Ig gene rearrangement by next-
generation sequencing is particularly helpful. Munshi NC et al. did deep sequencing of the
IgH gene at time of diagnosis and relapse in a large series of patients emphasizing the
complexity of the clonal and sub-clonal architecture of the disease [120]. However, only few
reports have been published the evolution of in MM. Four patterns of this clonal changes have
been observed [112, 121]. The modification in sub clonal copiousness will be correlated with
changes in GEP. For example a linear development may not meaningfully influence on overall
GEP, on the other hand branching evolution may reveal decrease in expression of genes
representing clones The ability to assess transcriptome at a single cell level might be essential
in order to define the true influence of intraclonal heterogeneity on GEP and to recognize
potential marker of sensitivity or resistance to specific therapeutic drugs [116, 122].

6.6. Significance of GEP in combination with ISS

A recent study reported GEP in combination with clinical prognostic marker in MM compris-
ing cytogenetic alterations and ISS score. This study used different GEP signature and revealed
that the combination of GEP with ISS is a useful and better prognostic tool that significantly
improves risk stratification then alone ISS [123]. Recognizing high risk patients remains an
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important task to try and modify treatment in future discussed by Landgren and Rajkumar in
this CCR Focus section [124]. Currently, no specific targeted agent therapy is indicated espe-
cially for the high-risk patients in upfront setting, there is increasing emphasis on including
multi-agent therapy as consolidation followed by transplant and post-transplant maintenance
in transplant eligible patients. High dose melphalan followed by autologous stem cell trans-
plant (ASCT) appears to be the best consolidation therapy to date in multiple studies [125].

6.7. Response to treatment prediction by using GEP

GEP has also been assessed to forecast complete response (CR) to different treatment as well.
CR is an independent factor to not only tell progression free survival but also an indirect
marker of overall survival [126]. A precise GEP signature has been identified with reference
to upfront three drug combinations (VTD) in newly diagnosed MM, high dose therapy (54
IMiDs/dexamethasone, tandem auto-transplant at relapse and the bortezomib-based regimen
[129]. However, a prediction model research that compared different dataset has shown that
GEP alone is not well-organized to predict CR in different datasets [127–130].

In this study, various methods have been used to develop a response predictive model; even
with the best GEP-based CR predictive model, precision was between 56 and 78% that was
found in different datasets. The ability to predict CR was not affected by different methods
used measure GEP, or treatment regimens used or in newly-diagnosed or at time of relapsed
patients. This study signifies the fact that it may be necessary to combine multiple other
genomic parameters in response predicting model in future.

6.8. Personalized therapy assortment

Based on GEP, the derangements in certain pathways can be controlled and offer an important
information to guide treatment therapy. For example, the presence of high DKK1 level, that
shows bone involvement can be explored for the use of anti-DKK1 drug [131, 132] or the
assessment of the ratio between BCL2/MCL1 level can point out the sensitivity to BH3 mimetic
drugs [133]. On the other side, combining the information of gene expression with mutation
expression helps to select treatment options as personalized medicine [134]. The detection of
precise mutations such as BRAF V600E can direct for use of BRAF inhibitor such as
vemurafenib [135, 136], or mutations triggering the MAPK pathway can give us rationale for
the use of MEK inhibitors such as trametinib [137]. Other targetable mutations such as SF3B1,
FGFR3, ATM/ATR, IDH1/2, and CCND1 as well as RAS/RAF, NFkB pathway-linked genes
have been described in myeloma. These mutations can be controlled by appropriate inhibitors.

Some mutations can also be assessed to predict drug sensitivity. Initial data of one study,
revealed that the presence of NRAS mutations in relapsed cases is associated with inferior
response to bortezomib [138] or in contrast, that the occurrence of IRF4 mutations is related
with higher sensitivity to immuno-modulatory agents [111]. These data needs confirmation in
further clinical trials but it is hypothesis generating study.
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to predict outcome that can be integrated in the future models expecting prognosis in MM.
Finally, next generation sequencing helps us to perform single cell studies. This method,
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ing amalgamation into a new GEP signature [117].

6.5. GEP and variability in clones
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potential marker of sensitivity or resistance to specific therapeutic drugs [116, 122].

6.6. Significance of GEP in combination with ISS

A recent study reported GEP in combination with clinical prognostic marker in MM compris-
ing cytogenetic alterations and ISS score. This study used different GEP signature and revealed
that the combination of GEP with ISS is a useful and better prognostic tool that significantly
improves risk stratification then alone ISS [123]. Recognizing high risk patients remains an
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multi-agent therapy as consolidation followed by transplant and post-transplant maintenance
in transplant eligible patients. High dose melphalan followed by autologous stem cell trans-
plant (ASCT) appears to be the best consolidation therapy to date in multiple studies [125].

6.7. Response to treatment prediction by using GEP

GEP has also been assessed to forecast complete response (CR) to different treatment as well.
CR is an independent factor to not only tell progression free survival but also an indirect
marker of overall survival [126]. A precise GEP signature has been identified with reference
to upfront three drug combinations (VTD) in newly diagnosed MM, high dose therapy (54
IMiDs/dexamethasone, tandem auto-transplant at relapse and the bortezomib-based regimen
[129]. However, a prediction model research that compared different dataset has shown that
GEP alone is not well-organized to predict CR in different datasets [127–130].

In this study, various methods have been used to develop a response predictive model; even
with the best GEP-based CR predictive model, precision was between 56 and 78% that was
found in different datasets. The ability to predict CR was not affected by different methods
used measure GEP, or treatment regimens used or in newly-diagnosed or at time of relapsed
patients. This study signifies the fact that it may be necessary to combine multiple other
genomic parameters in response predicting model in future.

6.8. Personalized therapy assortment

Based on GEP, the derangements in certain pathways can be controlled and offer an important
information to guide treatment therapy. For example, the presence of high DKK1 level, that
shows bone involvement can be explored for the use of anti-DKK1 drug [131, 132] or the
assessment of the ratio between BCL2/MCL1 level can point out the sensitivity to BH3 mimetic
drugs [133]. On the other side, combining the information of gene expression with mutation
expression helps to select treatment options as personalized medicine [134]. The detection of
precise mutations such as BRAF V600E can direct for use of BRAF inhibitor such as
vemurafenib [135, 136], or mutations triggering the MAPK pathway can give us rationale for
the use of MEK inhibitors such as trametinib [137]. Other targetable mutations such as SF3B1,
FGFR3, ATM/ATR, IDH1/2, and CCND1 as well as RAS/RAF, NFkB pathway-linked genes
have been described in myeloma. These mutations can be controlled by appropriate inhibitors.

Some mutations can also be assessed to predict drug sensitivity. Initial data of one study,
revealed that the presence of NRAS mutations in relapsed cases is associated with inferior
response to bortezomib [138] or in contrast, that the occurrence of IRF4 mutations is related
with higher sensitivity to immuno-modulatory agents [111]. These data needs confirmation in
further clinical trials but it is hypothesis generating study.
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The documentation of specific micro-RNA expression profile can also be exploited to guide
therapy. Several microRNAs are being researched as treatment targets with hopes for devel-
opment of small molecules that target these micro-RNA function.

Similarly, GEP has been employed to predict resistance to antimyeloma drugs with an inter-
pretation that harmful agents are avoided that are not helpful. With the help of number of
B-cell lines including multiple myeloma cell lines, a microarray-based GEP signature was
established to predict resistance of melphalan. Although the expression profile was able to
predict sensitivity vs. resistance in cell lines, its practical application needs further studies to be
done [102, 103]. Interestingly, a pharmacogenomic study of global GEP of myeloma cells
recovered from myeloma patients and specific time after administration of different drugs
have been assessed [104, 105]. Prognostic information was acquired from GEP of refined
plasma cells 2 days after providing thalidomide and dexamethasone or bortezomib to newly-
diagnosed myeloma patients. An 80-gene signature was recognized following bortezomib
administration that will guide us in future for better patients’ risk stratification [105].

From treatment as well as prognostic points, it is also important to consider persistent changes
in genome which occurs without stimulus or as well as under the influence of microenviron-
ment, epigenomic changes or therapy. Therefore, assessment by GEP at a single time point
may not be meaningful. The advancement of GEP from diagnosis, response and relapse should
be interpreted intelligently to have an answer for proper selection of the most appropriate
therapy.

7. Potential target for multiple myeloma

7.1. Constraint of GEP in existing clinical practice

Important impediments still present to prevent application of this important investigation in
general clinical practice. Although many specific GEP signatures have been recognized and a
recent study has joint some of these signatures to create a unique signature [32] but no
consensus have been accepted to date for universal use for every MM patients. GEP remains
a research tool and is not yet authenticated by the FDA. For clinician point of view, the GEP
data have been created generally in a setting of certain treatments that includes thalidomide,
lenalidomide and bortezomibwith or without auto-transplant. Since the therapeutic landscape is
largely progressing inMM, re-assessments are required for each novel drug and/or combination.
In particular the arrival of new therapeutic classes such as antibody drug conjugates, targeted
agents (Elotuzumab, Daratumumab) and new IMiDs and proteasome inhibitors [106, 107] mark-
edly improve the prognosis and may need different GEP studies and signatures [107, 114]. GEP
has been utilized to date in few myeloma centers and mostly for investigational purposes. The
development of investigators friendly and quicker methods should be considered. Simple quan-
titative PCR has been assessed in a group of 157 newly diagnosed patients proved good accept-
able results [115]. However, a final conclusion about this test is still pending. Most importantly
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an integrated approach that includes gene signatures, mutational profile and microRNA expres-
sion will be requisite to allow a wider application of genomic information to direct for treatment
selection as well as prognostication. Taking the current understanding of these landscape genetic
assessment to the next level, it will be essential to understand the clinical influence of clonal
content and advancement along with identification of sub-clonal variants and molecular alter-
ations on disease outcome [141]. The current information about mutational load that predicts
outcome will need to be re-investigated for treatment purpose. These algorithms will be
amended with the arrival of immunotherapeutic strategies which may have great achievement
in malignancies with high mutational load. Again, as demonstrated by Rashid NU et al.
with other colleagues Mutations must be studies further as predictive markers for treatment
decisions [97].

8. Future trend

There is tremendous progress has reported so far, newer high-throughput technologies are
being added with clinical parameters [142]. Array-based methodologies, sequencing-based
method, and newer bio-informatics methodologies are in process of development. Further-
more, integrative oncogenomic work are merging new markers such as mutations, splicing
events, noncoding RNA, miRs with older ones to help in better prognostication [143]. The
personalized medicine depends on the assortment of a targeted therapy guided by the specific
mutation or GEP signature is attractive tool treatment option. However, in future, in MM
patients, treatment option selection depends on coexistence of sub-clones, dynamic evolution
of the disease and triggering mutations in pathway, i.e., KRAS and BRAF for the ERK path-
ways [144].

To conclude, gene expression profile studies provide important knowledge regarding MM
pathogenesis, and establish a powerful tool for prediction of outcome and to direct clinicians
for selection of therapy [145]. The grouping of mutational profile, gene expression and splicing
events with ISS and cytogenetic may become a standard of care in MM care [97].

Author details

Zeeshan Ansar Ahmed1*, Ashgar Nasir1, Muhammad Shariq Shaikh1, Tariq Moatter1

and Afshan Asghar Rasheed2

*Address all correspondence to: zeeshan.ansar@aku.edu

1 Aga Khan University, Karachi, Pakistan

2 Sindh Institute of Urology and Transplantation, Karachi, Pakistan

Therapeutic Targets and Signaling Pathways for Diagnosis of Myeloma
http://dx.doi.org/10.5772/intechopen.81751

53



The documentation of specific micro-RNA expression profile can also be exploited to guide
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opment of small molecules that target these micro-RNA function.
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pretation that harmful agents are avoided that are not helpful. With the help of number of
B-cell lines including multiple myeloma cell lines, a microarray-based GEP signature was
established to predict resistance of melphalan. Although the expression profile was able to
predict sensitivity vs. resistance in cell lines, its practical application needs further studies to be
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may not be meaningful. The advancement of GEP from diagnosis, response and relapse should
be interpreted intelligently to have an answer for proper selection of the most appropriate
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7. Potential target for multiple myeloma

7.1. Constraint of GEP in existing clinical practice

Important impediments still present to prevent application of this important investigation in
general clinical practice. Although many specific GEP signatures have been recognized and a
recent study has joint some of these signatures to create a unique signature [32] but no
consensus have been accepted to date for universal use for every MM patients. GEP remains
a research tool and is not yet authenticated by the FDA. For clinician point of view, the GEP
data have been created generally in a setting of certain treatments that includes thalidomide,
lenalidomide and bortezomibwith or without auto-transplant. Since the therapeutic landscape is
largely progressing inMM, re-assessments are required for each novel drug and/or combination.
In particular the arrival of new therapeutic classes such as antibody drug conjugates, targeted
agents (Elotuzumab, Daratumumab) and new IMiDs and proteasome inhibitors [106, 107] mark-
edly improve the prognosis and may need different GEP studies and signatures [107, 114]. GEP
has been utilized to date in few myeloma centers and mostly for investigational purposes. The
development of investigators friendly and quicker methods should be considered. Simple quan-
titative PCR has been assessed in a group of 157 newly diagnosed patients proved good accept-
able results [115]. However, a final conclusion about this test is still pending. Most importantly
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an integrated approach that includes gene signatures, mutational profile and microRNA expres-
sion will be requisite to allow a wider application of genomic information to direct for treatment
selection as well as prognostication. Taking the current understanding of these landscape genetic
assessment to the next level, it will be essential to understand the clinical influence of clonal
content and advancement along with identification of sub-clonal variants and molecular alter-
ations on disease outcome [141]. The current information about mutational load that predicts
outcome will need to be re-investigated for treatment purpose. These algorithms will be
amended with the arrival of immunotherapeutic strategies which may have great achievement
in malignancies with high mutational load. Again, as demonstrated by Rashid NU et al.
with other colleagues Mutations must be studies further as predictive markers for treatment
decisions [97].

8. Future trend

There is tremendous progress has reported so far, newer high-throughput technologies are
being added with clinical parameters [142]. Array-based methodologies, sequencing-based
method, and newer bio-informatics methodologies are in process of development. Further-
more, integrative oncogenomic work are merging new markers such as mutations, splicing
events, noncoding RNA, miRs with older ones to help in better prognostication [143]. The
personalized medicine depends on the assortment of a targeted therapy guided by the specific
mutation or GEP signature is attractive tool treatment option. However, in future, in MM
patients, treatment option selection depends on coexistence of sub-clones, dynamic evolution
of the disease and triggering mutations in pathway, i.e., KRAS and BRAF for the ERK path-
ways [144].

To conclude, gene expression profile studies provide important knowledge regarding MM
pathogenesis, and establish a powerful tool for prediction of outcome and to direct clinicians
for selection of therapy [145]. The grouping of mutational profile, gene expression and splicing
events with ISS and cytogenetic may become a standard of care in MM care [97].
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Abstract

The number of novel therapies for the treatment of multiple myeloma (MM) is rapidly 
increasing with proteasome inhibitors, immunomodulatory agents and monoclonal anti-
bodies being the most well-known therapeutic classes whilst histone deacetylase inhibitors, 
selective inhibitors of nuclear export and CAR-T cells amongst others also being actively 
investigated. However, in parallel with the development and application of these novel 
myeloma therapies is the emergence of novel mechanisms of resistance, many of which 
remain elusive, particularly for more recently developed agents. Whilst resistance mecha-
nisms have been best studied for proteasome inhibitors, particularly Bortezomib, class 
effects do not universally apply to all proteasome inhibitors, and within-class differences 
in efficacy, toxicity and resistance mechanisms have been observed. Immunomodulatory 
agents share the common cellular target cereblon and thus resistance patterns relate to 
cereblon expression and its pathway components. However, the cell surface antigens to 
which monoclonal antibodies are directed means these agents frequently exhibit unique 
within-class differences in clinical efficacy and resistance patterns. Despite the progres-
sive biological elucidation of resistance mechanisms to these novel therapies, attempts 
to specifically exploit these processes lag considerably behind and until such approaches 
become available, resistance to these therapies will remain a concern.

Keywords: myeloma, novel therapy, drug resistance, proteasome inhibitor, 
immunomodulatory agent, monoclonal antibody

1. Introduction

There has recently been an explosion of novel agents for the treatment of MM that have dra-
matically improved overall response rates (ORR), progression-free survival (PFS) and overall 
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survival (OS) by targeting the malignant plasma cell and bone marrow microenvironment in 
unique ways. The main classes of novel agents are proteasome inhibitors, immunomodula-
tory agents and monoclonal antibodies, however several other classes of novel agents are 
emerging, including histone deacetylase inhibitors, BH3 mimetics, checkpoint inhibitors and 
selective inhibitors of nuclear export, as are alternative approaches, such as chimeric antigen 
receptor T-cells (CAR-T) with MM cell specificity. Whilst CAR-T technology in MM remains 
in pre-clinical and early clinical trial stages of development, this immunological approach 
is rapidly gaining momentum with several groups developing CAR-T cells for therapeutic 
use [1]. Despite these therapeutic advances, many MM patients develop disease relapse sug-
gesting the development of drug resistance whilst some are primary refractory. In this chap-
ter, for the three major classes of novel agents, we present a discussion on known biological 
mechanisms of resistance together with clinical trial efforts, if any, to overcome these. Of all 
therapeutic classes of novel agents, mechanisms of resistance to proteasome inhibitors have 
been studied in greatest detail and are the focus of this chapter.

2. Proteasome inhibitors

Plasma cells secrete immunoglobulin in response to infection and a range of other stimuli 
which requires folding in the endoplasmic reticulum (ER) lumen prior to secretion from the 
cell, resulting in a degree of ER stress due to misfolded protein [2]. ER stress is heightened in 
MM due to the high, sustained production of monoclonal immunoglobulin and a build-up 
of misfolded protein within the ER lumen. This ER stress activates three ER membrane stress 
sensors, protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1) and 
activating transcription factor 6 (ATF6) in a homeostatic process termed the Unfolded Protein 
Response (UPR) [2]. Activation of the UPR results in a global reduction in protein translation 
and the upregulation of ER chaperones and folding machinery to cope with the misfolded 
protein load, thereby rectifying the high ER stress levels that initiated the process. However, 
high sustained levels of ER stress can overwhelm the corrective capacity of the UPR which 
turns from a pro-survival, homeostatic mechanism to one that commits the MM cell to apop-
tosis. By inhibiting the 26S proteasome and preventing the degradation of misfolded proteins, 
proteasome inhibitors induce ER stress and a terminal UPR [2]. However, there are other 
mechanisms through which these agents exert their activity. Indeed, proteasome inhibitors 
are able to modulate a diverse array of cell signalling pathways whilst rendering the micro-
environment less supportive of MM cell growth [3]. Perhaps due to the significant clinical 
impact the first-in-class proteasome inhibitor Bortezomib has made, resistance mechanisms 
to this agent have been studied in greatest detail compared to other proteasome inhibitors 
(Table 1 and Figure 1A).

2.1. The ubiquitin-proteasome pathway

The ubiquitination and proteasome degradation pathway is a multistep enzymatic cascade 
in eukaryotes through which the cell removes excess and misfolded proteins and regulates 
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Resistance type Resistance mediator(s) Resistance mechanism

Proteasome inhibitors

Mutations PSMB5 mutations encoding the 
β5 proteasome subunit

Impaired ability of proteasome inhibitors to bind 
to the catalytically active N-terminal threonine in 
proteasome subunits

Aberrant expression of 
ubiquitin-proteasome 
pathway components

β5 and other proteasome subunits Increased or decreased numbers of binding sites 
for proteasome inhibitors, altering their ability to 
inhibit proteolysis

Activation of the aggresome-
autophagy pathway

HDAC6 and autophagic 
machinery

Sequestration of toxic proteins in aggresomes and 
their removal by autophagy-mediated degradation

Heat shock protein induction Grp78, Hsp90 and other family 
members including Hsp70 and 
Hsp8

Increased protein chaperoning resulting in greater 
ability to deal with misfolded and other toxic 
proteins

Drug efflux activity P-glycoprotein and other 
ATP-binding cassette (ABC) 
superfamily members

Cellular efflux of proteasome inhibitors thereby 
reducing their ability to interact with proteasome 
subunits and other intracellular processes

Antioxidant response 
pathway induction

Over-expression of nuclear factor, 
erythroid 2 like 2 (NFE2L2)

Assists proteasome assembly by inducing 
expression of proteasome maturation protein 
(POMP)

Plasma cell differentiation Reduced expression of Xbp1 Correlates with reduced immunoglobulin 
synthesis and ER stress/proteasome load therefore 
reduced sensitivity to proteasome inhibitors

Bone marrow 
microenvironment

Adhesion molecules on MM cells 
and bone marrow stromal cells 
(e.g. CD138, CD44, VCAM-1, 
LFA-1, MUC-1, ICAM-1 etc.)

Microenvironmental protection from proteasome 
inhibitors and other anti-MM therapies by 
increased MM cell migration, homing and 
adhesion to the bone marrow and activation of 
survival and proliferative intracellular signalling 
pathways

Survival signalling pathways IL-6, VEGF, HGF, c-MET, NF-κB, 
PI3K/AKT, IGF-1/IGF-1R, tight 
junction protein 1 (TJP1) and 
EGFR/JAK/STAT signalling

Proliferation and cell survival signalling reducing 
the efficacy of proteasome inhibitors. Increased 
angiogenesis and MM cell migration. Induction 
of EGFR/JAK/STAT signalling associated with 
increased expression of proteasome subunits

Immunomodulatory agents

Cereblon pathway 
abnormalities

Reduced cereblon expression Less available target for IMiD binding

Cereblon and other pathway 
component mutations

Reduced ability for IMiDs to bind to cereblon and 
other pathway components

Ras/Raf pathway activation KRAS G12D and BRAF V600E 
mutations

Ras/Raf pathway activating mutations result in 
MM cell proliferation and resistance to IMiDs

Adhesion to bone marrow 
stroma

CD44 (Wnt/β-catenin signalling) Greater adhesion to bone marrow stromal cells 
protecting MM cells from IMiDs

Monoclonal antibodies

Target antigen expression Reduced expression of CD38, 
SLAM7 and other cell surface 
proteins

Less available target for mAb binding through 
various mechanisms including trogocytosis
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cellular processes including cell proliferation and survival [4]. The process involves the con-
jugation of ubiquitin via a lysine residue at position 48. Proteins tagged with lysine 48-linked 
chains of ubiquitin are marked for degradation in the proteasome enzyme complex [5, 6]. 
Eukaryotic cells contain the 26S proteasome which consists of a 20S core particle that is bound 
to two 19S regulatory particles [7, 8]. The 19S regulatory particle is responsible for substrate 
recognition, deubiquitination, unfolding and translocation into the 20S core particle which 
contains the active sites that hydrolyze substrate peptide bonds [9]. The 20S core particle is 
composed of four rings that are composed of seven α (α1–α7) subunits or seven β subunits 
(β1–β7), that are stacked in a specific order (α7β7β7α7). These rings generate three intercon-
nected chambers: two outer chambers that are formed by the adjacent α and β rings and a cat-
alytic chamber that is formed by the two adjacent β rings. Only the β1, β2 and β5 subunits are 
catalytically active proteases [10, 11]. Near the β subunit’s active site lies a substrate specificity 
pocket which binds to 10 amino acid stretches in the substrate that flank the peptide bond 
that is cleaved and thereby determines the cleaving preferences of each β subunit [12, 13].  
In particular, the β1 subunit has caspase-like activity (cleaving after acidic residues), β2 exhib-
its trypsin-like activity (cleaving after basic residues), and β5 has chymotrypsin-like activity 
(cleaving after hydrophobic residues) [14, 15].

Proteins that are targeted for proteasomal degradation must cross the 19S regulatory subunit 
in order to reach the proteolytic 20S core where they are degraded into peptides that vary 
from 3 to 25 amino acids in length [16, 17]. Each substrate is cleaved in multiple locations 
without release of partially hydrolyzed substrates from the core particle and the mechanism 
of degradation is conserved for all catalytically active β subunits [16, 18]. In eukaryotes, the 
20S core particle components can change in response to biological stimuli. For example, stim-
ulation of cells with interferon gamma induces the expression of all three catalytically active β 
subunits. These subunits, along with a unique 11S regulatory particle, form a complex called 
the immunoproteasome which is involved in generating peptides for presentation to major 
histocompatibility complex class I molecules, but also has classic proteolytic activity [19–21]. 
Increased expression of the immunoproteasome complex has been reported in MM, where 
it may represent the predominant form of the proteasome [22–25]. It is also noteworthy that 
relapsed MM may be associated with lower levels of the immunoproteasome and increased 
levels of the constitutive proteasome [25].

Resistance type Resistance mediator(s) Resistance mechanism

Resistance to complement-
dependent cytotoxicity 
(CDC)

Increased expression of CD46, 
CD55 and CD59

Reduced ability for mAbs to activate CDC

Soluble antigen Extracellular CD38 and SLAM7 Extracellular binding of mAbs to target antigen 
resulting in reduced mAb binding to cell surface 
antigen

Development of neutralising 
antibodies

Anti-mAb antibodies Host derived anti-mAb antibodies neutralise 
therapeutic mAbs before reaching their cellular 
targets

Table 1. Mechanisms of resistance to the main classes of novel agents for multiple myeloma [143].
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Figure 1. Known resistance mechanisms for the main classes of novel MM therapies [143]. (A) Proteasome inhibitors. 
(B) Immunomodulatory agents (IMiDs). (C) Monoclonal antibodies. See text for details. c-MET, hepatocyte growth 
factor receptor; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; IGF-1, insulin-like growth factor; IL-6, 
Interleukin-6; ICAM-1, intercellular adhesion molecule-1; LFA-1, lymphocyte function-associated antigen-1; MCP-1, 
monocyte chemotactic protein 1; MUC-1, Mucin-1 antigen; P-gp, P-glycoprotein; SDF-1, stromal cell-derived factor; 
TNFα, tumour necrosis factor alpha; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth 
factor; VLA-4/5, very late antigen 4/5; Xpb1, X-box binding protein 1; ZO-1, Zonula occludens-1; CRBN, cereblon; Cul4, 
Cullin-4; DDB1, DNA damage-binding protein 1; Erk, extracellular signal-regulated kinases; IKZF, IKAROS family zinc 
finger; IL-2, Interleukin-2; IRF4, interferon regulatory factor 4; Mek, mitogen-activated protein kinase kinase; MYC, MYC 
proto-oncogene; Raf, rapidly accelerated fibrosarcoma; ROC1, regulator of cullins 1; Ub, ubiquitin; SLAM7, signalling 
lymphocytic activation molecule family member 7.
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2.2. Proteasome inhibitors used to treat myeloma

Proteasome inhibitors are potent anti-MM agents which inhibit one or more proteolytic 
subunits of the 20S proteasome. Their efficacy is attributed to a number of factors including 
inhibition of NF-κB signalling, although this has recently come under question, induction 
of ER stress with the activation of a terminal UPR, and modification of the bone marrow 
microenvironment, amongst others [26, 27]. Several generations of proteasome inhibitors 
have been developed with Bortezomib, Carfilzomib and Ixazomib approved for clinical use 
in a number of countries. The proteasome inhibitors differ in their relative selectivity for β 
catalytic subunits, and half-life and reversibility of β subunit inhibition, that translates into 
differential anti-MM efficacy and toxicity profiles [26]. Thus, the individual proteasome 
inhibitors demonstrate significant within-class pharmacokinetic and pharmacodynamic 
variation and resistance to one proteasome inhibitor does not necessarily suggest resistance 
to another.

The first-in-class proteasome inhibitor Bortezomib (N-acyl-pseudo dipeptidyl boronic 
acid) is a dipeptide that binds reversibly to the chymotrypsin-like β5 subunit of the catalytic 
chamber of the 20S proteasome and to a lesser extent the β1 and β2 subunits [26]. Attempts 
to improve the efficacy and toxicity profiles of Bortezomib resulted in the development 
of the epoxyketone Carfilzomib, an irreversible 20S proteasome inhibitor that preferen-
tially binds to and inhibits the chymotrypsin-like β5 subunit with demonstrated activity 
in Bortezomib-resistant MM patients (ASPIRE trial) [28, 29]. Like Bortezomib, Ixazomib 
is a reversible peptide boronate 20S proteasome inhibitor of the chymotrypsin-like β5 sub-
unit also with activity in Bortezomib-resistant MM as demonstrated in the TOURMALINE 
phase III trial [30]. Unlike Bortezomib, however, Ixazomib is orally bioavailable and found 
to induce less toxicity in patients, possibly due to its much shorter β5 subunit dissociation 
half-life [31].

2.2.1. Later-generation proteasome inhibitors

There are ongoing attempts to expand and improve the repertoire of proteasome inhibi-
tors. Marizomib irreversibly inhibits the three proteolytic sites of the 20S proteasome and 
pre-clinical studies have shown efficacy in Bortezomib-resistant MM cells [32]. A phase I 
study evaluating Marizomib, Pomalidomide and Dexamethasone in heavily pre-treated 
patients with relapsed/refractory MM demonstrated an impressive ORR of 53% and clini-
cal benefit rate of 64% [33–35]. This new proteasome inhibitor will likely be examined in 
more advanced clinical trials in the near future, not only for its ability to re-sensitise patients 
to proteasome inhibition but for its activity in MM involving the central nervous system. 
Oprozomib is structurally similar to Carfilzomib with the advantage of being orally admin-
istered and has demonstrated pre-clinical efficacy in Bortezomib-resistant MM cells [36]. 
Whilst there are no clinical trial results at this time in relapsed/refractory MM, several early 
phase studies are currently active, including a phase Ib/II study of Oprozomib in combi-
nation with Dexamethasone (NCT01832727) and with Pomalidomide and Dexamethasone 
(NCT01999335 and NCT02939183).
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2.3. Mechanisms of resistance to proteasome inhibitors

2.3.1. Mutations and aberrant expression of ubiquitin-proteasome pathway components

2.3.1.1. Pre-clinical/clinical findings

Several point mutations in proteasome subunits that render them insensitive to Bortezomib 
inhibition have been identified. A single point mutation in the Bortezomib binding pocket of 
the β5 subunit (PSMB5 gene) resulting in substitution of Ala49 with Thr (A49T) was described 
in Bortezomib-resistant human myelomonocytic THP1 cells, generated by culturing cells in 
escalating concentrations of Bortezomib [37]. This mutation was also detected in Bortezomib-
resistant Jurkat cells, as were other mutations including A49V and the combination of A49T 
with A50V [38, 39]. However, despite the A49T β5 subunit mutation being detected in 
Bortezomib-resistant KMS-11 and OPM-2 human MM cell lines, no such β5 mutations were 
detected in Bortezomib-resistant RPMI-8226 MM cells, suggesting other mechanisms of resis-
tance were at play [40, 41]. There have been a number of other β5 mutations identified in pre-
clinical studies which affect Bortezomib binding and until recently, no mutations in PSMB5 
have been detected in either newly-diagnosed MM patients or those with relapsed and/or 
refractory disease [42, 43]. However, the first report of PSMB5 mutations in a patient resistant 
to Bortezomib has renewed interest in this area although the clinical significance of these 
mutations is yet to be determined [44].

Significantly increased protein expression of the β5 subunit and only modest increases in β1 
and β2 subunits were observed in Bortezomib-resistant THP1 cells which were reversible 
upon withdrawal of Bortezomib from cell cultures [37]. Over-expression of β subunits has also 
been detected in some MM cell lines, as well as those of some other haematologic malignan-
cies, however, studies in MM suggest that the induction of these proteins is at most modest 
with minimal contribution to resistance [45]. Furthermore, free β5 subunits are catalytically 
inactive by themselves and cannot generally bind proteasome inhibitors unless assembled 
into functional proteasomes [46]. The expression levels of tight junction protein 1 (TJP1/ZO-1) 
were shown to be strongly associated with Bortezomib sensitivity with the downstream 
mechanism being suppression of EGFR signalling, which decreased the levels of proteasome 
subunit synthesis in at STAT3-dependent manner [47]. High TJP1 expression in patient MM 
cells was associated with a significantly higher chance of responding to Bortezomib and a 
longer duration of response [47].

2.3.2. Activation of the aggresome-autophagy pathway

2.3.2.1. Pre-clinical/clinical findings

Cytosolic small protein aggregates form when misfolded proteins accumulate, which are then 
transported towards the microtubule organising centre into a structure called the aggresome. 
Acetylation of α-tubulin, which is reversed by histone deacetylase 6 (HDAC6), modulates 
the structure and function of the microtubule, thus playing a pivotal role in the movement of 
misfolded protein aggregates to the aggresome [48]. Cells that lack HDAC6 were found to be 
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2.2. Proteasome inhibitors used to treat myeloma
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of ER stress with the activation of a terminal UPR, and modification of the bone marrow 
microenvironment, amongst others [26, 27]. Several generations of proteasome inhibitors 
have been developed with Bortezomib, Carfilzomib and Ixazomib approved for clinical use 
in a number of countries. The proteasome inhibitors differ in their relative selectivity for β 
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tially binds to and inhibits the chymotrypsin-like β5 subunit with demonstrated activity 
in Bortezomib-resistant MM patients (ASPIRE trial) [28, 29]. Like Bortezomib, Ixazomib 
is a reversible peptide boronate 20S proteasome inhibitor of the chymotrypsin-like β5 sub-
unit also with activity in Bortezomib-resistant MM as demonstrated in the TOURMALINE 
phase III trial [30]. Unlike Bortezomib, however, Ixazomib is orally bioavailable and found 
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patients with relapsed/refractory MM demonstrated an impressive ORR of 53% and clini-
cal benefit rate of 64% [33–35]. This new proteasome inhibitor will likely be examined in 
more advanced clinical trials in the near future, not only for its ability to re-sensitise patients 
to proteasome inhibition but for its activity in MM involving the central nervous system. 
Oprozomib is structurally similar to Carfilzomib with the advantage of being orally admin-
istered and has demonstrated pre-clinical efficacy in Bortezomib-resistant MM cells [36]. 
Whilst there are no clinical trial results at this time in relapsed/refractory MM, several early 
phase studies are currently active, including a phase Ib/II study of Oprozomib in combi-
nation with Dexamethasone (NCT01832727) and with Pomalidomide and Dexamethasone 
(NCT01999335 and NCT02939183).
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defective in the removal of protein aggregates and are not able to form large aggresomes [49]. 
Autophagy is predominantly a pro-survival homeostatic process whereby double-membrane 
vesicles known as autophagosomes sequester cytosolic proteins, including aggresomes, fol-
lowed by fusion with lysosomes for degradation. Thus, misfolded proteins can be degraded 
via the ubiquitin-proteasome and/or aggresome-autophagy pathways and simultaneous 
blockade of both by combining Bortezomib and the HDAC inhibitor Panobinostat, respec-
tively, showed synergistic anti-MM activity in pre-clinical models [50]. By inhibiting the pro-
teasome, Bortezomib results in an increase in aggresome formation and also induction of 
autophagy, the latter a likely compensatory mechanism to eliminate misfolded proteins and 
other substrates of the ubiquitin-proteasome system which could be involved in resistance 
to proteasome inhibitors [51]. Thus, clinical studies combining a proteasome inhibitor with 
HDAC and/or autophagy inhibition have a sound biological basis for overcoming resistance 
to proteasome inhibitors.

2.3.2.2. Clinical studies to circumvent resistance

A large phase III study demonstrated a superior PFS when Panobinostat was combined with 
Bortezomib and Dexamethasone over Bortezomib and Dexamethasone alone in relapsed/
refractory MM patients, leading FDA approval of Panobinostat in 2015 [52]. Despite this, 
no differences in OS or ORR were evident although the proportion of patients achieving a 
complete response (CR) was higher with Panobinostat. Given the activity of Carfilzomib in 
Bortezomib-resistant MM, early clinical studies are ongoing examining the combination of 
Panobinostat and Carfilzomib in relapsed/refractory MM and are expected to yield favour-
able results (NCT01496118). With regard to autophagy, a phase II trial evaluating the combi-
nation of Bortezomib and the autophagy inhibitor Chloroquine in patients with relapsed and/
or refractory MM, supported by the finding of synergistic MM cell death in the pre-clinical 
setting, showed a clinical benefit rate of 40%, further cementing the role of the aggresome-
autophagy pathway in proteasome inhibitor-resistant MM [53].

2.3.3. Heat shock protein induction

2.3.3.1. Pre-clinical/clinical findings

The heat shock response is part of the cell repair machinery that maintains homeostasis under 
stressful conditions such as infection, inflammation, starvation, hypoxia, and exposure to tox-
ins, which is carried out by heat shock proteins (HSPs) [54]. HSPs assist in protein folding and 
preventing undesirable protein aggregation [54]. Blockade of proteasome-mediated protein 
degradation leads to the induction of HSPs and related chaperones, which have been shown to 
confer resistance to proteasome inhibitors [55]. Two well characterised HSPs in this setting are 
Grp78 (HSPA5; also known as Binding immunoglobulin protein, BiP) and Hsp90 (HSP90AA1).

Grp78 resides in the ER lumen where it is bound to the luminal domains of the three ER stress 
protein sensors, ATF6, PERK and IRE1 [2]. Upon accumulation of misfolded proteins in the 
ER, Grp78 (1) detaches from ATF6, PERK and IRE1 enabling activation of the homeostatic 
UPR and (2) chaperones the misfolded proteins for degradation by the 20S proteasome [2]. 
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In MM, Grp78 was reported to play a role in resistance to proteasome inhibitors, and MM 
cells surviving proteasome inhibitor treatment showed increased Grp78 expression, which 
further increased with progressive disease [56]. However, this was not corroborated by others 
who could not demonstrate any significant differences in Grp78 expression in bone marrow 
plasma cells obtained from patients with MGUS, newly-diagnosed MM or relapsed/refrac-
tory MM [57]. Inhibition of Grp78 can induce MM cell death and pharmacological inhibition 
of Grp78 with Metformin, genetic ablation or mutational inactivation followed by Bortezomib 
treatment led to the accumulation of aggresomes, impaired autophagy and enhancement of 
the anti-MM effects of Bortezomib [58].

Hsp90 expression also increases with the accumulation of misfolded proteins in the ER 
lumen and has been investigated as a potential target to enhance the efficacy of Bortezomib 
[59]. Hsp90 was found to stabilise Grp78 at the post-transcriptional level, and treatment of 
Bortezomib-resistant mantle cell lymphoma cells with the Hsp90 inhibitor IPI-504 together 
with Grp78 knockdown led to synergistic cell death when combined with Bortezomib [60]. 
Other HSPs have also been shown to confer resistance to Bortezomib, including Hsp70 and 
small heat shock protein B8 (Hsp8) in MM and Hsp27 in lymphoma [61, 62].

2.3.3.2. Clinical studies to circumvent resistance

No advanced clinical trials employing Grp78 modulation in MM patients have been under-
taken, although a study using an anti-Grp78 monoclonal antibody induced a PR in a heavily 
pre-treated patient when combined with Bortezomib and Lenalidomide [63]. Whilst early 
clinical trials have identified safe dose ranges for Hsp90 inhibitors, which have been tested 
either alone or in combination with Bortezomib and Dexamethasone in relapsed/refractory 
MM, results have been disappointing and to date no agents have progressed beyond the 
phase I/II stage [64].

2.3.4. Drug efflux

2.3.4.1. Pre-clinical/clinical findings

The efflux of drugs by members of the ATP-Binding Cassette (ABC) superfamily is a well-
established mechanism by which tumours are able to acquire therapeutic resistance [65]. 
Whilst the multi-drug efflux transporter MDR1/P-glycoprotein (P-pg/ABCB1) has been 
shown to correlate with MM relapse and drug resistance [66, 67], its role in Bortezomib 
resistance has been controversial and it is generally thought that Bortezomib is a poor sub-
strate [68]. P-gp was rarely detected in newly diagnosed MM patients [67], however, over-
expression was associated with disease relapse and drug resistance, specifically to Vincristine, 
Doxorubicin, Etoposide and glucocorticoids [66, 67, 69]. Carfilzomib, on the other hand, is a 
bona fide P-gp substrate and patients treated with Carfilzomib show increased P-gp expression 
[70]. Upregulation of P-gp in MM cells confers resistance to Carfilzomib [71]. To date, there 
are no studies that relate P-gp to drug resistance to Ixazomib. Whilst Carfilzomib resistance in 
MM can be reversed in vitro by P-gp inhibition, for example using Verapamil or Vismodegib 
[72], this has not yet translated into clinical trials.
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2.3.5. Antioxidant response pathway induction

2.3.5.1. Pre-clinical/clinical findings

Elevated levels of antioxidant-related pathway genes have been associated with drug resis-
tance in other tumours, including resistance to Bortezomib in patients with mantle cell lym-
phoma [73]. Bortezomib resistance-related gene expression signatures revealed enrichment 
for Nuclear Factor, Erythroid 2 Like 2 (NFE2L2) which is activated as part of an antioxidant 
response pathway [74]. The downstream NFE2L2 gene target POMP encodes the proteasome 
maturation protein proteassemblin, a chaperone responsible for the assembly of active pro-
teasome particles from inactive precursor subunits [75]. Recently, POMP was found to be a 
mediator of the Bortezomib-resistant phenotype in MM cells [75], however, these findings 
have not been applied clinically.

2.3.6. Plasma cell differentiation

2.3.6.1. Pre-clinical/clinical findings

The transcription factor Xbp-1, a downstream component of the IRE1 arm of the UPR, is 
required for the differentiation of B-cells into plasma cells and more recently has been shown 
to be associated with Bortezomib sensitivity [76, 77]. Patient-derived bone marrow MM cells 
can be subdivided into populations based on their expression of Xbp-1, with plasma cells 
expressing low or absent Xbp-1 enriched in the bone marrow of patients who have relapsed 
after Bortezomib therapy or who have progressive disease [76]. These low or absent Xbp-1 
expressing plasma cells were less differentiated with lower levels of immunoglobulin synthe-
sis, reduced ER stress and less proteasome load. Conversely, at MM diagnosis, the majority of 
bone marrow plasma cells expressed higher Xbp-1 levels, conferring sensitivity to Bortezomib, 
although subpopulations of plasma cells with lower levels could be detected [76]. It is hypoth-
esised that these subpopulations of plasma cells with low Xbp-1 expression are responsible 
for eventual relapse after induction therapy [76]. Interestingly, these findings would suggest 
that patients who are resistant to proteasome inhibitors should have non-secretory MM, how-
ever, only a small minority of these patients have this disease phenotype. To date, the degree 
of plasma cell differentiation has not been considered in clinical trials.

2.3.7. Bone marrow microenvironment and survival signalling pathways

2.3.7.1. Pre-clinical/clinical findings

The bone marrow microenvironment (BMME) includes (1) the non-cellular compartment 
formed by extracellular matrix (ECM) proteins (laminin, fibronectin and collagen) and 
soluble factors (cytokines, chemokines and growth factors) and (2) a cellular compart-
ment comprising haemopoietic cells and non-haemopoietic cells (fibroblasts, osteoblasts, 
osteoclasts, endothelial cells, endothelial progenitor cells, pericytes, mesenchymal stem 
cells and mesenchymal stromal cells) which support MM cell survival and growth [78]. 
The interaction between ECM proteins and bone marrow stromal cells (BMSCs) with MM 

Update on Multiple Myeloma76

cells plays a crucial role in MM pathogenesis and drug resistance by secreting growth 
factors, cytokines and extracellular vesicles (exosomes) and by the expression of adhesion 
proteins [78].

Various soluble factors have been shown to confer resistance to Bortezomib and other thera-
peutic agents in MM. IL-6 enhances vascular endothelial growth factor (VEGF) secretion pro-
moting angiogenesis which plays a role in MM cell migration [79]. Whilst Bortezomib can 
inhibit IL-6 and VEGF production, secretion of IL-6 by stromal cells and MM cells leads to 
Bortezomib resistance [80]. Hepatocyte growth factor (HGF) is upregulated during MM pro-
gression, enhancing the expression of its receptor, c-MET [81]. This signalling pathway is con-
stitutively activated in MM cells and endothelial cells from patients with relapsed/refractory 
MM and mediates drug resistance [82]. Accordingly, an inhibitory effect on endothelial cells 
obtained from patients refractory to Bortezomib or Lenalidomide was demonstrated using 
the c-MET inhibitor SU11274 alone or in combination with Bortezomib or Lenalidomide, 
resulting in downregulation of angiogenic activity [83].

Constitutive activation of pro-survival signalling pathways (e.g. NF-κB and AKT) has been 
reported to reduce the sensitivity of MM cells to Bortezomib [84]. Insulin-like growth fac-
tor (IGF-1) is produced by plasma cells and is present in the BM microenvironment, where 
it promotes proliferation and drug resistance in MM cells through activation of MAPK and 
PI3K/AKT signalling cascades [85]. Over-expression of IGF-1/IGF-1R pathway components 
has been shown to be a potential mechanism for resistance to proteasome inhibitors with 
blockade of downstream IGF-1 effectors able to resensitise MM cell lines to Bortezomib [86]. 
Studies evaluating compounds that affect the IGF-1/IGF-1R interaction are ongoing with OSI-
906, a small molecule inhibitor of IGF-1R, able to resensitise MM cells to Bortezomib [86]. A 
downstream target of IGF-1, AKT, increases in expression in response to proteasome inhibi-
tors in pre-clinical MM studies and an early phase clinical trial suggests that AKT inhibition 
might overcome resistance to Bortezomib [87]. As previously discussed, reduced expression 
of tight junction protein 1 (TJP1/ZO-1) and downstream activation of EGFR signalling are 
strongly correlated with Bortezomib resistance [47].

Interactions between MM cells and the BM stroma and/or ECM components provide a 
mechanism whereby MM cells are protected from the cytotoxic effects of anti-MM thera-
pies. Such interactions include those mediated by adhesion molecules of the integrin fam-
ily, Syndecan-1 (CD138), CD44, vascular cell adhesion molecule-1 (VCAM-1), lymphocyte 
function-associated antigen-1 (LFA-1), Mucin-1 antigen (MUC-1) and intercellular adhesion 
molecule-1 (ICAM-1) [88]. The adhesion of MM cells to stromal cells triggers IL-6 secretion, 
NF-κB activation in stromal cells and activation of signalling pathways that result in MM 
cell survival and proliferation [88]. Such effects are seen with integrin β7 which increases 
MM cell adhesion, migration and homing into bone marrow and reduces Melphalan and 
Bortezomib-induced apoptosis [89]. Similar MM-promoting effects have been reported for 
the stromal cell-derived factor (SDF-1)/CXCR4 axis, however, clinical translation has not 
ensued [90].

Other important mechanisms of BMME-induced drug resistance are emerging. BMSCs can 
modulate certain miRNAs in MM cells [91]. The expression of miR-27a is associated with 
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cells plays a crucial role in MM pathogenesis and drug resistance by secreting growth 
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Bortezomib resistance in MM patients [91] whilst suppression of miR-15a and -16 by BMSCs 
was shown to be responsible for the protection of MM cells from Bortezomib-induced apop-
tosis [91]. miR-29 acts as a tumour suppressor miRNA and is downregulated in patient MM 
cells and in MM cell lines with acquired resistance to Bortezomib, Carfilzomib and Ixazomib 
[91]. Finally, exosomes mediate local cell-cell signalling by transferring mRNAs, miRNAs 
and proteins. It has been shown that exosomes derived from BMSCs inhibited Bortezomib-
induced cell death to protect MM cells from apoptosis [92].

2.3.7.2. Clinical studies to circumvent resistance

In a phase II study, the anti-IL-6 antibody Siltuximab was administered with Dexamethasone 
to patients with relapsed and/or refractory MM [93]. Although no responses to Siltuximab 
alone were observed, the addition of Dexamethasone resulted in ORR, PFS and OS of 23%, 
3.7 months and 20.4 months, respectively. Despite these findings, this strategy has not pro-
gressed further. The c-MET inhibitor Tivantinib was examined as a single agent in a phase II 
study in relapsed/refractory MM patients [94]. Overall, 36% of patients showed stable disease 
as their best response with the authors concluding that Tivantinib did not show promise for 
unselected relapsed/refractory MM patients, however, the fact that a significant proportion did 
show disease stability suggests combining c-MET inhibition with other anti-MM therapy could 
be explored. There are a small number of phase I studies employing a monoclonal anti-IGF-
1R antibody alone or in combination with Bortezomib in relapsed/refractory MM, however, 
the authors of one study conclude that due to low response rates, even in combination with 
Bortezomib, further development is not justified [95]. Note should be made that patient recruit-
ment into this study was not performed based on evaluation of IGF-1R expression on patient 
MM cells. No small molecule inhibitors of IGF-1R have so far been tested clinically. A phase I 
clinical trial in relapsed/refractory MM patients suggests that AKT inhibition with Afuresertib 
might overcome resistance to Bortezomib [87]. In this study, the ORR was 8.8%, however, 
despite these potentially promising results in heavily pre-treated patients, more advanced clin-
ical trials have not been undertaken.

3. Immunomodulatory agents

The immunomodulatory drugs (IMiDs), Thalidomide, Lenalidomide and Pomalidomide 
have also made a major impact in the management of MM. Despite a checkered history in 
the 1950s and 1960s due to teratogenicity, Thalidomide has high anti-MM activity and has 
been incorporated into many treatment regimens. The second generation IMiD Lenalidomide 
and third generation IMiD Pomalidomide represent sequential improvements in efficacy and 
toxicity profiles with demonstrable activity in patients who have developed resistance to an 
earlier generation IMiD [96]. With regard to Lenalidomide, the MM-009 [97] and MM-010 
[98] phase III trials demonstrated the superiority of Lenalidomide and Dexamethasone over 
Dexamethasone in relapsed/refractory MM patients whilst the pivotal MM-003 study [99] 
demonstrated the efficacy of Pomalidomide and Dexamethasone in MM patients who were 
refractory to both Bortezomib and Lenalidomide.
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The anti-MM effects of IMiDs are related to their binding to the E3 ubiquitin ligase cere-
blon (CRBN) and subsequent ubiquitination and degradation of two B-cell transcription 
factors, Ikaros (IKZF1) and Aiolos (IKZF3) [96]. A landmark study identified CRBN as a pri-
mary target in Thalidomide teratogenicity, further demonstrating that Thalidomide binds to 
CRBN, disrupting the function of the E3 ubiquitin ligase complex, ultimately leading to the 
downregulation of fibroblast growth factor genes and the teratogenic effects associated with 
Thalidomide [100]. Subsequently, it was shown that the anti-MM efficacy of IMiDs is directly 
related to CRBN expression.

3.1. Mechanisms of resistance to immunomodulatory agents

3.1.1. Pre-clinical/clinical findings

Resistance mechanisms to IMiDs have been elucidated to a far lesser extent than have those 
for proteasome inhibitors (Table 1 and Figure 1B) and mostly hinge on the presence of 
functional CRBN in MM cells [100]. MM patients exposed to and thought to be resistant to 
Lenalidomide had lower CRBN levels compared to paired samples before and after therapy 
[101]. Subsequently, it was shown that high expression of CRBN is associated with a favour-
able response to Thalidomide and Lenalidomide in newly-diagnosed MM patients [102, 103] 
and no IMiD response occurred in patients with very low CRBN levels [104]. Moreover, in 
MM patients refractory to Pomalidomide, CRBN levels predicted for differences in PFS (3 ver-
sus 8.9 months) and OS (9.1 versus 27.2 months) when comparing patients in the lowest CRBN 
expression quartile versus those with higher expression [104]. Notably, as CRBN expression 
decreases in MM patients who develop resistance to Lenalidomide therapy, this does not 
affect sensitivity to Bortezomib, Melphalan and Dexamethasone [101, 105]. Low levels of the 
CRBN binding protein IKZF1 and high levels of another CRBN binding protein Karyopherin 
Subunit Alpha 2 (KPNA2) also correlated with lack of response to Pomalidomide and/or OS 
[106]. Specifically, patients with low IKZF1 expression had a median OS of 7.3 months com-
pared with 27.2 months in those with higher IKZF1 expression which was also correlated with 
a similar pattern of PFS (4.9 vs. 7.3 months) [106].

In relapsed/refractory MM patients, the majority (88%) of whom were refractory to an 
IMiD, an increased prevalence of mutations in the Ras pathway genes KRAS, NRAS and/
or BRAF (72%), as well as TP53 (26%), CRBN (12%) and CRBN pathway genes (10%) were 
observed [107]. Notably, all CRBN-mutated patients and 91% of the CRBN pathway-mutated 
patients were unresponsive to IMiD based treatment. Moreover, three patients with CRBN 
mutations at the time of IMiD resistance did not possess these genetic aberrations at the 
time of IMiD sensitivity. Importantly, the introduction of these mutations in MM cells con-
ferred Lenalidomide resistance in vitro [107]. Finally, a pre-clinical study has demonstrated 
that Lenalidomide resistant MM models over-express the hyaluronan (HA)-binding protein 
CD44, a downstream Wnt/β-catenin transcriptional target [108]. Consistent with this hypoth-
esis, Lenalidomide resistant MM cell lines show greater adhesion to bone marrow stromal 
cells. Inhibition of CD44 by application of the humanised monoclonal anti-CD44 antibody 
RO5429083 induced a modest anti-proliferative effect whilst shRNA-mediated CD44 knock-
down resulted in a marked re-sensitisation to Lenalidomide [108].
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3.1.2. Clinical studies to circumvent resistance

Whilst the CRBN pathway has been shown to be pivotal in IMiD responsiveness, no clinical 
studies have eventuated that make use of this important biology as a strategy to overcome 
resistance to IMiDs and many questions remain such as how much functional CRBN is actu-
ally required to maintain IMiD sensitivity. Despite the controversies surrounding CRBN, 
activating mutations in Ras pathway components, such as KRAS G12D and BRAF V600E, 
could potentially be targeted with existing compounds in MM patients harbouring these 
mutations [109]. Such studies have not yet been conducted, although two patients with BRAF 
V600E positive relapsed/refractory MM achieved significant reductions in tumour burden 
when treated with the BRAF inhibitor Vemurafenib whilst a patient with highly resistant and 
rapidly progressive MM also harbouring the BRAF V600E mutation achieved a rapid and 
sustained response with dual BRAF and MEK inhibition [110].

4. Monoclonal antibodies

Binding of monoclonal antibody (mAb) to its target antigen on MM cells has been shown to 
induce cell death through several mechanisms including antibody-dependent cell-mediated 
cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), antibody-dependent cel-
lular phagocytosis (ADCP), induction of apoptosis through FcγR-mediated crosslinking of 
tumour-bound antibodies and modulation of target antigen enzymatic activity after antibody 
binding [111]. Three mAbs, Daratumumab, Elotuzumab and Pembrolizumab have advanced 
to phase III clinical trials with Daratumumab the most successful of these.

CD38 is variably expressed on haemopoietic and some non-haemopoietic cells with surface 
expression depending on the differentiation and activation status of the cell. High cell sur-
face expression occurs on benign and malignant plasma cells [111] with the fully-humanised 
anti-CD38 mAb Daratumumab demonstrating impressive outcomes when combined with 
Bortezomib (CASTOR) or Lenalidomide (POLLUX) in the relapsed/refractory MM setting 
[112, 113]. Other CD38 mAbs, such as Isatuximab (chimeric) and MOR202 (fully human), 
with differing biological activities from Daratumumab are currently being evaluated in clini-
cal trials (Isatuximab: NCT03275285, NCT03319667, NCT02990338; MOR202: NCT01421186). 
Elotuzumab binds to signalling lymphocytic activation molecule family member 7 (SLAM7) 
reducing MM cell binding to bone marrow stroma and activating ADCC [114]. Interestingly, 
whilst no responses to Elotuzumab as a single agent were observed, the addition of Elotuzumab 
to Lenalidomide and Dexamethasone in relapsed/refractory MM patients (ELOQUENT-2 
trial) resulted in improvements in ORR and PFS, and Elotuzumab is currently the subject of 
ongoing clinical trials (NCT01891643, NCT02495922, NCT01335399) [115]. Pembrolizumab 
targets the programmed death 1 (PD-1)/programmed cell death ligand 1 (PD-L1) pathway, a 
critical initiator of immune activation, playing a role in mediating tolerance [116]. However, 
two phase III trials KEYNOTE-183 and KEYNOTE-185 have recently been suspended by the 
US Food and Drug Administration due to more deaths being observed in the Pembrolizumab 
arms and further information on the use of Pembrolizumab in MM is pending.
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4.1. Mechanisms of resistance to monoclonal antibodies

4.1.1. Pre-clinical/clinical findings

The relatively recent addition of mAbs to MM pharmacotherapy means there is a paucity 
of studies examining resistance mechanisms although these are now being explored with 
their increasing clinical use (Table 1 and Figure 1C). Examination of CD38 expression on MM 
cells in 102 patients treated with Daratumumab monotherapy has been insightful [117]. With 
regard to the effect of Daratumumab on residual bone marrow plasma cells, two important 
points were clear from this analysis. Firstly, CD38 cell surface expression on plasma cells is 
highest before Daratumumab treatment and is significantly decreased during treatment. At 
the time of progressive disease, plasma cells isolated from the bone marrow of these patients 
exhibited low expression of CD38 suggesting Daratumumab therapy would be less effective, 
a finding corroborated previously [76]. Secondly, pre-treatment CD38 expression on the sur-
face of MM cells was higher in patients who achieved at least a PR compared to those who 
did not. Recently, it was shown that Daratumumab-CD38 complexes and accompanying cell 
membrane are actively transferred from MM cells to monocytes and granulocytes in a pro-
cess called trogocytosis that was also associated with reduced MM cell surface expression of 
CD49d, CD56 and CD138 [118]. However, Daratumumab-induced reductions in CD38 expres-
sion on MM cells occur in patients with deep and durable responses suggesting reductions in 
CD38 alone are not responsible for Daratumumab resistance [118]. Cell surface expression of 
the complement-inhibitory proteins, CD46, CD55 and CD59, was not associated with clinical 
response but significantly increased only at the time of disease progression. Furthermore, all-
trans retinoic acid increased CD38 expression whilst decreasing expression of CD55 and CD59 
on MM cells from patients who developed Daratumumab resistance to approximately pre-
treatment levels, resulting in enhancement of Daratumumab-mediated CDC [117].

In addition to the cell surface expression of target antigens on MM cells, several other poten-
tial mechanisms of resistance to mAbs may be at play. Soluble forms of CD38 [119] and 
SLAM7 [120] may affect the efficacy of Daratumumab and Elotuzumab, respectively. Another 
potential mechanism of resistance is the development of neutralising antibodies to the thera-
peutic antibody. This phenomenon was noted in 39% of patients treated with single agent 
Elotuzumab resulting in more pronounced effects on serum Elotuzumab concentrations [121]. 
Furthermore, in the ELOQUENT-2 trial, 15% of patients developed anti-Elotuzumab antibod-
ies on at least one occasion [115], however, antibodies directed against Daratumumab have to 
this day not been detected. Other factors that may contribute to the clinical efficacy of mAb 
therapy include the frequency and activity of effector immune cells [122], Fcγ receptor poly-
morphisms [123] and even KIR and HLA genotypes [124].

4.1.2. Clinical studies to circumvent resistance

Whilst the mechanisms of resistance to mAbs are being elucidated, clinical studies specifi-
cally designed to overcome these biological processes are largely lacking with the exception 
of an ongoing phase I/II trial of Daratumumab in combination with all-trans retinoic acid for 
patients with relapsed/refractory MM (NCT02751255).
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this day not been detected. Other factors that may contribute to the clinical efficacy of mAb 
therapy include the frequency and activity of effector immune cells [122], Fcγ receptor poly-
morphisms [123] and even KIR and HLA genotypes [124].

4.1.2. Clinical studies to circumvent resistance

Whilst the mechanisms of resistance to mAbs are being elucidated, clinical studies specifi-
cally designed to overcome these biological processes are largely lacking with the exception 
of an ongoing phase I/II trial of Daratumumab in combination with all-trans retinoic acid for 
patients with relapsed/refractory MM (NCT02751255).
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5. Other factors potentially influencing resistance to myeloma 
therapies

5.1. Cytogenetics, mutation patterns and clonal evolution

Cytogenetic abnormalities in MM are broadly divided into copy number changes or transloca-
tions, most commonly involving the immunoglobulin heavy chain gene [125]. Various cytoge-
netic abnormalities were shown to be associated with the likelihood of durable responses to 
therapy but they do not directly explain mechanisms of drug resistance or disease progression 
[126]. High risk genetic features frequently result in the dysregulation of transcription fac-
tors or tumour suppressors and include t(4;14), t(14;16), t(16;20), del(17p) and copy number 
changes of chromosome 1, which are used for stratifying MM patients in clinical trials and 
are now becoming important in guiding therapy in routine practice [126]. For example, the 
EMN02/HO95 study demonstrated the benefit of double autologous stem cell transplantation 
in patient with high-risk genetics, essentially negating the adverse prognosis of high genetic 
risk MM [127]. Similarly, the addition of Bortezomib to induction regimens in patients receiv-
ing HDM/ASCT may partially overcome cytogenetically defined poor risk [128]. On the other 
hand, patients with trisomies may respond particularly well to lenalidomide based protocols 
[129]. Mutational events such as those involving p53 are associated with particularly poor PFS, 
however, the significant heterogeneity of point mutational events elucidated in whole exome 
sequencing studies means generalisations of such molecular changes are not possible [130].

The development of whole exome sequencing and copy number profiling was combined with 
cytogenetics in a landmark paper by a consortium of European and American groups [131]. 
This elegant paper demonstrated that the majority of MM patients had multiple sub-clones 
present at the time of diagnosis and that within sub-clones there could be differing mutational 
events potentially driving behaviour [131]. When serial MM samples were analysed, diverse 
patterns of clonal evolution were detected. In some cases, simple clonal selection could be 
observed following a linear pattern of clonal evolution [131]. Differential clonal responses 
could explain the clinical observation that a MM patient may respond to a treatment ini-
tially, lose this response, respond to another treatment and at the time of subsequent relapse 
respond again to the initial therapy [132]. Branching evolution was also observed in some 
progressing patients [131]. During disease evolution differing processes may contribute to the 
mutational repertoire and the relative contributions may vary over time in the same patient 
resulting in mutational heterogeneity, frequently with very few recurrent genes [131].

5.2. The myeloma stem cell

Identification of the multiple myeloma stem cell (MMSC) has been a challenge predominantly 
because an agreed phenotype with MM propagating potential has not been definitively estab-
lished, in part due to differences in experimental techniques and assays. The dominant view-
point is that clonotypic CD138− cells represent MMSCs, however, some researchers have also 
shown that clonotypic CD138+ plasma cells have properties of cancer stem cells such as self-
renewal, tumour-initiating potential and drug resistance [133, 134]. Controversy also exists 
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as to whether the MMSC derives from a clonotypic B cell (CD19+CD138−) or clonotypic non-B 
cell (CD19−CD138+/−). Clonotypic B cells were found to be resistant to a range of anti-MM 
therapies including Bortezomib and Lenalidomide and possessed a high drug efflux capac-
ity [135]. However, clonotypic non-B cells have also been shown in many studies to result in 
robust MM reconstitution in the absence of a CD19+ population [136]. To shed some light on 
this dichotomy with respect to clonotypic non-B cells, there appears to be an interconversion 
between undifferentiated pre-plasma cells (CD19−CD138−) and differentiated plasma cells 
(CD19−CD138+) thus representing reversible, bi-directional phenotypic and functional states 
that share MMSC activity [137]. Furthermore, the pre-plasma cells were found to be more 
quiescent, primarily located at extramedullary sites, and up to 300-fold more drug resistant 
to agents including Bortezomib [137]. These informative findings imply phenotypic and func-
tional plasticity between undifferentiated and differentiated clonotypic plasma cells which 
could explain why differentiated MM plasma cells possess clonogenic capacity and also rec-
onciles inconsistencies surrounding the MMSC phenotype.

Several factors have been attributed to the MMSC that confer drug resistance. (1) Side popula-
tion (SP) MM cells, which possess stem-like properties, show stronger activity of several ABC 
transporters when compared to main population (MP) cells [138]. (2) High levels of aldehyde 
dehydrogenase (ALDH) have been demonstrated in CD138− plasma cells compared to their 
CD138+ counterparts rendering the CD138− population more resistant to certain chemothera-
peutic agents which result in the generation of toxic aldehyde intermediates that are metabo-
lised by ALDH1 [135]. In one study, forced expression of member A1 of the ALDH1 family 
of proteins resulted in resistance to Bortezomib [139]. (3) Increased expression of Bcl-2 family 
members in MMSCs expressing the retinoid acid receptor alpha 2 (RARα2) endowed these 
cells with increased drug resistance [140], and more recently, increased expression of Bruton’s 
tyrosine kinase (BTK) in MMSCs also induced drug resistance [141]. (4) CD19−CD138+ plasma 
cells and CD19−CD138− pre-plasma cells harbour MMSC activity but exhibit differential resis-
tance to treatment since pre-plasma cells are more quiescent than plasma cells, shown by 
a lower proportion of these cells in S phase of the cell cycle [137]. Finally, (5) the Wingless 
(Wnt), Hedgehog and Notch signalling pathways are all highly active in MMSCs and may be 
responsible for maintaining stem cell properties, propagating MM and promoting therapeutic 
resistance together with a supportive and protective BMME [142].

6. Conclusion

Continued improvements in the efficacy and toxicity profiles of an ever-expanding number of 
novel MM therapies are challenging the current paradigm of high-dose therapy and autolo-
gous stem cell transplantation for newly-diagnosed MM. However, despite these advances, 
resistance to novel agents has been observed and will continue to be observed, requiring inno-
vative ways to circumvent this problem. Changing therapy from one novel agent containing 
treatment regimen to a different one upon MM progression or relapse is reasonable, however, 
there is often little scientific basis for choosing the sequence of such regimens and the era of 
precision medicine for MM patients remains distant. Moreover, the inability to tailor treatment 
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to agents including Bortezomib [137]. These informative findings imply phenotypic and func-
tional plasticity between undifferentiated and differentiated clonotypic plasma cells which 
could explain why differentiated MM plasma cells possess clonogenic capacity and also rec-
onciles inconsistencies surrounding the MMSC phenotype.

Several factors have been attributed to the MMSC that confer drug resistance. (1) Side popula-
tion (SP) MM cells, which possess stem-like properties, show stronger activity of several ABC 
transporters when compared to main population (MP) cells [138]. (2) High levels of aldehyde 
dehydrogenase (ALDH) have been demonstrated in CD138− plasma cells compared to their 
CD138+ counterparts rendering the CD138− population more resistant to certain chemothera-
peutic agents which result in the generation of toxic aldehyde intermediates that are metabo-
lised by ALDH1 [135]. In one study, forced expression of member A1 of the ALDH1 family 
of proteins resulted in resistance to Bortezomib [139]. (3) Increased expression of Bcl-2 family 
members in MMSCs expressing the retinoid acid receptor alpha 2 (RARα2) endowed these 
cells with increased drug resistance [140], and more recently, increased expression of Bruton’s 
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cells and CD19−CD138− pre-plasma cells harbour MMSC activity but exhibit differential resis-
tance to treatment since pre-plasma cells are more quiescent than plasma cells, shown by 
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responsible for maintaining stem cell properties, propagating MM and promoting therapeutic 
resistance together with a supportive and protective BMME [142].
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Continued improvements in the efficacy and toxicity profiles of an ever-expanding number of 
novel MM therapies are challenging the current paradigm of high-dose therapy and autolo-
gous stem cell transplantation for newly-diagnosed MM. However, despite these advances, 
resistance to novel agents has been observed and will continue to be observed, requiring inno-
vative ways to circumvent this problem. Changing therapy from one novel agent containing 
treatment regimen to a different one upon MM progression or relapse is reasonable, however, 
there is often little scientific basis for choosing the sequence of such regimens and the era of 
precision medicine for MM patients remains distant. Moreover, the inability to tailor treatment 
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regimens for an individual patient based on the biology of their MM due to government man-
dated prescribing restrictions likely contributes to inadequate responses and drug resistance.

In addition to those discussed, there are other potential mechanisms through which resistance 
to novel therapies in MM may occur, such as the role miRNAs play in promoting MM, and this 
list is likely to increase. However, despite the varied resistance mechanisms reported to date, 
the survival of patients with MM continues to improve. Whilst genetic profiling has established 
a so-called high-risk group of MM patients, these genetic changes do not specifically explain 
why resistance to a particular novel agent develops. Thus, in this Chapter, an exposition of 
specific biological aberrations that have been linked to drug resistance has been presented.
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Multiple myeloma progression is characterized by a dense interaction between can-
cer cells and bone marrow microenvironment. The interactions of myeloma cells with 
various stromal cells and extracellular matrix components are the main regulator of the 
biological processes that underlie the progression of the disease and of the classic symp-
tomatology correlated. The bone marrow of myeloma patients has recognized autocrine 
and paracrine loops that regulate multiple signaling pathways and the malignant phe-
notype of plasma cells. One of the pivotal biological processes which are responsible 
for myeloma progression is the formation of new vessels from existing ones, known as 
angiogenesis. It represents a constant hallmark of disease progression and a character-
istic feature of the active phase of the disease. Near angiogenesis, other two ancestral 
processes were active in the bone marrow: vasculogenesis and vasculogenic mimicry. 
These processes are mediated by the angiogenic cytokines, interleukins, and inflamma-
tory cytokines directly secreted by plasma cells and stromal cells. Neovascularization is 
also mediated by direct interaction between plasma cells and the various components of 
bone marrow microenvironment. The observation of the increased bone marrow angio-
genesis in multiple myeloma and its correlation with disease activity and overall survival 
led to consider angiogenesis as a new target in the treatment of multiple myeloma.
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1. Introduction

In the past decades, myeloma research has been focalized on the malignant cell leading to the 
identification of various genes (i.e., oncogenes and tumor suppressor genes) and of signaling 
pathways by which the identified genes themselves control survival and proliferation of can-
cer cells [1–4]. More recently, newly developed technologies have enabled us to investigate 
cancer cells at the genomic level. Such gene profiling studies are providing insight into the 
pathogenesis and risk stratification of plasma cell diseases, and help to predict both prognosis 
and treatment response [3, 4].

Cancer cells interact with all cells composing the microenvironment and with components of 
extracellular matrix (ECM) [5, 6]. These interactions play the most important role in the epi-
genetic control of the malignant phenotype, as in primary sites as in the metastatic ones [6, 7]. 
Moreover, interactions between host cells in the niche microenvironment and ECM represent 
an intense area of research [5–9]. The aim of these studies is the better understanding of the 
pathophysiological events in the tumor process, including malignant cells, surrounding cells, 
and ECM components [5–9].

Multiple myeloma (MM) is a malignancy of plasma cells that home to and expand in the bone 
marrow (BM) [9]. MM is characterized by a high genomic heterogeneity but, generally, it 
shows the same histological features, [8–10]. The interactions between MM plasma cells and 
BM microenvironment (stromal cells, hematopoietic cells, ahnd ECM) represent near genetic 
modifications an important factor for disease progression [11–14]. Pathophysiological inter-
actions of myeloma cells with the components of BM microenvironment are pivotal during 
the progression-associated bone disease and neovascularization [13]. These interactions are 
mediated by autocrine and paracrine loops that regulate multiple signaling pathways and 
influence many fundamental biological aspects of the malignant phenotype (i.e., apoptosis, 
survival, proliferation, invasion, bone damage, and angiogenesis) [12–14].

Neovascularization is the formation of new vessels from existing ones (angiogenesis) or from 
endothelial precursors (vasculogenesis) and represents one of the principal biological process 
controlled by the interactions between plasma cells and BM microenvironment. It is a con-
stant hallmark of disease progression [11–15]. Angiogenesis is controlled by several angio-
genic cytokines [14, 15]. The major of these are vascular endothelial growth factor (VEGF), 
fibroblast growth factor-2 (FGF-2), and hepatocyte growth factor (HGF) directly secreted not 
only by the tumor plasma cells but also by stromal cells [14, 15].

The observation of an increased BM angiogenesis in MM, an overexpression of angiogenic 
cytokines, and their correlation with disease activity, overall survival and the development of 
new antiangiogenic compounds, led to consider angiogenesis as a new target in the treatment 
of MM [11–15].

2. Neovessels formation in multiple myeloma

Neovessels in the BM of patients with active MM appear thin, tortuous, and arborized and 
are highly permeable showing fenestrae, vesicles, transcellular holes, widened intercellular 
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 junctions, and a discontinuous basement membrane [16]. These alterations are consequent to 
the rapid neovascularization induced by tumor plasma cells by mean of three different pro-
cesses: (i) angiogenesis, (ii) vasculogenesis, and (iii) vasculogenic mimicry [17].

2.1. Angiogenesis

In 1994, Vacca and colleagues [16] demonstrated for the first time that BM microvascu-
lar density was significantly increased in MM compared to monoclonal gammopathy of 
undetermined significance (MGUS) and moreover in active (diagnosis, relapse, and leuke-
mic phase) versus non-active (complete/objective response and plateau) MM. The authors 
first hypothesized that progression from MGUS to MM is accompanied by an increase in 
BM microvascular density. Subsequent studies by other groups confirmed the observa-
tion of increased angiogenesis in active MM compared to healthy individuals or MGUS 
patients [17–20].

Angiogenesis is the sprouting of new blood vessels from pre-existing ones and is finely 
regulated [17, 18]. Angiogenesis is essential for tumor growth, invasion, and metastasis 
starting from the balanced early avascular phase of cancer up to being uncontrolled and 
unlimited in time during the vascular phase [6, 17, 20]. The angiogenic switch from the 
avascular to the vascular phase is controlled by the many oncogenes, among which c-myc, 
c-fos, c-jun, and ets-1 have been recognized [20, 21]. They are activated in tumor plasma 
cells as a consequence of immunoglobulin translocations and genetic instability [20, 21],  
and induce the angiogenic phenotype in MM plasma cells [21]. MM plasma cells become 
CD45-negative and begin to produce VEGF [22]. The same angiogenic switch represents 
a crucial event for the progression from asymptomatic to symptomatic MM [23]. So, 
angiogenesis represents an important process in MM progression as well as an important 
 prognostic factor [17, 19, 20].

2.2. Vasculogenesis

Vasculogenesis is responsible for the primary development of the vascular system during 
embryogenesis and is fundamental for the formation of the yolk sac vasculature, of the heart, and 
of the dorsal aortae [24]. It derives from the differentiation of endothelial progenitors, namely 
angioblasts, deriving from mesoderm and aggregate into a primitive capillary plexus [24].  
Important evidence suggests that vasculogenesis contributes to neovascularization in the 
bone marrow of MM patients [25–27]. In fact, putative endothelial progenitor cells have been 
isolated from peripheral blood and several studies have suggested that angioblasts contribute 
to the formation of tumor neovessels [25, 26]. It has been demonstrated that when CD34+ 
VEGFR-2+ cells isolated from peripheral blood of MM patients were cultured on fibronectin-
coated plates and exposed to angiogenic cytokines, they acquire a typical spindle-shaped mor-
phology and express endothelial cell markers (CD34, CD31, Flk-1, Tie-2, and E-selectins) [26].  
Moreover, in the BM of MM patients, but not of MGUS patients, some endothelial cells of 
neovessel wall express on their surface the typical endothelial cell markers: factor VIII-related 
antigen (FVIII-RA), vascular endothelial-cadherin (VE-cadherin), VEGFR-2, and TIE/Tek, as 
well as the CD133 staminal antigen whose expression was found in the microvascular wall 
together with FVIII-RA or VE-cadherin in some active MM patients [26].
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stant hallmark of disease progression [11–15]. Angiogenesis is controlled by several angio-
genic cytokines [14, 15]. The major of these are vascular endothelial growth factor (VEGF), 
fibroblast growth factor-2 (FGF-2), and hepatocyte growth factor (HGF) directly secreted not 
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The observation of an increased BM angiogenesis in MM, an overexpression of angiogenic 
cytokines, and their correlation with disease activity, overall survival and the development of 
new antiangiogenic compounds, led to consider angiogenesis as a new target in the treatment 
of MM [11–15].

2. Neovessels formation in multiple myeloma

Neovessels in the BM of patients with active MM appear thin, tortuous, and arborized and 
are highly permeable showing fenestrae, vesicles, transcellular holes, widened intercellular 
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 junctions, and a discontinuous basement membrane [16]. These alterations are consequent to 
the rapid neovascularization induced by tumor plasma cells by mean of three different pro-
cesses: (i) angiogenesis, (ii) vasculogenesis, and (iii) vasculogenic mimicry [17].

2.1. Angiogenesis

In 1994, Vacca and colleagues [16] demonstrated for the first time that BM microvascu-
lar density was significantly increased in MM compared to monoclonal gammopathy of 
undetermined significance (MGUS) and moreover in active (diagnosis, relapse, and leuke-
mic phase) versus non-active (complete/objective response and plateau) MM. The authors 
first hypothesized that progression from MGUS to MM is accompanied by an increase in 
BM microvascular density. Subsequent studies by other groups confirmed the observa-
tion of increased angiogenesis in active MM compared to healthy individuals or MGUS 
patients [17–20].

Angiogenesis is the sprouting of new blood vessels from pre-existing ones and is finely 
regulated [17, 18]. Angiogenesis is essential for tumor growth, invasion, and metastasis 
starting from the balanced early avascular phase of cancer up to being uncontrolled and 
unlimited in time during the vascular phase [6, 17, 20]. The angiogenic switch from the 
avascular to the vascular phase is controlled by the many oncogenes, among which c-myc, 
c-fos, c-jun, and ets-1 have been recognized [20, 21]. They are activated in tumor plasma 
cells as a consequence of immunoglobulin translocations and genetic instability [20, 21],  
and induce the angiogenic phenotype in MM plasma cells [21]. MM plasma cells become 
CD45-negative and begin to produce VEGF [22]. The same angiogenic switch represents 
a crucial event for the progression from asymptomatic to symptomatic MM [23]. So, 
angiogenesis represents an important process in MM progression as well as an important 
 prognostic factor [17, 19, 20].

2.2. Vasculogenesis

Vasculogenesis is responsible for the primary development of the vascular system during 
embryogenesis and is fundamental for the formation of the yolk sac vasculature, of the heart, and 
of the dorsal aortae [24]. It derives from the differentiation of endothelial progenitors, namely 
angioblasts, deriving from mesoderm and aggregate into a primitive capillary plexus [24].  
Important evidence suggests that vasculogenesis contributes to neovascularization in the 
bone marrow of MM patients [25–27]. In fact, putative endothelial progenitor cells have been 
isolated from peripheral blood and several studies have suggested that angioblasts contribute 
to the formation of tumor neovessels [25, 26]. It has been demonstrated that when CD34+ 
VEGFR-2+ cells isolated from peripheral blood of MM patients were cultured on fibronectin-
coated plates and exposed to angiogenic cytokines, they acquire a typical spindle-shaped mor-
phology and express endothelial cell markers (CD34, CD31, Flk-1, Tie-2, and E-selectins) [26].  
Moreover, in the BM of MM patients, but not of MGUS patients, some endothelial cells of 
neovessel wall express on their surface the typical endothelial cell markers: factor VIII-related 
antigen (FVIII-RA), vascular endothelial-cadherin (VE-cadherin), VEGFR-2, and TIE/Tek, as 
well as the CD133 staminal antigen whose expression was found in the microvascular wall 
together with FVIII-RA or VE-cadherin in some active MM patients [26].
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2.3. Vasculogenic mimicry

The phenomenon called “vasculogenesis mimicry” represent a model of neovascularization 
in aggressive solid and hematologic tumors, owing to the specific capacity of malignant cells 
and other non-endothelial cells to form vessel-like networks [27–33]. This phenomenon can be 
an escape mechanism for antiangiogenic drugs that are now incorporated into standard clini-
cal practice [29]. Also, inflammatory cells (i.e. macrophages and mast cells) participate in this 
process [30–33] because they can generate endothelial progenitor and can produce functional 
capillary-like structures in vitro when stimulated by VEGF and/or FGF-2 [30–36].

Scavelli et al. demonstrated that when exposed to VEGF and FGF-2, macrophages isolated 
from BM of myeloma patients develop phenotypic and biologic properties similar to those 
of endothelial cells, and exhibit numerous cytoplasmic extroversions arranged in tube-like 
structures [35]. Finally, in BM biopsies of MM, the participation of inflammatory cells in the 
formation of the capillary network has been directly demonstrated [35, 36].

3. The BM microenvironment

The BM microenvironment plays a pivotal role during MM disease progression by mean 
neovascularization, bone disease, and activity of inflammatory cells. All the BM microenvi-
ronment components surround and support MM plasma cells proliferation, migration, and 
survival, and are implicated in drug resistance [34, 37].

3.1. Endothelial cells

BM endothelial cells of patients with MM are altered in shape and characterized by differ-
ent phenotype (in term of expression of cell adhesion molecules, receptors for cytokines and 
growth factors together with FVIII-RA, and VE-cadherin) from those of normal resting endo-
thelial cells and shows the capacity to proliferate rapidly and spontaneously enhanced angio-
genesis [36–39]. In fact, Vacca et al. [38] demonstrated that the phenotype of MM endothelial 
cells is characterized by expression of surface receptors such as VEGFR-2 and Tie2/Tek (indi-
cators of active angiogenesis), increased expression of the β3-integrin (that plays a pivotal role 
in the prevention of apoptosis, adhesion to the ECM, proliferation, migration, and capillaro-
genesis), expression of endoglin (implicated in the expression of the ligand of the plasma cell 
CD38 (CD31) enhancing plasma cells interaction with the new-formed blood vessels, favoring 
plasma cells entry into circulation, and disseminate). The expression of a water transporter, 
namely aquaporin 1, has been also demonstrated [39]. It enhances vascular permeability, 
facilitates plasma extravasation, increases interstitial pressure, induces hypoxia, and upregu-
lates hypoxia-inducible factor-1 alpha (HIF-1α) and VEGF [39]. Some MM endothelial cells 
express the CD133 indicating their derivation from a subset of CD133+ progenitor cells which 
contribute to the formation of blood neovessels [26, 40, 41]. MM plasma cells recruit BM and 
circulating CD133+ progenitor cells into the tumor microenvironment by mean the release of 
a high quantity of VEGF, FGF-2, and IGF [26]. In the BM microenvironment, CD133+ progeni-
tor cells differentiate into MM endothelial cells and complete the formation of the new vessel 
wall [26].
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MM endothelial cells are functionally different from MGUS endothelial cells, are characterized 
by an overangiogenic phenotype, and resemble transformed cells because of they downregu-
late or upregulate some genes like tumor cells [41]. These changes are influenced by the MM 
microenvironmental and/or plasma cells factors (such as hypoxia, inflammation, expression of 
multiple cytokines, growth factors, etc.) that render endothelial cells unstable and heteroge-
neous, with progressive characteristics comparable with a cancer cell. In addition, those factors 
may have genetic causes and consequences (i.e., increased expression of oncogenes and loss of 
tumor suppressor genes) [41]. This reciprocal interrelationship and heterogeneity may translate 
into a site- and stage-specific changes in the regulation of BM-microvessel density and angio-
genesis dependence, and ultimately to changes in the proliferation and antiapoptotic potential 
of MM tumor cells, even in the same patient [17]. Moreover, the overangiogenic activity of MM 
endothelial cells is linked to a well-defined protein expression [42]. This proteomic signature 
renders MM endothelial cells very similarly to transformed (such as tumor) cells than normal 
endothelial cells, confirming the results obtained in the studies at the genomic level [41].

3.2. Fibroblasts

The stromal microenvironment is characterized by a modified extracellular matrix, enhanced 
angiogenesis, and cells with an activated phenotype, including fibroblasts referred to as ‘acti-
vated myofibroblasts’ or ‘cancer-associated fibroblasts’ (CAFs) [6, 43–48]. In the poorly vas-
cularized hypoxic or necrotic areas of tumors, they accumulate numerous tumor-associated 
fibroblasts [43, 44]. They respond to experimental hypoxia by producing high amounts of 
VEGF-2, FGF-2, tumor necrosis factor alpha (TNF-α), urokinase and matrix metalloprotein-
ases and synthesizing inducible nitric oxide synthase, which increases blood flow and pro-
motes angiogenesis [45]. In breast, prostate, and pancreatic carcinomas, the number of CAFs 
is associated with an increased malignancy grade, tumor progression, and poor prognosis 
[46]. CAFs are heterogeneous [45] and display phenotypes similar to those of myofibroblasts 
derived from quiescent fibroblasts that have undergone activation during tissue remodeling 
in wound healing, fibrosis [47]. CAFs can arise from resident fibroblasts, BM-derived progeni-
tor cells and cells undergoing the endothelial-mesenchymal transition (EndMT) or mesenchy-
mal transition (MT) [47] in the BM of MM patients, an important interplay between CAFs and 
plasma cells during MM initiation and progression has been demonstrated [48]. Plasma cells 
induce and maintain the CAF-activated phenotype, which, in turn, supports tumor progres-
sion by promoting extracellular matrix remodeling, cell proliferation, apoptosis resistance, 
and angiogenesis [48]. Moreover, CAFs play a key role in the bortezomib resistance of MM 
cells. The protective effect is not related to cell-to-cell interactions but to the ability of bortezo-
mib to trigger bortezomib-resistant CAFs to release in the BM microenvironment several cyto-
kine/growth factors with antiapoptotic effects, such as IGF-1, IL-6 IL-8, and exosomes [48].

3.3. Macrophages

There are several published data on the association between macrophage infiltration, vascu-
larity, and prognosis in cancer [49–52].

In patients with active MM, macrophages contribute to building neovessels through vas-
culogenic mimicry [35]. Under a synergistic stimulation by VEGF/FGF-2, they undergo a 
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3.1. Endothelial cells
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ent phenotype (in term of expression of cell adhesion molecules, receptors for cytokines and 
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thelial cells and shows the capacity to proliferate rapidly and spontaneously enhanced angio-
genesis [36–39]. In fact, Vacca et al. [38] demonstrated that the phenotype of MM endothelial 
cells is characterized by expression of surface receptors such as VEGFR-2 and Tie2/Tek (indi-
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in the prevention of apoptosis, adhesion to the ECM, proliferation, migration, and capillaro-
genesis), expression of endoglin (implicated in the expression of the ligand of the plasma cell 
CD38 (CD31) enhancing plasma cells interaction with the new-formed blood vessels, favoring 
plasma cells entry into circulation, and disseminate). The expression of a water transporter, 
namely aquaporin 1, has been also demonstrated [39]. It enhances vascular permeability, 
facilitates plasma extravasation, increases interstitial pressure, induces hypoxia, and upregu-
lates hypoxia-inducible factor-1 alpha (HIF-1α) and VEGF [39]. Some MM endothelial cells 
express the CD133 indicating their derivation from a subset of CD133+ progenitor cells which 
contribute to the formation of blood neovessels [26, 40, 41]. MM plasma cells recruit BM and 
circulating CD133+ progenitor cells into the tumor microenvironment by mean the release of 
a high quantity of VEGF, FGF-2, and IGF [26]. In the BM microenvironment, CD133+ progeni-
tor cells differentiate into MM endothelial cells and complete the formation of the new vessel 
wall [26].

Update on Multiple Myeloma100

MM endothelial cells are functionally different from MGUS endothelial cells, are characterized 
by an overangiogenic phenotype, and resemble transformed cells because of they downregu-
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neous, with progressive characteristics comparable with a cancer cell. In addition, those factors 
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of MM tumor cells, even in the same patient [17]. Moreover, the overangiogenic activity of MM 
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renders MM endothelial cells very similarly to transformed (such as tumor) cells than normal 
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The stromal microenvironment is characterized by a modified extracellular matrix, enhanced 
angiogenesis, and cells with an activated phenotype, including fibroblasts referred to as ‘acti-
vated myofibroblasts’ or ‘cancer-associated fibroblasts’ (CAFs) [6, 43–48]. In the poorly vas-
cularized hypoxic or necrotic areas of tumors, they accumulate numerous tumor-associated 
fibroblasts [43, 44]. They respond to experimental hypoxia by producing high amounts of 
VEGF-2, FGF-2, tumor necrosis factor alpha (TNF-α), urokinase and matrix metalloprotein-
ases and synthesizing inducible nitric oxide synthase, which increases blood flow and pro-
motes angiogenesis [45]. In breast, prostate, and pancreatic carcinomas, the number of CAFs 
is associated with an increased malignancy grade, tumor progression, and poor prognosis 
[46]. CAFs are heterogeneous [45] and display phenotypes similar to those of myofibroblasts 
derived from quiescent fibroblasts that have undergone activation during tissue remodeling 
in wound healing, fibrosis [47]. CAFs can arise from resident fibroblasts, BM-derived progeni-
tor cells and cells undergoing the endothelial-mesenchymal transition (EndMT) or mesenchy-
mal transition (MT) [47] in the BM of MM patients, an important interplay between CAFs and 
plasma cells during MM initiation and progression has been demonstrated [48]. Plasma cells 
induce and maintain the CAF-activated phenotype, which, in turn, supports tumor progres-
sion by promoting extracellular matrix remodeling, cell proliferation, apoptosis resistance, 
and angiogenesis [48]. Moreover, CAFs play a key role in the bortezomib resistance of MM 
cells. The protective effect is not related to cell-to-cell interactions but to the ability of bortezo-
mib to trigger bortezomib-resistant CAFs to release in the BM microenvironment several cyto-
kine/growth factors with antiapoptotic effects, such as IGF-1, IL-6 IL-8, and exosomes [48].

3.3. Macrophages

There are several published data on the association between macrophage infiltration, vascu-
larity, and prognosis in cancer [49–52].

In patients with active MM, macrophages contribute to building neovessels through vas-
culogenic mimicry [35]. Under a synergistic stimulation by VEGF/FGF-2, they undergo a 
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 phenotypic and functional adaptation but retain their own CD14 and CD68 lineage markers 
which can be evidenced in the neovessel wall [35]. They display oblong and spindle shape 
with thin cytoplasmic expansions, some of which are either arranged to form a microvessel-
like lumen or anastomosed with each other and with those of nearby macrophages to form 
tubular-like structures [35]. In the BM of patients with active MM, plasma cells secrete VEGF 
and FGF-2 that bind to VEGFR-1 and FGFR-1, -2 and -3 expressed on monocytes/macrophages 
surface and induce monocyte migration and infiltration and macrophage to secrete their own 
VEGF and FGF-2 [17, 35, 49, 52]. These cytokine circuits further promote angiogenesis and 
vasculogenic mimicry [17].

3.4. Mast cells

Mast cells recruitment in the tumor bed has been associated with enhanced growth and inva-
sion in solid and hematological malignancies [49, 53–56]. In MM, tumor plasma cells secrete 
stem cell factor (SCF), FGF-2, VEGF-2, and platelet-derived growth factor (PDGF) that recruit 
mast cells [14, 52]. The granules of mast cells contain several angiogenic factors: (i) tryptase 
and chymase that favor the formation of capillary structures via a direct action on endothelial 
cells and activate latent metalloproteinases and plasminogen activator [53]; (ii) heparin that 
induces endothelial cell proliferation and migration [54]; (iii) histamine, that has a direct angio-
genic effect, induces VEGF production in the granulation tissue [54] and contributes to the 
hyperpermeability of newly formed microvessels, increasing leakage of plasma proteins and 
hence deposition of fibrin whose degradation products are angiogenic in vivo [55]; and (iv) 
TGF-β, TNF-α, IL-8, FGF-2, and VEGF, which are all angiogenic factors [52, 53]. Moreover, in 
the new vessels wall typical tryptase-positive mast cells connected by a junctional system with 
the endothelial cells can be evidenced. As macrophage, mast cells keep their lineage marker 
indicating their adaptation to contribute to vasculogenesis mimicry [33]. In patients with MM 
BM angiogenesis, evaluated as microvessel area, and mast cells counts are highly correlated 
[53, 56] and both parameters increase simultaneously in the active phase of disease [56].

3.5. Osteoclasts and osteoblasts

MM plasma cells that home and expand in the BM causes an unbalanced bone remodeling that 
induces osteolytic lesions and causes pain, the main symptom of MM [34]. In MM, plasma cell-
dependent alterations of Runx2 and the Wnt pathways induce the differentiation of resident 
macrophages in osteoclasts and plasma cells themselves can transdifferentiate to functional 
osteoclasts [57, 58]. Bone disease results from the local production of osteoclast-activating fac-
tors (OAF), as well as IL-6, IL-1α or -1β, IL-11, TNF-α, TNF-β, and M-CSF [11]. In particular, the 
receptor activator of nuclear factor ligand (RANKL), the decoy receptor osteoprotegerin (OPG), 
its receptor (RANKR), and the chemokine macrophage inflammatory protein-1α (MIP-1α) trig-
ger differentiation and activation signals in osteoclasts precursors, and thus promoting bone 
resorption [48]. Adhesion molecules, such as β1 integrins, mediate the binding of MM plasma 
cells to stromal cells and VCAM1 induces overexpression of RANKL in both cell types and 
suppresses OPG production by stromal cells. Furthermore, plasma cells interfere with the reg-
ulation of the bone resorption by the secretion of IL-7 and DKK1, a Wnt inhibitor [59].

It has demonstrated a close link between myeloma cells, osteoclasts, and vascular endothelial 
cells to form a vicious cycle between bone destruction, angiogenesis, and myeloma  expansion 
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in the MM bone marrow and that the inhibition of VEGF produced by plasma and stromal 
cells and osteopontin produced by osteoclasts, reduce angiogenesis and osteoclastogenic 
activity by vascular endothelial cells [11, 57].

Some issues demonstrated that CD38 is expressed by effectors and inhibitory cells, and by 
both osteoblasts and demonstrating the role of CD38 in bone remodeling, in mice and rab-
bit models [60] as in human [61]. Horenstein AL. et al. [62] recently shown that the ectoenzy-
matic network CD73/CD203a is active even in MM bone niche in the alternative production of 
ADO, which levels correlate with disease aggressiveness and ISS staging of MM patients [61].  
Moreover, the role of CD38 in human OC differentiation and as well as the reduction of the area 
of osteoclast bone resorption in vitro by the anti-CD38 monoclonal antibody daratumumab 
have been also demonstrated [63]. Overall these findings suggest the possibility of a role of 
CD38 during osteoclast formation supporting the potential activity of daratumumab on MM 
bone disease and on the protection of MM plasma cells by stromal cells of the bone niche [60–63].

3.6. Hematopoietic stem cells

Hematopoietic stem cells (HSCs) reside in the BM in the endosteum niche and in the vascular 
niche, where they self-renew and differentiate into mature blood cells [64, 65]. This is a finely 
controlled-process by mean numerous signals from the bone marrow components [64, 65]. In 
MM, the BM niches (endosteum and vascular) components play a pivotal role in the regula-
tion of vasculogenesis and angiogenesis [11, 14, 26, 64], and alterations of the signals in niche 
microenvironment modulate myeloma progression and spread [26, 64].

In the BM of patients with MM, the expression of the CD133 staminal antigen in some cells of 
the neovessel wall has been demonstrated [26, 38]. Moreover, a subset of CD34+/CD133+ cells 
mobilized in the peripheral blood for collection during transplant procedure express VEGFR-2 
and are able to differentiate in mature endothelial cells in appropriate culture conditions [28].

3.7. Endothelial progenitor cells

Various studies have demonstrated that endothelial progenitor cells (EPCs) can be isolated 
from patients with MM [40, 66–69] and contribute to the formation of new blood vessels [40]. 
Moreover, circulating EPCs expressing CD146+, CD105+, and CD34+ are increased in MM 
patients compared to healthy controls [66, 67].

Rigolin et al. [69] have hypothesized a possible origin of EPCs and plasma cells from a com-
mon progenitor namely hemangioblast in MM patients. In their work, they demonstrated that 
EPCs, isolated from MM patients presents the 13q14 deletion and the great part of them are 
positive for the CD133 [69]. Finally, some evidence indicates a prognostic significance of the 
circulating EPCs also after treatment with new drugs [66, 68].

3.8. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are the major component of BM stroma [11, 57, 70–72]. These 
cells, of unclear origin in MM [71], are potentially able to differentiate into multiple histotypes 
(i.e. fibroblasts, adipocytes, chondrocytes, and osteoblasts) and in the BM form specialized 
niches namely “vascular niche” and “osteoblast niche” [57, 70, 71]. MSCs support tumor cell 
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EPCs, isolated from MM patients presents the 13q14 deletion and the great part of them are 
positive for the CD133 [69]. Finally, some evidence indicates a prognostic significance of the 
circulating EPCs also after treatment with new drugs [66, 68].

3.8. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are the major component of BM stroma [11, 57, 70–72]. These 
cells, of unclear origin in MM [71], are potentially able to differentiate into multiple histotypes 
(i.e. fibroblasts, adipocytes, chondrocytes, and osteoblasts) and in the BM form specialized 
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growth, metastasis, survival, bone marrow colonization, and evasion of the immune system 
[72]. MSCs can migrate toward primary tumors and metastatic sites, implying that these cells 
might modulate tumor growth and metastasis. In the BM of patients with MM, functional 
abnormalities of MSCs and complex interaction with MM plasma cells have been demonstrated 
indicating that they play a critical role in MM development and disease outcome [70, 71].  
In fact, MSCs can induce bortezomib-resistance in MM plasma cell by increasing Bcl2 expres-
sion and enhance NF-κB activity via cell-cell contact [73, 74]. Moreover, MSCs are able to 
modulate engraftment of HSC, to suppress T- and B-lymphocyte activation and proliferation, 
and to affect dendritic cell maturation [71]. Finally, since MSCs represents the osteoblasts 
progenitors, in the BM of MM patients, MSCs play a critical role in the pathophysiology of 
myeloma bone disease [75]. They present reduced osteogenic potential and promoting osteo-
clasts formation and activity by increasing RANKL to OPG expression, augmenting secretion 
of activin A, uncoupling ephrinB2-EphB4 signaling, and augmenting Wnt5a production [75].

3.9. Adipocytes

The cancer-associated adipocytes (also namely peritumoral, intratumoral, or tumor-infiltrat-
ing adipocytes) influence tumor biology also by promoting angiogenesis [76–81]. A great 
number of signaling factors contributing to angiogenesis in both adipose tissue and tumors: 
VEGF, Ang-1 and -2, leptin, adiponectin, TNF-α, FGF, TGF-β, HGF, IL-6, and IL-8 [77–79, 81]. 
The VEGF/VEGFR system is the main mediator of angiogenic activity in adipose tissue [77]. 
In particular, adipocytes produce VEGF, Ang-2, and HGF [77, 81]. In MM, the hypoxic envi-
ronment of BM favors the production of angiogenic factors by adipocytes, particularly VEGF, 
and decreases adipogenic differentiation increasing adipose-derived stem cell proliferation 
and migration [82, 83], supporting aberrant microvessel growth and neovascularization, and 
MM plasma cell proliferation [82, 83]. Paracrine and autocrine signaling of VEGFA between 
BM adipocytes and MM cells have been also demonstrating [77, 80, 81].

3.10. Soluble factors and transduction pathways

The progression from in situ to invasive and metastatic solid tumors are accompanied and 
enhanced by the switch from the perivascular to the vascular phase [84, 85]. The same pro-
cess has been demonstrated in MM in which active disease represent the ‘vascular phase’ of 
plasma cell tumors, and non-active disease (remission or plateau phase), smoldering MM and 
MGUS their ‘perivascular phase’ [22, 26, 43].

VEGF is the main angiogenic cytokine secreted in the BM of patients with MM [86–88]. VEGF 
carries out its activity through the MEK-1/ERK pathway by the interaction with his receptors 
(VEGFR1–3) [86]. In the BM of patients with MM paracrine loops between endothelial cells 
and plasma cells [89] and autocrine loops on the same endothelial cells have been demon-
strated [90]. Moreover, plasma cell-derived VEGF stimulates IL-6 and VEGF secretion in BM 
stromal cells, whereas stromal cells-derived IL-6 promotes proliferation, survival, and VEGF 
production in plasma cells, activating a loop between both growth factors [91].

Levels of FGF isoforms are significantly higher in the serum and plasma cell lysates of patients 
with active MM compared with non-active MM and MGUS patients [92–94]. Moreover, FGF-2 
inhibition suppresses the angiogenic potential of plasma cells from patients with active MM 

Update on Multiple Myeloma104

in vitro and in vivo [92, 93]. Finally, FGF-2 triggers paracrine MM-stromal cell interactions in 
an IL-6/FGF-2 paracrine loop [92, 95] and syndecan-1 (CD138), a low-affinity receptor of FGF-
2, is also expressed by MM cells [96]. The high expression/activation of the FGF2 signaling in 
active MM also overcomes the inhibitory effect of the Pentraxin 3 (PTX3) [97, 98], a soluble 
pattern recognition receptor that binds with high affinity and selectivity to FGF2 inhibiting its 
pro-angiogenic activity, autocrine loops usually activated to self-limit physiologic angiogen-
esis in a normal subject or MGUS patient [97].

HGF has been identified in human MM cell lines and in freshly isolated plasma cells from 
patients with MM [99, 100]. Serum levels of this factor are higher in newly diagnosed MM 
patients and decline after induction therapy in the responding patients. Ferrucci et al. dem-
onstrated the co-expression of HGF and c-MET in MM endothelial cells, suggesting autocrine 
stimulation [99]. Moreover, BM stromal cells produce HGF, paracrine stimulation of MM cells 
within the BM microenvironment can also take place [99, 100]. The inhibition of this pathway 
causes reduction of spontaneous and plasma cell-induced angiogenesis in MM endothelial 
cells in vitro and in vivo [99–101].

The Ang-1/Ang-2 expression in MM patient serum and BM samples correlates with the BM 
microvascular density [102–106]. It has been demonstrated that Ang-1, as well as Ang-2 
expression, is upregulated in MM cell lines and in plasma cells obtained from MM patients 
[103, 105] and that the angiopoietin receptor Tie-2 is upregulated in the BM endothelial cells 
in the presence of MM cells [104]. Moreover, anti-Tie-2 antibodies blocked the in vitro angio-
genic activity of MM cells [104]. Higher levels of Ang-1 and Ang-2 have been detected in MM 
patients as compared to controls [102] and their ratio may represent an independent prognos-
tic factor in these patients [106].

Osteopontin (OPN) contributes to angiogenesis in MM [107–109]. Its expression corre-
lates with BM microvascular density, and OPN-immunodepleted conditioned media from 
myeloma cells fail to induce a pro-angiogenic effect [107, 108] and an anti-OPN antibody 
block myeloma-induced angiogenesis [107]. Moreover, OPN may represent a useful serum 
marker of bone disease and BM angiogenic extent in myeloma patients [109].

Matrix Metalloproteinase-2 and -9 (MMP-2 and MMP-9) secretion is increased in patients 
with active MM versus non-active MM or MGUS [92, 110, 111] and usually, the MMP-2 
expression is stronger [92, 110]. MM cell lines and freshly isolated BM plasma cells of MM 
patients produce MMP-9 [112], and MMP secretion of MM cells is triggered by BM stromal or 
endothelial cells [92, 112].

PDGF-Receptor Beta (PDGF-Rbeta) is expressed in plasma cells of MM patients [111, 113], 
and PDGF-BB/PDGF-Rbeta kinase axis promotes MM tumor growth by activating ERK-1/2 
and AKT [113, 114]. Dasatinib, an orally bioactive TK-inhibitor significantly delays MM tumor 
growth acting as an inhibitor of PDGF-Rbeta kinase activation [113].

Airoldi et al. [115] demonstrated that IL-12 receptor B2 (IL-12Rbeta2) is downregulated in 
MM plasma cells and IL-12 reduces their pro-angiogenic activity by downregulation of a 
wide panel of angiogenic factors, including FGF-2, VEGF, Ang-2, and IL-6 and upregulation 
of some inhibitors of angiogenesis, including CXCL-4, interferon alpha and gamma (IFN-α 
and IFN-γ), and tissue inhibitor of metalloproteinase-2 (TIMP-2).
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IL-27 exert strong antitumor activities against MM cells from patients by binding with its 
specific IL-27 receptor [116, 117] inhibiting the angiogenic potential of MM plasma cells. In 
animals injected with the U266 MM cell line, the expression of the genes encoding the che-
mokines CCL-2, CXCL-3, CXCL-5, and CXCL-6 is significantly downregulated by IL-27 treat-
ment [116, 117].

Another important paracrine loop between MM endothelial cells and plasma cells involves 
CXC-chemokines and their cognate receptors have been evidenced in the BM of MM patients 
[118, 119]. In fact, BM endothelial cells express and secrete high amounts of the CXC-
chemokines CXCL8/IL-8, CXCL11/interferon-inducible T-cell alpha chemoattractant (I-TAC), 
CXCL12/stromal cell-derived factor (SDF)-1α, and CCL2/monocyte chemotactic protein 
(MPC)-1 [118] that mediate the interactions between plasma cells and stromal cells interact-
ing with the respective chemokine receptors (CXCR and CCR) [118, 120].

HIF-1α has been demonstrated to be stabilized in MM plasma cells, in hypoxic as in normoxic 
conditions [82, 83, 119, 121–123]. The constitutive stabilization of HIF-1α in myeloma cells is 
associated with the oncogenic c-Myc activity, suggesting that a common signaling pathway is 
active in MM plasma cells [122]. Among target genes controlled by HIF-1α, the genes coding for 
the pro-angiogenic cytokines VEGF, IL-8, and OPN have been evidenced, and HIF-1α silencing 
significantly suppresses the pro-angiogenic properties of MM cells reducing their secretion [87]. 
Moreover, MM endothelial cells from relapsed/refractory MM patients, but not those of newly 
diagnosed or non-active MM patients, showed a stabilization and activation of the HIF-1α pro-
tein in normoxic conditions [124]. This stabilization is induced by ROS and correlated with the 
expression of HIF-1α pro-angiogenic targets [124]. The inhibition of HIF-1α in MM plasma cells 
[123] as well as in endothelial cells [124] impaired the MM plasma cells/stromal cells communi-
cation, the angiogenesis-related functions, and revert bortezomib- and lenalidomide-resistance 
[123, 124]. It may also have prognostic significance because patients with MM endothelial cells 
expressing the stabilized HIF-1α protein had shorter overall survival [124].

The mammalian target of rapamycin (mTOR) is an intracellular serine/threonine kinase that 
mediates intracellular metabolism, cell survival, and actin rearrangement. mTOR is made of 
two independent complexes, mTORC1, involved in protein synthesis and autophagy inhibi-
tion, and mTORC2, involved in progression promotion, survival, actin reorganization, and 
drug resistance [125–127]. In MM endothelial, a significantly higher activation of mTORC2 
have been demonstrated. Its inhibition induces a reduction of the angiogenic abilities of MM 
endothelial cells, suggesting a major role of mTORC2 in the “angiogenic switch” and indi-
cates that mTORC2 might be a new antiangiogenic target in MM [127].

In MM endothelial, cell-to-cell contact-dependent homotypic activation of Notch pathway 
has been shown [128, 129]. MM plasma cells cocultured with MM endothelial cells trigger 
Jagged1/2-mediated Notch activation enhancing endothelial angiogenic activity. Moreover, 
halting Notch axis reduces angiogenesis in vitro and in vivo suggesting Notch pathway as a 
novel therapeutic target in MM [129].

The ephrins (Efn) and their receptors (Eph), a large family of receptor tyrosine kinases, are 
involved in several biological processes including cancer growth, progression, and angiogen-
esis [130–133]. Caivano et al. [134] recently demonstrated that EphA3 is highly overexpressed 
in MM endothelial cells and its expression correlates with disease progression. They have also 
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defined the biological role of EphA3 in MM angiogenesis and their preliminary data indicate 
that EphA3 could represent an angiogenic target in patients with MM [134].

Focal adhesion kinase (FAK) is a tyrosine kinase that localizes at focal adhesion sites of endo-
thelial cell to the ECM [135–137]. It mediates signaling starting from integrin, is upregulated in 
many cancer types, controlling tumor aggressiveness, and metastasis [135], and is implicated 
in endothelial cell survival, proliferation, and migration [136, 137]. Integrin/FAK-mediated 
signaling cooperate with other growth factor receptor signaling (i.e. FGFR signaling) to pro-
mote angiogenesis in MM [138].

Various growth factor receptors induced an increase in DNA synthesis in MM endothelial 
cells by mean PI3K/Akt-MEK/ERK pathway inducing angiogenesis [17, 86, 138]. The role of 
this pathway in promoting angiogenesis is mainly related to the phosphorylation of eukary-
otic translation initiation factor 4E-binding protein 1 (4E-BP1), S6-kinase (S6K), and MAP 
kinase interacting kinase mediated by ERK [139, 140]. This process leads to an increased rate 
of mRNA translation into HIF-1α protein in an oxygen-independent way [139, 140]. ERK is 
also able to activate the transcription of HIF-1α by the co-activator CBP/p300 that increases 
HIF-1α/p300 complex formation [139, 140].

MicroRNAs are small endogenous non-coding RNAs (21–25 nucleotides) involved in regulat-
ing normal physiological processes as well as cancer pathogenesis [141–143]. Particularly, some 
miRNA have been implicated in tumor angiogenesis individuate as potential therapeutic targets/
therapy [143–145]. Evidence suggests that MM cells promote angiogenic activity via HIF-1α, a key 
transcription factor of hypoxia, leading to the overproduction of angiogenic cytokines [91, 104].  
Moreover, communication between plasma cells, stromal cells, and endothelial cells is medi-
ated also by mean the exosomes, small endosome-derived vesicles, containing a wide range 
of functional proteins, mRNA, and miRNA [146]. In BM of MM, miR-135b has been involved 
as the principal pro-angiogenic miRNA by targeting factor-inhibiting HIF-1 [147], whereas 
miR-199a-5p, which directly targets HIF1-α, miR-15a, and miR-16, and VEGF, have been 
demonstrated to be strong inhibitors of MM-induced angiogenesis [148, 149]. Overall, pub-
lished data indicate that circulating microRNAs in exosomes and microvesicles can be use-
ful biomarkers of angiogenesis, and synthetic miRNAs may be potential new antiangiogenic 
therapeutics tools in MM [150].

4. Antiangiogenesis in multiple myeloma

The combination of biological drugs in the actual therapeutic strategies of MM have improved 
the outcome of MM patients because of their activity on microenvironment [17, 151–153].

4.1. Proteasome inhibitors

Bortezomib, a potent, highly selective, and reversible proteasome inhibitor targeting the 26S 
proteasome complex [154, 155] act on key cellular processes, such as cell cycle progression, 
inflammation, immune surveillance, growth arrest, and apoptosis [154]. Bortezomib acts by 
mean the modulation of NF-κB transcription factor, which mediates the expression and secretion  
of cytokines, chemokines, cell adhesion molecules involved also in anti-apoptosis and  cellular 
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growth control [154–156]. After phosphorylation by IκB kinase, IκB is polyubiquitinated and 
degraded by the 26S proteasome, which allows p50/p65 NF-κB nuclear translocation and 
binding to consensus motifs in the promoter region of target genes [155, 156]. NF-κB regu-
lated also the expression of adhesion molecules, such as ICAM-1 and VCAM-1, on both MM 
cells and BM stromal cells [156], so, its inhibition downregulates these adhesion molecules 
favoring the susceptibility of MM plasma cells to therapeutic agents [156]. Moreover, NF-κB 
activation controls the production of IL-6 by BM stromal cells that increase production and 
secretion of VEGF-2 and FGF-2 from MM plasma cells [91]. By blocking NF-kB, bortezomib 
inhibits MM cell adherence to the BM stromal cells reducing MM cell growth and VEGF-2 and 
FGF-2 secretion [17, 91, 154, 155].

Bortezomib is directly cytotoxic on MM plasma cells by blocking proteasome activity that 
causes the accumulation of misfolded polyubiquitinated proteins and causes ROS produc-
tion [155, 156]. The accumulation of misfolded proteins in the endoplasmic reticulum triggers 
caspase-4 activation, and ROS accumulation causes disruption of membrane potential and the 
release of cytochrome c from mitochondria, and then the caspase-9 activation. These cytoplas-
mic alterations consequently, initiate the apoptotic cascades causing apoptosis of the cell [155, 
156]. Finally, bortezomib downregulates VEGF, IL-6, IGF-I, Ang-1, and Ang-2 production and 
secretion by MM plasma cells and BM stromal cells, targeting aberrant blood vessel develop-
ment through a potent inhibition of proliferation of activated endothelial cells [17, 154].

Ixazomib (MLN2238) is a second-generation proteasome inhibitor with a similar activity of 
bortezomib on the inhibition of NF-kB [157, 158]. It has been demonstrated that ixazomib affects 
BM stromal cells triggered MM cell growth and BM stromal cells-induced endothelial cell pro-
liferation suggesting that ixazomib not only directly targets MM plasma cells but also over-
comes the cytoprotective effects of the MM host BM microenvironment [158]. In fact, ixazomib 
is able to impact angiogenesis in vivo decreasing the expression of angiogenic markers in mice 
as well as in vitro reducing the capillary formation by HUVEC in the Matrigel™ system [159].

The antiangiogenic activity of another proteasome inhibitor, carfilzomib, has not been clearly 
demonstrated but it seems to have inhibitory activity on tumor-stromal interactions and angio-
genesis [137, 160]. Moreover, VEGF pathway polymorphisms have been associated with clinical 
outcomes in MM patients [161], and have been reported that polymorphisms of VEGF pathway 
are associated with response to the combination of carfilzomib and lenalidomide [162].

4.2. Immunomodulators (IMIDs)

Thalidomide, a first generation immunomodulatory drug (IMiD), has a direct tumoricidal 
activity, an antiangiogenic effect and modulates TNF-α signaling through direct and/or indi-
rect effects on the tumor microenvironment [15, 163–167], reduces FGF-2, VEGF, and IL-6 
secretion in BM stromal cells and by MM cells [163]. It also interferes with NF-κB activity by 
blocking its ability to bind to DNA abrogating inflammatory/angiogenic cytokine production 
[165, 166], and disrupts the direct interactions between MM plasma cells and BM stromal cells 
by modulation of cell surface adhesion molecules [167].

Two new IMiDs, including lenalidomide and pomalidomide, demonstrating up to 50,000 
times more potent inhibition of TNF-α than thalidomide, has been developed [168–170]. They 
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inhibit VEGF and FGF-2 secretion from both myeloma and BM stromal cells and block endo-
thelial cell migration and proliferation in vivo and in vitro [169]. Lenalidomide, a first deriva-
tive of thalidomide, is less toxic and more potent than the parent drug, and in patients with 
relapsed or refractory MM, lenalidomide can overcome resistance not only to conventional 
chemotherapy but also to thalidomide [169]. De Luisi et al. [170] demonstrated that lenalido-
mide inhibits angiogenesis and migration of MM endothelial cells and that lenalidomide-
treated MM endothelial cells show changes in VEGF/VEGFR-2 signaling pathway, and in 
several proteins controlling EC motility, cytoskeleton remodeling, and energy metabolism 
pathways. Both thalidomide and lenalidomide downregulate VEGF. Pomalidomide is a third 
generation IMiD with increased activity in vitro compared with thalidomide and lenalido-
mide [171, 172], which exerts anti-MM effects through multiple mechanisms, including induc-
tion of apoptosis via caspase-8, reduction of proliferation, inhibition of NF-κ B activation, 
reduction of stromal cell stimulatory cytokine secretion, and angiogenesis inhibition [172].

4.3. Bisphosphonates

The bisphosphonates are other compounds that, although originally used to reduce bone loss 
in MM due to an anti-osteoclast activity, have also been shown to have antiangiogenic activity 
[173–175]. In fact, zoledronic acid has a direct cytotoxic activity on tumor cells and suppresses 
angiogenesis, inhibits FGF-2- and VEGF-dependent proliferation of endothelial cells and inhibits 
VEGFR-2 in an autocrine loop [173]. It has also been demonstrated that the addition of zoledronic 
acid to antimyeloma therapy, bortezomib-, lenalidomide-, or thalidomide-based, is associated 
with a benefit in term of skeletal-related event rate as well as in term of the progression-free sur-
vival rate of myeloma patients [174]. Neridronate exerts its antiangiogenic activity through both 
a direct effect on endothelial cell proliferative activity and inhibitory effect on the responsivity of 
the endothelial cells to the proliferative stimuli mediated by angiogenic cytokines [175].

4.4. Monoclonal antibodies and other drugs

The most successful therapeutic approach to target VEGF in cancer is the use of a humanized 
monoclonal antibody against VEGF, bevacizumab [176]. Several clinical trials in MM tested 
the effects of bevacizumab used in conjunction with other agents including lenalidomide, 
dexamethasone, or bortezomib with discouraging results [177].

In addition to bevacizumab, other VEGFRs targeting compounds (including aflibercept-VEGF-
trap), tyrosine kinase inhibitors (cabozantinib, dasatinib, pazopanib, sorafenib, sunitinib, and 
semaxanib), PI3K/Akt-MEK/ERK pathway inhibitors, FAK inhibitors, interleukin inhibitors 
(atiprimod), farnesyltransferase inhibitors, other monoclonal antibodies (anti-CD40), and marine 
cartilage extract (neovastat) have shown antiangiogenic activity but no significant results or only 
preliminary preclinical data have been reported with the use of this drugs in MM [177–181].

5. Conclusions

Despite the good results obtained in the last decades, MM remains an incurable malignancy, 
indicating that our knowledge on the mechanisms responsible for disease progression and 
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indicating that our knowledge on the mechanisms responsible for disease progression and 
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drug resistance is still not completely clear. The goal obtained with the introduction of the 
new target drugs for MM therapy is the improvement of the outcome of MM patients in term 
of progression-free and overall survival. The simultaneous block of plasma cell proliferation 
and survival, plasma cells/BM stromal cells interaction, and BM stromal cells activity by the 
novel agents help us to get these results. In fact, the BM microenvironment plays a crucial role 
in the pathophysiology of MM. An active crosstalk between MM plasma cells and stromal 
cells in the BM of myeloma patients is constantly working. It represents a hallmark of active 
MM favoring survival, proliferation, and migration of plasma cells, and modulates neovessel 
formation by mean angiogenesis favoring the disease progression. The crosstalk between MM 
plasma cells and BM microenvironment is not only responsible for drug resistance of plasma 
cells but also of endothelial cells and other cells composing the microenvironment. The better 
understanding of the biological mechanisms controlling the interactions between MM cells 
and BM stromal cells remain fundamental for our knowledge about disease progression and 
for developing novel drugs targeting these processes.
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Abstract

Multiple myeloma is the second commonest hematologic malignancy. It is characterized 
by neoplastic proliferation of a single clone of plasma cells in the bone marrow produc-
ing a monoclonal immunoglobulin and ultimately causing various complications and 
organ dysfunction. Over the last 10 years, management of multiple myeloma has dra-
matically changed due to the introduction of several novel therapies that have improved 
the disease outcome and prognosis, as well as the quality of life of patients with myeloma 
due to their safety, tolerability and efficacy. Additionally, the widespread utilization of 
autologous hematopoietic stem cell transplantation, which is still the standard of care 
for transplant-eligible patients, and the implementation of new therapeutic strategies 
such as drug combinations in addition to consolidation and maintenance therapies have 
resulted in further improvements in response rates and survival in patients with multiple 
myeloma. This book chapter will be an update on the novel therapies and the recent treat-
ment strategies in myeloma. The role of stem cell treatments in the era of novel therapies 
will be discussed thoroughly.

Keywords: multiple myeloma, hematopoietic stem cell transplantation, novel therapies, 
monoclonal antibodies

1. Introduction

Multiple myeloma (MM) is an incurable, debilitating and heterogeneous malignancy that has 
highly variable clinical course [1–6]. It is a plasma cell neoplasm characterized by neoplastic 
proliferation of a single clone of plasma cells in the bone marrow (BM) producing a monoclo-
nal immunoglobulin and causing anemia, renal failure, bone destruction and infectious com-
plications [7–9]. It is the second most commonly diagnosed hematologic malignancy (HM) 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 6

Hematopoietic Stem Cell Transplantation in Multiple
Myeloma in the Era of Novel Therapies

Khalid Ahmed Al-Anazi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79999

Provisional chapter

DOI: 10.5772/intechopen.79999

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Hematopoietic Stem Cell Transplantation in Multiple 
Myeloma in the Era of Novel Therapies

Khalid Ahmed Al-Anazi

Additional information is available at the end of the chapter

Abstract

Multiple myeloma is the second commonest hematologic malignancy. It is characterized 
by neoplastic proliferation of a single clone of plasma cells in the bone marrow produc-
ing a monoclonal immunoglobulin and ultimately causing various complications and 
organ dysfunction. Over the last 10 years, management of multiple myeloma has dra-
matically changed due to the introduction of several novel therapies that have improved 
the disease outcome and prognosis, as well as the quality of life of patients with myeloma 
due to their safety, tolerability and efficacy. Additionally, the widespread utilization of 
autologous hematopoietic stem cell transplantation, which is still the standard of care 
for transplant-eligible patients, and the implementation of new therapeutic strategies 
such as drug combinations in addition to consolidation and maintenance therapies have 
resulted in further improvements in response rates and survival in patients with multiple 
myeloma. This book chapter will be an update on the novel therapies and the recent treat-
ment strategies in myeloma. The role of stem cell treatments in the era of novel therapies 
will be discussed thoroughly.

Keywords: multiple myeloma, hematopoietic stem cell transplantation, novel therapies, 
monoclonal antibodies

1. Introduction

Multiple myeloma (MM) is an incurable, debilitating and heterogeneous malignancy that has 
highly variable clinical course [1–6]. It is a plasma cell neoplasm characterized by neoplastic 
proliferation of a single clone of plasma cells in the bone marrow (BM) producing a monoclo-
nal immunoglobulin and causing anemia, renal failure, bone destruction and infectious com-
plications [7–9]. It is the second most commonly diagnosed hematologic malignancy (HM) 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



and it accounts for approximately 10% of all HMs [8]. The median age of MM at diagnosis is 
70 years in the United States of America (USA) and 72 years in Europe [9].

2. Diagnosis, staging, genetics and risk stratification

The diagnostic criteria for MM are: (1) clonal BM plasma cells ≥10% or biopsy-proven bony or 
extramedullary plasmacytoma and (2) at least one of the following: (a) evidence of end-organ 
damage such as anemia, lytic bone lesions, hypercalcemia and renal insufficiency, (b) clonal 
BM plasma cells ≥60%, (c) involved:uninvolved serum free light chain ratio ≥100 and (d) at 
least two focal lesions on magnetic resonance imaging [8, 10–15].

MM is usually classified into three stages: (1) stage I; all the following: serum albumin ≥3.5 g/
dL, serum beta 2 microglobulin (B2M) < 3.5 mg/L, normal serum lactic dehydrogenase (LDH) 
and no high-risk (HR) cytogenetics; (2) stage II: not fitting stages I and III with serum B2M: 
3.5–5.5 mg/L, and (3) stage III; all the following: serum B2M > 3.5 mg/L and HR cytogenetics 
or elevated serum LDH level [8, 13].

The following cytogenetic abnormalities have been reported in patients with MM: trisomies; 
monosomies; 17 p deletion; amp (1q20); t(14,16); t(14,20); t(4,14); t(6,14) and t(11,14) [8, 13, 16]. 
Also, the following molecular mutations have been reported in MM patients: NRAS, KRAS, 
TP53, BRAF, CCND1, FAM46C, MYC, XBP1, EZH2 and CHST15 [17–21]. Recently, the follow-
ing laboratory techniques have been utilized in the diagnosis and follow-up of patients with 
MM: (1) next-generation sequencing (NGS), (2) genomic and epigenetic studies, (3) micro-
RNA and (4) minimal residual disease (MRD) evaluation by flow cytometry, polymerase 
chain reaction, and NGS [17–22]. Mass accumulation rate will be used in the near future for 
susceptibility of human MM cell lines to standard-of-care therapies [23].

The HR features in MM include: (1) cytogenetic and molecular abnormalities that include: 
hypodiploid, 17 p deletion, t(4,14), t(14,16), t(14,20) and EZH2; (2) international scoring system 
stage II or III; (3) presence of comorbid medical conditions that limit therapy; (4) extramedul-
lary disease (EMD) and (5) renal failure, high serum LDH level and plasma cell leukemia [13, 
16, 21, 24, 25]. MM patients are stratified into three risk groups based on their cytogenetic 
profiles as follows: (1) HR that includes 17 p deletion, t(14,16) or t(14,20); (2) intermediate risk 
that includes: t(4,14) and amp (1q20)/gain (1q) and (3) standard risk that includes: trisomies, 
t(11,14) and t(6,14) [8, 13, 16]. Additional poor prognostic features include: age ≥60 years and 
refractory and/or relapsed MM (R/R-MM) [26].

3. New insights into the pathogenesis of MM

Despite the recent progress in understanding MM, the pathogenesis of the disease is incom-
pletely understood and is apparently multifactorial in nature [27]. The 10 hallmarks of cancer 
are: (1) self-sufficiency in growth signaling, (2) evasion of apoptosis, (3) insensitivity to anti-
growth mechanisms, (4) tissue invasion and metastases, (5) limitless replicative potential, (6) 
sustained angiogenesis, (7) avoidance of immune destruction, (8) reprogramming of energy 
metabolism, (9) tumor-promoting inflammation and (10) genome instability and mutation. 
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All the 10 hallmarks of cancer are present and active in MM and they contribute to tumor 
initiation, drug resistance, disease progression and relapse [28–30].

BM adipose tissue is a newly recognized contributor to MM oncogenesis and disease progres-
sion, particularly affecting MM cell metabolism, immune action and inflammation in addition 
to influencing angiogenesis [28]. BM adipose tissue may support MM through: (1) bioactive 
lipids such as fuel source, signaling molecule and substrate for lipid peroxidation and (2) 
MM supportive adipokines such as interleukin (IL)-6, tumor necrosis factor-α, MCP-1, PAI-1, 
resistin and leptin. The interaction between hypoxia, BM adipose tissue and angiogenesis is 
complicated [28].

The BM niche in patients with MM appears to play an important role in differentiation, migra-
tion, survival and drug resistance of malignant plasma cells [31, 32]. The BM niche is com-
posed of (1) cellular compartment that contains the following constituents: hematopoietic and 
nonhematopoietic cells, stromal cells, osteoblasts, osteoclasts, endothelial cells and immune 
cells and (2) noncellular compartment, which has the following constituents: extracellular 
matrix (ECM) and liquid milieu that has cytokines, chemokines and growth factors [31–34]. 
MM cells home to the BM, adhere to the ECM and BM stromal cells. Trafficking or homing 
ingress allows progression or metastasis of disease to new BM sites [31].

Bone destruction is the hallmark of MM and is mediated by osteoblasts [35]. Osteoblasts are 
the most important components of the MM microenvironment. They largely affect disease pro-
gression either directly or indirectly. Also, they may slow MM growth [36]. Normally, there is 
a balance between osteoblastic and osteoclastic activity and imbalance leads to development of 
disease lesions. Hence, increased osteoclastic activity is associated with MM [37]. Osteoclasts 
are the primary mediators of bone resorption in both healthy and pathological bone turnover. 
Bone anabolic agents hold potential for antimyeloma and antiosteolysis therapies [36].

MM pathophysiology is the result of the interaction between clonal plasma cells and the 
surrounding BM microenvironment [31, 32, 38–40]. BM angiogenesis represents a constant 
hallmark of MM progression partly driven by the release of proangiogenic cytokines from the 
tumor plasma cells, BM stromal cells and osteoclasts such as vascular endothelial growth fac-
tor (VEGF), basic fibroblast growth factor (bFGF) and metalloproteinases [31]. Also, BM stro-
mal cells from MM patients express several proangiogenic molecules such as VEGF, bFGF, 
angiopoietin-1, transforming growth factor-β, hepatocyte growth factor, platelet-derived 
growth factor and IL-1 [31]. The signaling pathways that are active in MM microenviron-
ment include Ras GAP, FAK, phosphoinositide 3-kinase (PI-3K)-akt, MEK-ERK and STAT 
[38]. Other signaling pathways that may also become new therapeutic targets in MM include 
RANKL, DKK1, sclerostin and activing-A [31, 39].

MicroRNAs play a crucial role in cancer progression [40]. They are the novel crossroads 
between MM cells and MM microenvironment [41]. Several microRNAs are dysregulated 
in MM [40]. Dysregulation of microRNAs in MM cells and MM microenvironment has 
important impacts on initiation of MM, disease progression and drug resistance [42, 43]. 
Approximately 95 microRNAs are expressed at high levels in MM, particularly miR-125b, 
miR-133a, miR-1 and miR-124a [40]. Deregulated microRNAs target genes regulating cell 
cycle, apoptosis, survival and cell growth [40]. Interactions between various constituents of 
BM microenvironment, particularly MM mesenchymal stem cells and MM cancer stem cells, 
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and it accounts for approximately 10% of all HMs [8]. The median age of MM at diagnosis is 
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sustained angiogenesis, (7) avoidance of immune destruction, (8) reprogramming of energy 
metabolism, (9) tumor-promoting inflammation and (10) genome instability and mutation. 
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may be involved in disease initiation such as bone involvement, disease progression, relapse 
and drug resistance, so microRNAs may become very useful in designing targeted therapies 
in the field of precision medicine [27, 44–52]. Additionally, circulating microRNAs may serve 
as diagnostic and prognostic markers due to their impact on gene expression, biological func-
tion and survival, and microRNA-based assays may help in improving risk stratification in 
MM [27, 53–58].

4. Management of MM

Over the past two decades, management of MM has dramatically changed and this has trans-
lated into significant improvements in disease outcomes and prognosis. This unprecedented 
progress can be attributed to (1) the application of high-dose (HD) chemotherapy followed by 
autologous hematopoietic stem cell transplantation (HSCT), (2) improvement in supportive 
care strategies and (3) the introduction of several novel agents particularly immunomodula-
tory agents and proteasome inhibitors in the treatment of patients with MM [10, 13, 16, 59–61].

Cytotoxic agents that have been used in the treatment of MM include (1) corticosteroids such 
as dexamethasone and prednisolone, (2) conventional chemotherapies including melphalan, 
cyclophosphamide, liposomal doxorubicin, bendamustine, carmustine (BCNU), D-PACE 
(dexamethasone, cisplatin, doxorubicin, cyclophosphamide, etoposide) and DCEP (dexa-
methasone, cyclophosphamide, etoposide, cisplatin) [62]. However, remarkable improve-
ments in survival of patients with MM have been achieved following the introduction of 
thalidomide, bortezomib and lenalidomide, as well as the recent introduction and approval 
of the following novel therapeutic agents: (1) newer proteasome inhibitors such as carfilzo-
mib and ixazomib; (2) histone deacetylase inhibitors such as panobinostat and vorinostat; (3) 
new immunomodulatory drugs such as pomalidomide; (4) monoclonal antibodies such as 
daratumumab and elotuzumab; (5) Bruton tyrosine kinase inhibitors such as ibrutinib; (6) 
IL-6 inhibitors such as siltuximab; (7) PI-3 K inhibitors and (8) various immunotherapeutic 
strategies including chimeric antigen receptor (CAR) T cells [10, 13, 15, 62–64].

5. Frontline and induction therapies in MM

Several studies have shown that VRD (bortezomib, lenalidomide, dexamethasone) regimen is 
well tolerated and highly effective in the treatment of newly diagnosed MM patients [65–70]. 
Once used as first-line therapy for MM, VRD has been shown to be superior to the doublet 
regimen of lenalidomide plus dexamethasone, as well as the triplet regimens VCD (bortezo-
mib, cyclophosphamide, dexamethasone) and VTD (bortezomib, thalidomide, dexametha-
sone) [68]. Carfilzomib, lenalidomide, dexamethasone (KRD) is an alternative promising 
regimen but has only been evaluated in small phase II studies in the frontline setting [68].

Response criteria in patients with MM subjected to various therapeutic regimens include 
MRD evaluation by multicolor flow cytometry or sequencing on bone marrow samples 
and imaging for EMD [59, 71]. MRD has recently been incorporated into the International 
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Myeloma Working Group response criteria and new studies have demonstrated that 
achievement of MRD negativity is a stronger predictor of survival than is traditional com-
plete response (CR) [72].

6. HSCT in patients with MM

6.1. Autologous HSCT

Autologous HSCT, performed at the time of initial diagnosis or at relapse, is considered the stan-
dard of care for patients with newly diagnosed MM who are younger than 70 years [8, 73, 74].  
Even in the era of novel therapies, timing of performance of autologous HSCT, whether 
upfront or at relapse, is still controversial although there is global consensus strongly in favor 
of early autologous HSCT [75].

Autologous HSCT is not curative for MM [8, 73]. Allogeneic HSCT is the only curative therapy 
for MM but at the expense of increased treatment-related mortality (TRM), so candidates for 
allografts should be carefully selected from the pool of young patients with R/R-MM [76]. 
Several randomized clinical trials have shown that, compared with conventional chemother-
apy alone, HD chemotherapy followed by stem cell rescue is associated with prolonged event-
free survival (EFS) and overall survival (OS) [8, 73, 74]. The recent widespread implementation 
of autologous HSCT in conjunction with novel therapies has revolutionized the management 
of MM and has markedly altered the natural history of the disease by improving disease 
responses and response duration ultimately leading to significant improvement in OS [73].

Eligibility for autologous HSCT is determined by age, performance status, presence and 
severity of comorbid medical conditions, and frailty score as frailty has been shown to be a 
predictor of short survival and is considered an exclusion criterion for autologous HSCT [8].

6.2. Cryopreservation versus noncryopreservation of stem cells

For most types of transplants, cryopreservation of HSCs is necessary and is an essential com-
ponent of the clinical protocol [77]. Dimethyl sulfoxide (DMSO) is widely used as a cryo-
preservant for various types of stem cells and other body tissues. It has the following adverse 
effects: skin irritation, garlic breath or body odor; abdominal pain, nausea, vomiting and 
diarrhea; bronchospasm, chest tightness and dyspnea; altered heart rate and blood pressure, 
arrhythmias, heart block and myocardial ischemia; various degrees of organ dysfunction and 
death [77, 78]. Additionally, DMSO has in vitro toxicity in the form of induction of red blood 
cell hemolysis and reduction in platelet aggregation and activity [78].

Several studies and one meta-analysis have shown that noncryopreserved autologous HSCT 
for MM is simple, safe and cost-effective and gives results that are at least equivalent to autol-
ogous HSCT with cryopreservation [79–84]. TRM at day 100 post-HSCT has ranged between 
0.0 and 3.4% [80, 82–84]. Noncryopreserved stem cells can be infused till day 5 postapheresis 
without viability loss provided they are stored at +4°C in conventional blood bank refrigera-
tor [79, 81, 82, 84]. In a systematic review that included 16 studies having 560 patients with 
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various HMs including MM, hematopoietic engraftment was universal and only one graft 
failure was reported [79, 81]. The median times for engraftment following noncryopreserved 
autografts were 9–14 days for neutrophils and 14–25 days for platelets [79, 81]. Other recent 
studies on noncryopreserved autologous HSCT in patients with MM have shown the follow-
ing results: neutrophil engraftment between 10 and 14 days and platelet engraftment between 
13 and 25 days postautologous HSCT [85–92].

Melphalan is the standard chemotherapeutic agent that is used in the conditioning therapy 
prior to autologous HSCT in MM. The dose ranges between 140 and 200 mg/m2, given intrave-
nously (IV) [79, 81, 82, 93]. It is cleared from plasma and urine in 1 and 6 hours, respectively. 
Stem cells can be safely infused as early as 8–24 hours following melphalan administration 
[79, 81].

Recently, other drugs have been used in the conditioning therapy prior to autologous HSCT 
in MM either alone or in combination with HD melphalan [94–97]. Compared to HD melpha-
lan, the use of ixazomib, BCNU, bortezomib and IV busulfan either alone or in various combi-
nations with HD melphalan in the conditioning therapies has increased the overall response 
rates and the median OS without additional toxicity [93–97].

HSCT without cryopreservation has several advantages including (1) simplicity of implemen-
tation, (2) allowing autologous HSCT to be performed entirely as outpatient, (3) reduction 
of transplantation costs, (4) reducing the time between the last induction therapy and HD 
chemotherapy, (5) prevention of DMSO toxicity, (6) no significant loss of viability of the col-
lected HSCs provided stem cell infusion is made within 5 days of apheresis, (7) expansion of 
the number of medical institutions performing stem cell therapies and (8) potent engraftment 
syndrome and autologous graft versus host disease (GVHD) [79–84, 98, 99]. HSCT with-
out cryopreservation has the following disadvantages: (1) plenty of coordination is needed 
between various teams regarding timing of stem cell mobilization, apheresis, administra-
tion of conditioning therapy and infusion of stem cells; (2) limitation of the use of standard 
HD chemotherapy schedules such as BEAM (BCNU, etoposide, cytarabine and melphalan) 
employed in the autologous HSCT for lymphoma and (3) inability to store part of the collec-
tion and reserving it for a second autologous HSCT in case a rich product is obtained [79–84].

6.3. Outpatient HSCT

MM is the leading indication for autologous HSCT worldwide. Patients with MM are ideal 
candidates for outpatient autologous HSCT because of the following reasons: the ease of 
administering HD melphalan, the relatively low extra-hematological toxicity and the short 
period of neutropenia [85].

Outpatient autologous HSCT for MM is not yet established as a routine procedure, due to 
reluctance of certain centers and due to the absence of guidelines. However, reduction of 
costs and period of hospitalization are the driving forces behind the adoption of outpatient 
HSCT. The mixed inpatient/outpatient model has been shown to be highly feasible with very 
low rates of rehospitalization and TRM [100, 101].

Several studies have shown safety, feasibility and cost-effectiveness of outpatient autologous 
HSCT for MM [86–90]. Selection criteria for outpatient autologous HSCT include expected 
compliance, proximity to the HSCT center for daily visits, 24-hour caregiver support, favorable  
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performance status and favorable comorbidity profile [91]. Lack of caregiver is a limiting factor  
for outpatient autologous HSCT [92].

6.4. Tandem and second AHSCT

Even before the era of novel therapies, tandem autologous HSCT had been performed in 
patients with MM and the results of tandem transplants showed superior outcomes com-
pared to single autologous HSCTs [102, 103]. Later on, two single-center retrospective analy-
ses showed higher rates of progression-free survival (PFS) and OS in patients subjected to 
tandem autologous HSCT compared to recipients of single autologous HSCT [104, 105]. A 
meta-analysis that included six studies comparing tandem to single autologous HSCT in 
patients with MM showed: (1) no difference between the two forms of autologous HSCT 
with respect to OS and EFS and (2) tandem autologous HSCT was associated with improved 
response rates but at the expense of increased TRM [106]. However, this meta-analysis was 
criticized as it included a study with significant statistical errors [107].

Several studies have shown that a second autologous HSCT used as part of salvage therapy 
in patients with MM relapsing after the first autologous HSCT has been found to be safe and 
feasible particularly in carefully selected patients [108–112]. Factors associated with the suc-
cess of second autologous HSCT include younger age, B2M < 2.5 mg/L at diagnosis, remission 
duration >9 months from first autologous HSCT, > partial response achieved in response to 
the first autologous HSCT and performance of second autologous HSCT before relapse and 
within 6–12 months from the first autologous HSCT [113, 114].

6.5. Allogeneic HSCT in MM

Although allogeneic HSCT represents the only potentially curative therapeutic modality in 
patients with MM, it is associated with relatively high TRM [76, 115, 116]. The advent of reduced 
intensity conditioning (RIC) and the application of autologous-allogeneic tandem HSCT 
approaches have broadened the use of allogeneic HSCT in patients with MM. Autologous-
allogeneic tandem HSCT may overcome the negative impact of 17 p deletion and/or t(4,14) 
and the achievement of molecular remission in patients having HR cytogenetics has resulted 
in long-term freedom from disease [117].

In patients with HR disease or those relapsing after autologous HSCT, particularly younger 
patients who are fit for allografts, salvage therapy with novel agents followed by RIC alloge-
neic HSCT has been shown to provide significant PFS benefit [76, 118–121]. In patients lacking 
human leukocyte antigen (HLA)-matching sibling donors, alternate donors such as matched 
unrelated donors, cord blood transplantation and haploidentical forms of allogeneic HSCT 
have been employed and they have shown feasibility and effectiveness [115, 122–124].

7. Consolidation and maintenance therapies in MM

Almost all patients with MM relapse after autologous HSCT. Hence, treatment given in the 
postautologous HSCT period is aimed at suppression of residual disease in order to prolong 
duration of response, OS and PFS while minimizing toxicity [125, 126].
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performance status and favorable comorbidity profile [91]. Lack of caregiver is a limiting factor  
for outpatient autologous HSCT [92].

6.4. Tandem and second AHSCT

Even before the era of novel therapies, tandem autologous HSCT had been performed in 
patients with MM and the results of tandem transplants showed superior outcomes com-
pared to single autologous HSCTs [102, 103]. Later on, two single-center retrospective analy-
ses showed higher rates of progression-free survival (PFS) and OS in patients subjected to 
tandem autologous HSCT compared to recipients of single autologous HSCT [104, 105]. A 
meta-analysis that included six studies comparing tandem to single autologous HSCT in 
patients with MM showed: (1) no difference between the two forms of autologous HSCT 
with respect to OS and EFS and (2) tandem autologous HSCT was associated with improved 
response rates but at the expense of increased TRM [106]. However, this meta-analysis was 
criticized as it included a study with significant statistical errors [107].
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feasible particularly in carefully selected patients [108–112]. Factors associated with the suc-
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the first autologous HSCT and performance of second autologous HSCT before relapse and 
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6.5. Allogeneic HSCT in MM

Although allogeneic HSCT represents the only potentially curative therapeutic modality in 
patients with MM, it is associated with relatively high TRM [76, 115, 116]. The advent of reduced 
intensity conditioning (RIC) and the application of autologous-allogeneic tandem HSCT 
approaches have broadened the use of allogeneic HSCT in patients with MM. Autologous-
allogeneic tandem HSCT may overcome the negative impact of 17 p deletion and/or t(4,14) 
and the achievement of molecular remission in patients having HR cytogenetics has resulted 
in long-term freedom from disease [117].

In patients with HR disease or those relapsing after autologous HSCT, particularly younger 
patients who are fit for allografts, salvage therapy with novel agents followed by RIC alloge-
neic HSCT has been shown to provide significant PFS benefit [76, 118–121]. In patients lacking 
human leukocyte antigen (HLA)-matching sibling donors, alternate donors such as matched 
unrelated donors, cord blood transplantation and haploidentical forms of allogeneic HSCT 
have been employed and they have shown feasibility and effectiveness [115, 122–124].

7. Consolidation and maintenance therapies in MM

Almost all patients with MM relapse after autologous HSCT. Hence, treatment given in the 
postautologous HSCT period is aimed at suppression of residual disease in order to prolong 
duration of response, OS and PFS while minimizing toxicity [125, 126].
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The use of novel therapies in the consolidation phase following single or tandem autologous 
HSCT has been shown to enhance the rate as well as the quality of response thus contributing 
to improvements in clinical outcomes including prolongation of PFS [126]. Bortezomib-based 
regimens used as consolidation therapy after autologous HSCT in patients with MM have 
been shown to be effective in the improving PFS and decreasing relapse rate [127].

Maintenance therapy represents an important therapeutic strategy to delay disease progres-
sion and relapse [125, 126]. The following drugs have been used in postautologous HSCT 
maintenance: interferon, thalidomide, bortezomib and carfilzomib [125, 126, 128–130]. 
Bortezomib is safe, well tolerated and efficacious and it can be used with no risk of second 
malignancy till disease progression, but its disadvantages include cost and effects on quality 
of life (QoL) [126, 130].

In February 2017, the Food and Drug Administration in the USA approved the use of 
lenalidomide as maintenance therapy after autologous HSCT for patients with MM, after 
showing efficacy and safety in several studies [131]. Lenalidomide has tumoricidal and 
immunomodulatory activities against MM [132]. Several studies have shown the efficacy 
of lenalidomide maintenance after autologous HSCT as this therapy has been shown to be 
associated with significant improvements in OS, PFS and longer time to disease progression 
[133–136]. A multicenter, randomized double-blind study that included 306 patients with 
newly diagnosed MM ≥65 years of age and ineligible for autologous HSCT treated initially 
with melphalan, prednisolone and lenalidomide induction followed by lenalidomide versus 
placebo maintenance showed the following results: (1) significant prolongation of PFS, (2) 
maximum benefit was achieved in patients 65–75 years of age and (3) 3-year second primary 
tumor of 7% in the lenalidomide arm versus 3% in the placebo arm [132]. Other studies 
on lenalidomide maintenance have shown more toxicity and low rate of development of 
second tumors [133, 134]. Lenalidomide maintenance can be initiated as early as day 100 
postautologous HSCT [133]. Duration of lenalidomide maintenance longer than 3 years has 
been associated with further improvement in survival [134]. Several studies performed in 
patients with newly diagnosed MM subjected to autologous HSCT have shown continuous 
therapy to be more effective in prolongation of OS and PFS that limited the duration of 
treatment [137–141].

8. Novel therapies in MM

The novel therapies that have recently been introduced into the treatment of MM include (1) 
proteasome inhibitors such as bortezomib, carfilzomib and ixazomib; (2) immunomodulatory 
agents such as thalidomide, lenalidomide and pomalidomide; (3) monoclonal antibodies such 
as daratumumab and elotuzumab and (4) histone deacetylase inhibitors such as panobinostat, 
in addition to other classes of medications that can also be used in the treatment of MM such 
as glucocorticoids, DNA alkylating agents, as well as doxorubicin, cisplatinum and etoposide 
[10, 13, 15, 62–64]. Novel agents and targeted therapies that are either currently used or under 
development for the treatment of MM are shown in Table 1 [61, 62, 142–150].

Several cell cycle regulatory proteins have been proposed as therapeutic targets in patients 
with MM. Other targets that have already been identified in MM include microtubules, 
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kinesin motor proteins, aurora kinases, polo-like kinases and the anaphase-promoting 
complex/cyclosome [151]. The novel therapies that are used in the treatment of MM differ 
in their modes of action. Nevertheless, each drug has its own side effects that should be 
considered particularly once treating patients with comorbid medical conditions and once 
these novel agents are used in combination with other drugs [152].

8.1. Daratumumab

Daratumumab is a human IgGk monoclonal antibody that targets CD38, which is a cell surface 
protein that is overexpressed in MM cells. It is given IV at a dose of 16 mg/kg weekly [153–156]. 
It induces death of MM cells by several mechanisms including (1) complement-dependent 
cytotoxicity, (2) antibody-dependent cell-mediated cytotoxicity, (3)  antibody-dependent 
 cellular phagocytosis and (4) apoptosis [153–156].

Daratumumab has shown substantial efficacy as monotherapy in heavily pretreated patients 
with MM as well as in combination with bortezomib in patients with newly diagnosed MM 
[154]. Two phase III randomized clinical trials in R/R MM using daratumumab in combina-
tion with either bortezomib and dexamethasone or lenalidomide and dexamethasone showed 

1. Monoclonal antibodies: Anti-CD 38 (daratumumab, elotuzumab, isatuximab, MOR202), anti-CD138 (indatux-
imab ravtansine), anti-interleukin-6 (siltuximab), anti-RANKL (denosumab), anti-KIR2DL1/2/4 (IPH2101)

2. Immunomodulatory agents: thalidomide, lenalidomide, pomalidomide

3. Proteasome inhibitors: bortezomib, carfilzomib, ixazomib

4. Histone deacetylase inhibitors: panobinostat, vorinostat, romidepsin, ricolinostat

5. mTOR inhibitors: everolimus, temsirolimus

6. Checkpoint (programmed cell death protein 1) inhibitors: nivolumab, pembrolizumab

7. Bruton’s tyrosine kinase inhibitors: ibrutinib

8. BCL2 antagonists (BH3 mimetics): venetoclax, obatoclax, navitoclax

9. Cyclin-dependent kinase inhibitors: dinaciclib

10. MEK inhibitors: selumetinib

11. Kinesin spindle protein 1 inhibitors: filanesib, array 520

12. Selective inhibitors of nuclear transport: selinexor

13. Phosphoinositide 3-kinase-Akt inhibitors: perifosine, afuresertib

14. PIM kinase inhibitors: LGH 447

15. Vaccines: PVH-410

16. Chimeric antigen receptor T cells (CAR T cells): directed against:

a. CD-19

b. CD-38

c. B-cell maturation antigen

d. Cell surface glycoprotein

Table 1. Novel agents and targeted therapies that are either currently used or under development for the treatment of 
multiple myeloma.
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showing efficacy and safety in several studies [131]. Lenalidomide has tumoricidal and 
immunomodulatory activities against MM [132]. Several studies have shown the efficacy 
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been associated with further improvement in survival [134]. Several studies performed in 
patients with newly diagnosed MM subjected to autologous HSCT have shown continuous 
therapy to be more effective in prolongation of OS and PFS that limited the duration of 
treatment [137–141].

8. Novel therapies in MM

The novel therapies that have recently been introduced into the treatment of MM include (1) 
proteasome inhibitors such as bortezomib, carfilzomib and ixazomib; (2) immunomodulatory 
agents such as thalidomide, lenalidomide and pomalidomide; (3) monoclonal antibodies such 
as daratumumab and elotuzumab and (4) histone deacetylase inhibitors such as panobinostat, 
in addition to other classes of medications that can also be used in the treatment of MM such 
as glucocorticoids, DNA alkylating agents, as well as doxorubicin, cisplatinum and etoposide 
[10, 13, 15, 62–64]. Novel agents and targeted therapies that are either currently used or under 
development for the treatment of MM are shown in Table 1 [61, 62, 142–150].

Several cell cycle regulatory proteins have been proposed as therapeutic targets in patients 
with MM. Other targets that have already been identified in MM include microtubules, 
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kinesin motor proteins, aurora kinases, polo-like kinases and the anaphase-promoting 
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in their modes of action. Nevertheless, each drug has its own side effects that should be 
considered particularly once treating patients with comorbid medical conditions and once 
these novel agents are used in combination with other drugs [152].

8.1. Daratumumab

Daratumumab is a human IgGk monoclonal antibody that targets CD38, which is a cell surface 
protein that is overexpressed in MM cells. It is given IV at a dose of 16 mg/kg weekly [153–156]. 
It induces death of MM cells by several mechanisms including (1) complement-dependent 
cytotoxicity, (2) antibody-dependent cell-mediated cytotoxicity, (3)  antibody-dependent 
 cellular phagocytosis and (4) apoptosis [153–156].

Daratumumab has shown substantial efficacy as monotherapy in heavily pretreated patients 
with MM as well as in combination with bortezomib in patients with newly diagnosed MM 
[154]. Two phase III randomized clinical trials in R/R MM using daratumumab in combina-
tion with either bortezomib and dexamethasone or lenalidomide and dexamethasone showed 
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5. mTOR inhibitors: everolimus, temsirolimus
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7. Bruton’s tyrosine kinase inhibitors: ibrutinib
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significantly longer PFS with manageable toxicity [154, 156]. In a phase III randomized clinical 
trial performed in patients with newly diagnosed MM, not eligible for autologous HSCT, the 
addition of daratumumab to bortezomib, melphalan and prednisolone decreased the risk of 
death and disease progression but was also associated with higher rates of infections [155]. The 
adverse effects of daratumumab include infusion-related reactions, hematologic toxicity in the 
form of neutropenia and thrombocytopenia and various infectious complications [153–156].

8.2. Elotuzumab

Elotuzumab is an immunostimulatory monoclonal antibody targeting signaling lymphocyte 
activation molecule F7 (SLAMF7) [157]. While no responses to elotuzumab as a single agent 
were obtained, the addition of elotuzumab to lenalidomide and dexamethasone in RR-MM 
patients resulted in overall response rate (ORR) of 79% compared to 66% ORR obtained with 
lenalidomide and dexamethasone alone [142, 158]. Also, in a phase III randomized clinical 
trial in patients with R/R-MM, the combination of elotuzumab, lenalidomide and dexametha-
sone decreased the risks of death and disease progression by 30% [157].

8.3. Pomalidomide

Pomalidomide is a third-generation immunomodulatory agent that has been approved 
for patients with progressive MM or those who have received at least two lines of therapy 
[159]. It has been shown to be effective in combination with dexamethasone ± carfilzomib 
or other agents in patients with R/R-MM or in those with HR cytogenetics [159–162]. The 
use of pomalidomide combined with low-dose dexamethasone in heavily pretreated patients 
with R/R-MM has been shown to be cost-effective as the combination has produced clinical 
outcomes comparable to those obtained by daratumumab alone or carfilzomib alone [5].

8.4. Carfilzomib

Carfilzomib is a second-generation proteasome inhibitor [163]. It is well tolerated and causes 
minimal neurotoxicity. It has demonstrated promising activity in patients with MM who are 
refractory to bortezomib or immunomodulatory agents [163–165]. It can be combined with 
dexamethasone or other novel agents [164–166].

It is able to sensitize 24% of bortezomib-refractory MM patients. When combined with dexa-
methasone in R/R-MM, it resulted in superior outcome in terms of ORR and PFS compared 
to bortezomib and dexamethasone combination [158]. Also, it is under evaluation for patients 
with newly diagnosed MM [166].

8.5. Panobinostat

Histone deacetylase inhibitors such as panobinostat and vorinostat have demonstrated some 
activity against MM and they have multiple proposed mechanisms of actions once used in 
the treatment of MM [167]. Panobinostat is a potent oral pan-deacetylase inhibitor. It affects 
growth and survival of MM cells through alteration of (1) gene expression through epigenetic 
modification and (2) protein metabolism by inhibiting protein degradation [168–171]. The 
approval of panobinostat for the treatment of MM was based on the results of phase III ran-
domized double-blind clinical trial (PANORAMA 1), which demonstrated improvement in 
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median PFS of 7.8 months for panobinostat, bortezomib and dexamethasone in comparison 
with placebo, bortezomib and dexamethasone [168–171]. Panobinostat, in combination with 
bortezomib and dexamethasone, was recently approved in the USA, Europe and Japan for the 
treatment of patients with MM who had failed at least two prior regimens including bortezo-
mib and an immunomodulatory agent [168–171]. A meta-analysis that included 11 clinical tri-
als and 700 patients with R/R-MM treated with panobinostat demonstrated not only efficacy 
but also safety of panobinostat in combination with other agents [172]. The main toxic effects 
of panobinostat are thrombocytopenia and diarrhea. However, several studies showed other 
adverse effects including lymphopenia, neutropenia and anemia, nausea, vomiting, consti-
pation and abdominal pain, asthenia, fatigue, peripheral edema and peripheral neuropathy 
[167–172]. Ongoing clinical trials are evaluating the role of panobinostat in combination with 
drugs other than bortezomib in R/R-MM, in combination with various drugs in newly diag-
nosed disease and in maintenance therapy of myeloma [169].

8.6. CAR T cells

CAR is a hybrid antigen receptor that is composed of an extracellular antigen-binding domain 
and an intracellular signaling domain. T cells genetically targeted with a CAR to B-cell malig-
nancies have demonstrated tremendous clinical outcome [173]. Immunotherapy using CAR-
mediated T cells has demonstrated high response rates in patients with B-cell malignancies. 
CAR T-cell therapy is a cellular therapy that redirects a patient’s T cells to specifically target 
and destroy tumor cells [174]. CARs are genetically engineered fusion proteins composed of 
antigen recognition domain derived from a monoclonal antibody as well as an intracellular 
T-cell signaling domain and a costimulatory domain [174].

There are multiple steps in the production of CAR T cells and these include (1) leukapheresis 
to separate leukocytes; (2) enrichment of leukapheresis product with T cells; (3) separation of 
T-cell subsets at the level of CD4/CD8 composition using specific antibody-based conjugates 
or markers; (4) T-cell selection or activation, gene transfer or genetic modification and viral 
transduction; (5) volume expansion of T cells, isolation, washing and culture followed by 
cryopreservation and (6) infusion of CAR T cells [174, 175].

Adverse effects of CAR T-cell therapy include cytokine release syndrome (CRS), neurotoxic-
ity, on target/off tumor recognition and anaphylaxis. Additionally, theoretical toxicities of 
CAR T cells include clonal expansion secondary to insertional oncogenesis, GVHD and off-
target antigen recognition [176]. Management of CAR T-cell toxicity includes supportive mea-
sures, immunosuppression with tocilizumab (IL-6) receptor blockade for CRS and suicide or 
elimination genes to allow for selective depletion of CAR T cells [176].

CAR expressing T cells have demonstrated success in the treatment of B-cell lymphoid malig-
nancies particularly CD19+ acute lymphoblastic leukemia and chronic lymphocytic leukemia 
[177]. Cell surface glycoprotein (CS1) is highly expressed on MM cells and is an ideal target 
for the treatment of MM, that is, CS1 can be targeted by CAR natural killer cells to treat 
MM [177]. A patient with advanced and refractory MM received myeloablative treatment 
with melphalan 140 mg/m2, followed by autologous HSCT, and then infusion of CTL019 
CAR resulted in CR with no disease progression for 12 months after CAR T-cell infusion 
[178]. CAR T cells can target the following antigens in patients with MM: B-cell maturation 
 antigen (BCMA), CD138, CD19 and kappa-light chain [179]. A bispecific T-cell engager (BiTE) 
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significantly longer PFS with manageable toxicity [154, 156]. In a phase III randomized clinical 
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use of pomalidomide combined with low-dose dexamethasone in heavily pretreated patients 
with R/R-MM has been shown to be cost-effective as the combination has produced clinical 
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activity against MM and they have multiple proposed mechanisms of actions once used in 
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growth and survival of MM cells through alteration of (1) gene expression through epigenetic 
modification and (2) protein metabolism by inhibiting protein degradation [168–171]. The 
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mib and an immunomodulatory agent [168–171]. A meta-analysis that included 11 clinical tri-
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8.6. CAR T cells
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elimination genes to allow for selective depletion of CAR T cells [176].

CAR expressing T cells have demonstrated success in the treatment of B-cell lymphoid malig-
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for the treatment of MM, that is, CS1 can be targeted by CAR natural killer cells to treat 
MM [177]. A patient with advanced and refractory MM received myeloablative treatment 
with melphalan 140 mg/m2, followed by autologous HSCT, and then infusion of CTL019 
CAR resulted in CR with no disease progression for 12 months after CAR T-cell infusion 
[178]. CAR T cells can target the following antigens in patients with MM: B-cell maturation 
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Hematopoietic Stem Cell Transplantation in Multiple Myeloma in the Era of Novel Therapies
http://dx.doi.org/10.5772/intechopen.79999

137



targeting BCMA and CD3E (BI 836909) has been developed and it has been shown to be highly 
potent and efficacious to selectively deplete BCMA-positive MM cells; thus, it represents a 
novel immunotherapeutic approach in the treatment of MM [180]. CARs are proteins that 
incorporate antigen domain, costimulatory domains and T-cell activation domains [181]. 
Only a limited number of patients with MM received CAR T-cell therapy, but preliminary 
results are encouraging [179].

BCMA is only expressed on some B cells, normal plasma cells and malignant plasma cells. 
The first clinical trial using CAR T cells targeting BCMA that is expressed in most cases of 
MM included 12 patients [181]. After dose escalation in the infusion of CAR-BCMA cells was 
used, the trial showed remarkable success and impressive activity against MM cells as BM 
plasma cells became undetectable by flow cytometry and patients entered stringent CR last-
ing for 17 weeks before relapse [181]. Another clinical trial using CAR-BCMA that included 21 
patients showed increase in response rate from 89 to 100% after dose escalation [182].

9. Refractory and/or relapsed MM (R/R-MM)

The course of MM progression is highly variable as almost all patients with MM who respond 
to initial therapy will eventually relapse and require further treatment [6]. The introduction 
of novel agents over the last 15 years, the implementation of new therapeutic strategies and 
the adoption of drug combinations that include highly effective and tolerable drugs have 
improved (1) the clinical outcome dramatically as response rates have increased from approx-
imately 30% with single agents to about 90% with combination therapies and (2) the QoL even 
in heavily pretreated patients. However, determining the optimal sequence and combination 
as well as timing of each agent is necessary [6]. In a retrospective analysis of 628 patients 
with newly diagnosed MM who developed relapse after initial therapy, it was found that 
prolonged duration of treatment was associated with improved survival [141]. Unfortunately, 
secondary plasma cell leukemia and EMD still present difficult therapeutic challenges [16].

There is no standard of care for MM relapse after autologous HSCT [183, 184]. Regimens that 
are composed of combination therapy with (1) drugs having synergistic effect and no cross-
resistance and (2) one or two novel therapies are generally preferred as they lead to deeper and 
longer responses that are translated into improved survival [16, 183–185]. However, treatment 
should be individualized based on toxicity as well as patient and disease characteristics [184]. 
A meta-analysis of phase III randomized controlled trials showed that, compared to doublet 
regimens, triplets resulted in improved OS, PFS, very good partial response and CR although 
the risk of having grade III/IV drug adverse effects was higher with triplet regimens [185].

Mechanisms of drug resistance in MM include (1) multidrug-resistant gene polymorphism, 
(2) P-glycoprotein overexpression in MM cells, (3) microenvironmental changes, (4) clonal 
evolution including, (5) cancer stem cells, (6) upregulation and downregulation of various 
micro-RNAs and (7) selected CD34+, CD 138+, B7-, H1+, CD19- plasma cell accumulation after 
treatment [40].

Therapeutic options for patients with R/R-MM include (1) salvage therapy; combination of old 
and new therapies such as (a) bortezomib, thalidomide, cisplatin, cyclophosphamide, etopo-
side and doxorubicin (VTD-PACE); (b) KRD/carfilzomib, pomalidomide and dexamethasone 
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(KPD) ± PACE or (c) daratumumab-based therapy; (2) second autologous HSCT; (3) alloge-
neic HSCT in carefully selected patients and (4) enrollment in clinical trials [8, 11, 13, 16]. 
Specific agents that are used in the treatment of R/R-MM include (1) immunomodulatory 
agents such as thalidomide, lenalidomide and pomalidomide; (2) proteasome inhibitors such 
as bortezomib, carfilzomib and ixazomib; (3) monoclonal antibodies such as daratumumab 
and elotuzumab; (4) histone deacetylase inhibitors such as panobinostat and (5) pembroli-
zumab [6, 142, 157, 158, 164, 186]. The use of pembrolizumab (antiprogrammed cell death 1) 
in combination with lenalidomide and dexamethasone in patients with R/R-MM resulted in 
76% ORR [142, 158].

10. Management of MM patients having renal failure

Renal impairment (RI) is one of the most common complications of MM as 20–50% of patients 
with newly diagnosed MM present with RI, while 40–50% of patients develop RI during the 
course of the disease and about 5% of myeloma patients have dialysis-dependent renal failure 
(RF) at presentation [187–191]. In patients with MM, the causes of RI include myeloma cast 
nephropathy, excess of monoclonal free light chains causing proximal renal tubular damage, 
dehydration, infectious complications, hypercalcemia, hyperuricemia, use of nephrotoxic 
drugs and contrast media, hyperviscosity, myeloma cell infiltration and amyloid deposition 
[187–189, 192].

Bortezomib, thalidomide, lenalidomide and dexamethasone in various combinations can be 
used in the treatment of MM patients having RF and their use has been associated with high 
response rates and recovery of even partial or complete recovery of renal function [187–189, 
191, 192]. In early chemotherapy trials, RF was considered a predictor of poor prognosis, 
patients with hemodialysis were reported to have a poorer prognosis and RF was considered 
an exclusion criterion from autologous HSCT because of the concerns about higher rates of 
treatment-related toxicity and nonrelapse mortality (NRM) due to mucositis, infectious com-
plications and encephalopathy [187, 190]. However, recent studies have shown that autolo-
gous HSCT in patients with MM and RF has been associated with partial or complete recovery 
of renal function even in dialysis-dependent patients [190]. Therefore, autologous HSCT can 
be offered to patients with MM and RF with acceptable toxicity and NRM and a significant 
improvement in renal function that may be encountered in approximately one third of patients 
[187, 190]. In patients with MM and RF, a melphalan dose of 200 mg/m2 can be administered in 
the conditioning therapy of auto-HSCT without an increase in toxicity and NRM [190].

Kidney transplantation is the treatment of choice for most patients with end-stage renal fail-
ure (ESRD) as it is associated with improved survival and QoL compared to hemodialysis 
[193]. Even in patients with MM having RF, kidney transplantation is a valid therapeutic 
option in well-selected patients who achieve control of their disease and maintain a durable 
remission preferably for 3–5 years and have stable light chain levels but this option should 
be considered early in the course of the disease [194–197]. Combined HSCT, predominantly 
autologous HSCT, and renal transplantation have been performed for patients having various 
hematological disorders such as plasma cell dyscrasias [198–202]. Patients with MM having 
ESRD, either on regular hemodialysis or not, can be offered not only HSCT but also combined 
HSCT and renal transplantation either simultaneously or sequentially [198, 199, 203–206].
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11. Conclusions and future directions

The introduction of several novel agents and targeted therapies over the last 10 years has 
revolutionized the management of MM and has produced unprecedented outcomes in terms 
of disease control and OS. Currently, novel agents and targeted therapies are used in the fol-
lowing settings: (1) prior to HSCT to reduce tumor burden and to optimally control MM, (2) 
following HSCT as consolidation and maintenance therapy to allow long-term disease control 
and (3) as salvage therapy in case of relapse of MM after HSCT.

However, novel agents and targeted therapies should not be considered as a form of replace-
ment to HSCT, but instead these two valuable therapeutic interventions should be considered 
complementary to each other. The smart combination of novel agents and targeted therapies 
with various forms of HSCT in the new treatment paradigm of MM will ultimately lead to 
higher cure rates and longer disease controls.
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Abstract

Skeletal-related events occur in 80% of patients with multiple myeloma (MM). Osteoporosis, 
osteoclastic destructions, pathological fractures of the bone, spinal cord and compression 
can impair patients’ quality of life and reduce survival. Many imaging techniques can be 
used for the detection of MM bone lesions. Many clinical studies suggest modern imag-
ing techniques for their greater sensitivity. Radiotherapy is a treatment of choice for soli-
tary plasmacytoma of the bone and extramedullary plasmacytomas. However, radiation 
treatment of MM can be used as a palliative approach for uncontrolled pain, impending 
pathological fractures and in the cases of spinal cord compression. Radiotherapy induces 
analgesic effect in 75–100% of patients and promotes a recalcification in 40–60%. In patients 
with spinal cord compression, radiation therapy is given along with dexamethasone, and 
up to half of patients may experience improvement. It is well known that pain perception, 
response to analgesics and pain relief effect of radiotherapy are quite different for multiple 
myeloma patients. Clinical, laboratory and genetic factors may influence the pain percep-
tion and analgesic effect of radiotherapy. Side effects of radiation are generally mild, are 
limited to the radiotherapy site and can be predicted.

Keywords: multiple myeloma, bone disease, analgesic effect, palliative radiotherapy, 
radiation dose

1. Introduction

Skeletal-related events are one of the signs of multiple myeloma (MM) [1, 2]. Osteoclastic 
destructions increase the risk of pathologic fractures and spinal cord compression syn-
drome, which reduces patients’ quality of life, increases treatment costs and worsens patient  
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survival [3]. Radiotherapy is a treatment approach used in patients with solitary plasmacy-
tomas. However, the role of radiation treatment of MM is palliative: to induce an analgesic 
effect in osteolytic lesions, to promote recalcification in the sites of impending pathological 
fractures and symptom control in spinal cord compression [4].

Despite the enormous development in MM treatment approaches and response to sys-
temic therapy, patients are often in need of pain control due to slow repair of bone lesions. 
Chemotherapy treatment alone is insufficient for patients suffering from pain caused 
by osteolytic bone destruction or in case of an impending fracture at the destruction site. 
Seventy percent of patients receive radiation at least once during their MM therapy [5]. Where 
radiotherapy is applied, pain can be reduced by 75–100% from the starting level [5–12]. 
Recalcification of bone destructions caused by MM is observed in 40–60% of the cases after 
radiation treatment [5, 7, 12, 13]. Good results in the treatment of bone damages due to MM 
can be achieved when applying other supportive therapy measures, such as bisphosphonates, 
vertebroplasty and surgery methods, alongside radiation therapy.

It has been known for a long time that pain perception is not the same for all patients. The 
response to analgesics, pain relief and the effect of radiotherapy are very individual. The above 
can be determined by a different secretion of anti-inflammatory cytokines (IL-6, IL-10, TNFα, 
IL-1), which participate in the pathogenesis of the pain caused by a chronic disease and their 
concentration in blood serum. Circulating cytokines and inflammatory proteins are related to 
pain, cognitive functions, depression, fatigue and sleep disturbances [14–16]. The secretion of 
anti-inflammatory cytokines is regulated genetically. Cytokine genes are very polymorphous. 
Polymorphisms in regulatory regions, including promoters and non-transmittable areas, in a 
majority of the cases can change the gene expression in vitro [15]. Thus, the above has an impact 
on the secretion of cytokines and their concentration in blood serum, which determines the 
pain perception threshold and a different response of patients to analgesics and radiotherapy.

2. The role of imaging

Around 70–80% of patients have osteolytic lesions at diagnosis of MM, and up to 90% develop 
lytic lesions during the course of the disease [17]. The International Myeloma Working Group 
updated criteria for the diagnosis of symptomatic MM and revealed the value of modern imag-
ing such as computed tomography (CT), whole-body low-dose computed tomography (LDCT), 
positron emission tomography/computed tomography (PET/CT) and magnetic resonance imag-
ing (MRI) [18]. Modern imaging techniques had a greater sensitivity than conventional radio-
graphic skeletal survey for the detection of MM bone lesions with as many as 80% or more 
lesions detected by the newer imaging techniques [18]. A summary of different imaging tech-
niques is detailed in Table 1.

2.1. Conventional radiographic skeletal survey

Whole-body X-rays imagine (including plain radiographs of the whole skeleton) have been 
widely used for the detection of bone lesions at diagnosis and during the course of the disease. 
Osteolytic bone lesions are more common in the scull, vertebrae, ribs and pelvis. Although the 
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Imaging technique Advantages Limitations

Whole-body skeletal survey Low cost Low sensitivity
Available in many centres Only advance bone disease could 

be detected
Validated technique Reduced for the differential 

diagnosis between malignant and 
benign fractures
Difficulty to assess certain areas
Lack of detection of lytic lesions 
response to the treatment
Dependent on the observer
Imaging process is long and not 
well tolerable for patients

Whole-body low-dose computed 
tomography

A higher diagnostic sensitivity for the 
detection of osteolytic bone lesions

More expensive then whole-body 
skeletal survey

Higher-quality images for planning 
biopsies and therapeutic interventions

Approach is available in some 
centres

A low radiation dose compared with 
standard CT

Reduced for the differential 
diagnosis between malignant and 
benign fractures

Superiority in estimating fracture risk 
and bone instability

Unclear prognostic significance

Shorter duration of the examination
Magnetic resonance imaging A high sensitivity for the early 

detection of marrow infiltration by 
myeloma cells

High cost

More sensitive in detecting 
multiple bone lesions and exclude 
asymptomatic myeloma

Imaging process is long and not 
well tolerable for patients

The ability to detect spinal cord or 
nerve compression and the presence 
of soft-tissue masses

Unsuitable for patients with metal 
objects, contrast contraindicated

Higher-quality images for planning 
biopsies and therapeutic interventions
Valuable for differential diagnosis 
between malignant and benign 
fractures
Prognostic significance
No radiation exposure

Positron emission tomography/
computed tomography

A higher accuracy approach for the 
early detection of lesions and exclude 
asymptomatic myeloma

High cost

Useful to evaluate disease activity 
before and after treatment

Lack of availability in many centres

Detects osseous and extramedullary 
disease

Limited by false-positive results of 
inflammation

A better definition of complete 
response and minimal residual 
disease

Lack of standardisation

Prognostic significance

Table 1. A summary of different imaging techniques for multiple myeloma patients.
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whole-body X-ray was the standard of care for many years, it has several limitations: for a lytic 
lesion to become apparent, more than 30% loss of trabecular bone must occur; it is difficult to 
assess certain areas, such as the pelvis and the spine; there are limitations: the detection of lytic 
lesion response to anti-myeloma therapy because of a delayed evidence of healing; specificity 
is reduced for the differential diagnosis of myeloma-related fracture and benign fracture (very 
important, particularly in cases of new vertebral compression fractures in the absence of other 
criteria of relapse); it is dependent on the observer, and studies are long and often not tolerable 
for patients in severe pain [19].

2.2. Whole-body low-dose computed tomography

Whole-body LDCT allows the detection of osteolytic bone lesions in the whole skeleton with 
a greater sensitivity and a low radiation dose compared with standard CT. Advantages of 
whole-body LDCT over conventional skeletal survey include a higher diagnostic sensitivity 
for the detection of osteolytic lesions, especially in areas where the whole-body X-ray detec-
tion rate is low (i.e. pelvis and spine); superiority in estimating fracture risk and bone instabil-
ity; shorter duration of the examination, which is an important issue for patients in pain; the 
production of higher-quality images for planning biopsies and therapeutic interventions; and 
the demonstration of unsuspected manifestations of myeloma or other diseases [19]. Major 
deficiencies of whole-body LDCT are the lack of specificity for the differential diagnosis 
between malignant and osteoporotic fractures and also the fact that this diagnostic approach 
is available in some centres only. In several studies, whole-body LDCT was found to be supe-
rior to whole-body X-ray for the detection of osteolytic lesions [19]. In one retrospective study, 
the total number of bone lesions detected by whole-body LDCT was 968 and the number of 
bone lesions detected by whole-body X-ray was only 248 (p < .001), which means that 61% of 
patients with normal whole-body skeleton X-ray images had more than one osteolytic bone 
lesion on the whole-body LDCT scan, and such patients should receive antimyeloma therapy 
[20]. This was confirmed by another prospective study, where whole-body LDCT revealed 
osteolytic bone lesions in 23% of patients with negative conventional radiographic skeletal 
X-ray scans, especially in the axial skeleton (p < .001) [21]. The same study proved that whole-
body LDCT is superior in detecting lesions in patients with osteopaenia and osteoporosis [21].

2.3. Magnetic resonance imaging

MRI has been established as a valuable technique for imaging multiple myeloma because of 
its superior soft-tissue contrast resolution. MRI has a high sensitivity for the early detection of 
marrow infiltration by myeloma cells. Five MRI patterns of marrow involvement have been 
recognised in multiple myeloma: a focal pattern that consists of localised areas of myeloma 
cell infiltration of 5 mm or greater in diameter, a diffuse pattern characterised by an almost 
complete replacement of normal marrow by myeloma cells, a combined diffuse and focal 
pattern, a normal bone marrow pattern and a variegated or “salt and pepper” pattern with 
innumerable small bone marrow focal lesions [19].

Several studies showed that MRI is generally more sensitive in detecting multiple lesions 
compared to conventional radiographic skeletal survey. The systematic review of studies 
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compared modern and conventional imaging techniques in the detection of bone lesions 
and confirmed the superiority of MRI over conventional skeletal X-ray, mainly in the axial 
skeleton [22].

Because of its high sensitivity in revealing bone marrow involvement, MRI is now used for 
the discrimination between smouldering and symptomatic multiple myeloma. Several stud-
ies have shown that approximately 40–50% of patients with normal whole-body X-ray scan 
had abnormal findings on MRI examinations [19].

MRI has the ability to detect spinal cord or nerve compression and the presence of soft-tissue 
masses and is recommended in patients with extraosseous lesions. MRI is the approach to 
define the degree of involvement and to evaluate for cord compression for surgical interven-
tion or radiation therapy. Unfortunately, almost any skeletal tumour has the same signal-
intensity profile as multiple myeloma. MRI is not disease-specific, and additional tests should 
be used to establish the diagnosis of multiple myeloma. MRI is also recommended for patients 
with a solitary bone plasmacytoma. MRI may demonstrate unsuspected bone lesions, and for 
such patients, systemic treatment must be given instead of radiation therapy, which is the 
treatment of choice for solitary bone plasmacytoma.

MRI also can provide important information for prognosis. Patients with diffuse MRI pattern 
experienced a poorer overall survival (OS) compared with patients with focal or normal pat-
terns [19]. One study of 611 multiple myeloma patients showed that the presence of more than 
seven focal lesions was an independent predictor of poorer prognosis and that resolution of 
all focal lesions was an indicator of superior survival [23].

The major advantage of MRI over the whole-body LDCT or conventional CT is the discrimi-
nation between myelomatous and normal marrow. This is extremely helpful to differentiate 
myeloma from osteoporotic fractures in more than 90% of cases [19].

2.4. Positron emission tomography/computed tomography

PET/CT is a new imaging technique, which can be applied in the diagnosis, stage and progno-
sis of tumour and to evaluate the efficacy of the treatment. PET/CT provides information about 
the sites and number of lesions, hypermetabolic activity of the involved area (depending on 
F-18 fluorodeoxyglucose (FDG) uptake). Furthermore, PET/CT detects osseous and extramed-
ullary disease in patients at diagnosis and relapse. PET/CT is a higher accuracy approach than 
traditional imaging techniques in the diagnosis of multiple myeloma. However, there is no 
uniform conclusion about the diagnostic accuracy of PET/CT for multiple myeloma because 
of the controversy on the variety of results.

The large meta-analysis has shown that PET/CT is more sensitive compared with conven-
tional skeletal X-ray for the detection of bone lesions in multiple myeloma [22]. The higher 
detection rate of PET/CT over conventional skeletal X-ray scan for the presence of osteolytic 
lesions is especially important for patients with smouldering multiple myeloma. In the stud-
ies related to smouldering multiple myeloma, 16–39% of patients with normal whole-body 
X-ray had positive PET/CT results [19]. The probability of progression to symptomatic mul-
tiple myeloma within 2 years was 58–75% for patients with a positive PET/CT [19].
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the demonstration of unsuspected manifestations of myeloma or other diseases [19]. Major 
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is available in some centres only. In several studies, whole-body LDCT was found to be supe-
rior to whole-body X-ray for the detection of osteolytic lesions [19]. In one retrospective study, 
the total number of bone lesions detected by whole-body LDCT was 968 and the number of 
bone lesions detected by whole-body X-ray was only 248 (p < .001), which means that 61% of 
patients with normal whole-body skeleton X-ray images had more than one osteolytic bone 
lesion on the whole-body LDCT scan, and such patients should receive antimyeloma therapy 
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2.3. Magnetic resonance imaging
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its superior soft-tissue contrast resolution. MRI has a high sensitivity for the early detection of 
marrow infiltration by myeloma cells. Five MRI patterns of marrow involvement have been 
recognised in multiple myeloma: a focal pattern that consists of localised areas of myeloma 
cell infiltration of 5 mm or greater in diameter, a diffuse pattern characterised by an almost 
complete replacement of normal marrow by myeloma cells, a combined diffuse and focal 
pattern, a normal bone marrow pattern and a variegated or “salt and pepper” pattern with 
innumerable small bone marrow focal lesions [19].

Several studies showed that MRI is generally more sensitive in detecting multiple lesions 
compared to conventional radiographic skeletal survey. The systematic review of studies 
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compared modern and conventional imaging techniques in the detection of bone lesions 
and confirmed the superiority of MRI over conventional skeletal X-ray, mainly in the axial 
skeleton [22].

Because of its high sensitivity in revealing bone marrow involvement, MRI is now used for 
the discrimination between smouldering and symptomatic multiple myeloma. Several stud-
ies have shown that approximately 40–50% of patients with normal whole-body X-ray scan 
had abnormal findings on MRI examinations [19].

MRI has the ability to detect spinal cord or nerve compression and the presence of soft-tissue 
masses and is recommended in patients with extraosseous lesions. MRI is the approach to 
define the degree of involvement and to evaluate for cord compression for surgical interven-
tion or radiation therapy. Unfortunately, almost any skeletal tumour has the same signal-
intensity profile as multiple myeloma. MRI is not disease-specific, and additional tests should 
be used to establish the diagnosis of multiple myeloma. MRI is also recommended for patients 
with a solitary bone plasmacytoma. MRI may demonstrate unsuspected bone lesions, and for 
such patients, systemic treatment must be given instead of radiation therapy, which is the 
treatment of choice for solitary bone plasmacytoma.

MRI also can provide important information for prognosis. Patients with diffuse MRI pattern 
experienced a poorer overall survival (OS) compared with patients with focal or normal pat-
terns [19]. One study of 611 multiple myeloma patients showed that the presence of more than 
seven focal lesions was an independent predictor of poorer prognosis and that resolution of 
all focal lesions was an indicator of superior survival [23].

The major advantage of MRI over the whole-body LDCT or conventional CT is the discrimi-
nation between myelomatous and normal marrow. This is extremely helpful to differentiate 
myeloma from osteoporotic fractures in more than 90% of cases [19].

2.4. Positron emission tomography/computed tomography

PET/CT is a new imaging technique, which can be applied in the diagnosis, stage and progno-
sis of tumour and to evaluate the efficacy of the treatment. PET/CT provides information about 
the sites and number of lesions, hypermetabolic activity of the involved area (depending on 
F-18 fluorodeoxyglucose (FDG) uptake). Furthermore, PET/CT detects osseous and extramed-
ullary disease in patients at diagnosis and relapse. PET/CT is a higher accuracy approach than 
traditional imaging techniques in the diagnosis of multiple myeloma. However, there is no 
uniform conclusion about the diagnostic accuracy of PET/CT for multiple myeloma because 
of the controversy on the variety of results.

The large meta-analysis has shown that PET/CT is more sensitive compared with conven-
tional skeletal X-ray for the detection of bone lesions in multiple myeloma [22]. The higher 
detection rate of PET/CT over conventional skeletal X-ray scan for the presence of osteolytic 
lesions is especially important for patients with smouldering multiple myeloma. In the stud-
ies related to smouldering multiple myeloma, 16–39% of patients with normal whole-body 
X-ray had positive PET/CT results [19]. The probability of progression to symptomatic mul-
tiple myeloma within 2 years was 58–75% for patients with a positive PET/CT [19].
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PET/CT may be used for the diagnosis of solitary bone plasmacytoma and extramedullary 
disease. It is not clear whether PET/CT or MRI is more preferable. PET/CT also has a value for 
patients with nonsecretory or oligosecretory MM for the detection of active lesions.

PET/CT has been tested for a better definition of complete response (CR) to MM therapy and as 
an independent factor for survival prognosis at diagnosis and after treatment. Approximately 
30% of patients at CR had a positive PET/CT. In addition, PET/CT negativity was an indepen-
dent predicted factor for prolonged PFS and OS in patients with a CR, patients with a positive 
PET/CT in CR and median PFS was 50 months compared to 90 months for patients with a 
negative PET/CT [24].

However, PET/CT remains a high-cost method, and there is lack of availability in many cen-
tres and may be limited by false-positive results caused by inflammation from other underly-
ing diseases.

3. Radiotherapy for solitary plasmacytomas

The solitary plasmacytoma is a localised accumulation of monoclonal plasma cells without 
systemic plasma cell disease manifestation. Regarding location, it can be classified into soli-
tary plasmacytoma of bone (SBP) and extramedullary plasmacytoma (EMP) [25]. SBP gener-
ally occurs in the vertebra and skull; however, EMP is most frequently observed in head and 
neck [25]. Plasmacytomas are radiosensitive neoplasms, and radiotherapy has a potentially 
curative effect for both SBP and EMP [4].

3.1. Radiotherapy for solitary plasmacytoma of bone

Radiotherapy with a curative intent is the treatment of choice, resulting in local control in more 
than 80% of patients with SBP [25, 26]. In some cases, as bone instability, rapid progression of 
neurological symptoms and surgical intervention are required, the results of surgery alone are 
not optimal and carry high rates of local relapse [27]. Currently, the standard of treatment for 
SBP is radiotherapy. Optimal-dosing guidelines have not been established due to the absence 
of prospective randomised studies. The United Kingdom Myeloma Forum recommend radio-
therapy at least 40 Gy in 20 fractions [28]. For bulky disease (>5 cm), a higher-dose 50 Gy in 25 
fractions was recommended [28]. Approximately 30% of patients who received higher doses 
than 50 Gy remained without evidence of any local disease failures [25]. In clinical practice, a 
radiation dose of 45–50 Gy in 20–25 fractions is recommended for the treatment of SBP.

The optimal target volume for radiotherapy planning in SBP is to encompass the tumour vol-
ume plus a margin of at least 1.5–2 cm on the tumour detectable by MRI [25, 26]. In case of ver-
tebral involvement, fields typically include one to two uninvolved vertebrae above and below 
the affected level [25]. Prophylactic regional lymph node irradiation is not necessary in SBP.

3.2. Radiotherapy for extramedullary plasmacytoma

Like SBP, EMPs are highly radiosensitive; almost all patients (80–100%) achieve local control, 
and approximately 50–65% of patients remain free of disease longer than 10 years [26]. Due 
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to a lesser number of patients and the absence of randomised prospective studies, the opti-
mal dose of radiotherapy is not established. Current evidence-based recommendations by 
the United Kingdom Myeloma forum are similar to those for SBP [28]. The recommendations 
include radiotherapy dose of 40 Gy in 20 fractions for tumours of <5 cm and up to 50 Gy in 25 
fractions for tumours of ≥5 cm with at least a 2-cm margin encompassing the primary tumour 
[28]. If cervical nodes are involved (or in Waldeyer’s ring tumours), these should be included 
in the radiotherapy field [28].

Surgery may be an acceptable treatment method combined with radiotherapy. A combination 
of a higher dose of radiation and surgery predicted for better PFS [25]. Surgical procedures 
of the head and neck are not recommended, but surgery may be considered for other sites of 
the disease [26].

4. Indications for radiotherapy in multiple myeloma

Radiotherapy can produce a curative effect for both solitary plasmacytoma of bone and extra-
medullary plasmacytomas; however, its role in the treatment of MM patients is only pallia-
tive. The most common indications for radiotherapy in MM are pain relief in the sites of bone 
destructions, the prevention of pathological fractures or to decrease the pain in the fracture 
site, to evoke the recalcification, the management of spinal cord compression syndrome and 
the treatment of extramedullary disease.

4.1. Palliation for pain

Pain is the most common symptom experienced by MM patients. Up to 67% of patients report 
pain at diagnosis, and it may be present for several months before the diagnosis [29]. Local 
radiotherapy is effective for pain relief. It produces an analgesic effect by inhibiting chemical 
pain mediators and causing tumour shrinkage. There is a debate on the effect of radiation 
dose on pain relief.

Results of randomised clinical studies revealed the same effect of pain relief when applying 
two different radiotherapy regimens (8 Gy/1 fr and 3 Gy × 10 fr) for the treatment of patients 
with solid tumour metastases, though the application of a single fraction of 8 Gy treatment 
produces more recurrent treatment episodes [30–33]. The earlier data, however, cannot be 
directly applied in the treatment of patients with MM, since their future prospects are bet-
ter (the average survival reaches 30–40 months), whereas the average survival among the 
patients with solid tumour metastases in bones is about 9 months [5]. In the meta-analyses by 
Sze et al. [34] and Wu et al. [35], no significant difference in the overall and complete response 
in pain reduction between single- (SF) and multiple-fraction (MF) palliative radiotherapy was 
observed. Chow et al. in the systematic review analysed 16 randomised trials comparing SF 
versus MF for bone metastases: no significant difference was found regarding response rates 
[30]. An increased risk for pathological fractures and spinal cord compressions was observed 
in the SF regimen, which was statistically insignificant, while retreatment in the SF regimen 
was 2.5-fold higher [30]. The role of different palliative radiotherapy regimens for MM is not 
well established due to lack of clinical trials. Medical literature provides only a small number 
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patients with nonsecretory or oligosecretory MM for the detection of active lesions.

PET/CT has been tested for a better definition of complete response (CR) to MM therapy and as 
an independent factor for survival prognosis at diagnosis and after treatment. Approximately 
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dent predicted factor for prolonged PFS and OS in patients with a CR, patients with a positive 
PET/CT in CR and median PFS was 50 months compared to 90 months for patients with a 
negative PET/CT [24].

However, PET/CT remains a high-cost method, and there is lack of availability in many cen-
tres and may be limited by false-positive results caused by inflammation from other underly-
ing diseases.

3. Radiotherapy for solitary plasmacytomas
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ally occurs in the vertebra and skull; however, EMP is most frequently observed in head and 
neck [25]. Plasmacytomas are radiosensitive neoplasms, and radiotherapy has a potentially 
curative effect for both SBP and EMP [4].

3.1. Radiotherapy for solitary plasmacytoma of bone

Radiotherapy with a curative intent is the treatment of choice, resulting in local control in more 
than 80% of patients with SBP [25, 26]. In some cases, as bone instability, rapid progression of 
neurological symptoms and surgical intervention are required, the results of surgery alone are 
not optimal and carry high rates of local relapse [27]. Currently, the standard of treatment for 
SBP is radiotherapy. Optimal-dosing guidelines have not been established due to the absence 
of prospective randomised studies. The United Kingdom Myeloma Forum recommend radio-
therapy at least 40 Gy in 20 fractions [28]. For bulky disease (>5 cm), a higher-dose 50 Gy in 25 
fractions was recommended [28]. Approximately 30% of patients who received higher doses 
than 50 Gy remained without evidence of any local disease failures [25]. In clinical practice, a 
radiation dose of 45–50 Gy in 20–25 fractions is recommended for the treatment of SBP.

The optimal target volume for radiotherapy planning in SBP is to encompass the tumour vol-
ume plus a margin of at least 1.5–2 cm on the tumour detectable by MRI [25, 26]. In case of ver-
tebral involvement, fields typically include one to two uninvolved vertebrae above and below 
the affected level [25]. Prophylactic regional lymph node irradiation is not necessary in SBP.

3.2. Radiotherapy for extramedullary plasmacytoma

Like SBP, EMPs are highly radiosensitive; almost all patients (80–100%) achieve local control, 
and approximately 50–65% of patients remain free of disease longer than 10 years [26]. Due 
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to a lesser number of patients and the absence of randomised prospective studies, the opti-
mal dose of radiotherapy is not established. Current evidence-based recommendations by 
the United Kingdom Myeloma forum are similar to those for SBP [28]. The recommendations 
include radiotherapy dose of 40 Gy in 20 fractions for tumours of <5 cm and up to 50 Gy in 25 
fractions for tumours of ≥5 cm with at least a 2-cm margin encompassing the primary tumour 
[28]. If cervical nodes are involved (or in Waldeyer’s ring tumours), these should be included 
in the radiotherapy field [28].

Surgery may be an acceptable treatment method combined with radiotherapy. A combination 
of a higher dose of radiation and surgery predicted for better PFS [25]. Surgical procedures 
of the head and neck are not recommended, but surgery may be considered for other sites of 
the disease [26].

4. Indications for radiotherapy in multiple myeloma

Radiotherapy can produce a curative effect for both solitary plasmacytoma of bone and extra-
medullary plasmacytomas; however, its role in the treatment of MM patients is only pallia-
tive. The most common indications for radiotherapy in MM are pain relief in the sites of bone 
destructions, the prevention of pathological fractures or to decrease the pain in the fracture 
site, to evoke the recalcification, the management of spinal cord compression syndrome and 
the treatment of extramedullary disease.

4.1. Palliation for pain

Pain is the most common symptom experienced by MM patients. Up to 67% of patients report 
pain at diagnosis, and it may be present for several months before the diagnosis [29]. Local 
radiotherapy is effective for pain relief. It produces an analgesic effect by inhibiting chemical 
pain mediators and causing tumour shrinkage. There is a debate on the effect of radiation 
dose on pain relief.

Results of randomised clinical studies revealed the same effect of pain relief when applying 
two different radiotherapy regimens (8 Gy/1 fr and 3 Gy × 10 fr) for the treatment of patients 
with solid tumour metastases, though the application of a single fraction of 8 Gy treatment 
produces more recurrent treatment episodes [30–33]. The earlier data, however, cannot be 
directly applied in the treatment of patients with MM, since their future prospects are bet-
ter (the average survival reaches 30–40 months), whereas the average survival among the 
patients with solid tumour metastases in bones is about 9 months [5]. In the meta-analyses by 
Sze et al. [34] and Wu et al. [35], no significant difference in the overall and complete response 
in pain reduction between single- (SF) and multiple-fraction (MF) palliative radiotherapy was 
observed. Chow et al. in the systematic review analysed 16 randomised trials comparing SF 
versus MF for bone metastases: no significant difference was found regarding response rates 
[30]. An increased risk for pathological fractures and spinal cord compressions was observed 
in the SF regimen, which was statistically insignificant, while retreatment in the SF regimen 
was 2.5-fold higher [30]. The role of different palliative radiotherapy regimens for MM is not 
well established due to lack of clinical trials. Medical literature provides only a small number 
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of studies dealing with various radiotherapy regimens for the treatment of patients with mul-
tiple myeloma as well as impact of the radiotherapy regimen on pain relief at the sites of bone 
destructions [5–12]. However, final recommendations concerning the choice of the radiation 
therapy regime have not been presented yet.

Some clinical studies did not find a significant difference between the radiation dose and 
pain relief after radiotherapy [5, 8, 10, 12]; however, Adamietz et al. [6] and Minova et al. 
[11] reported that for adequate pain relief, higher doses would be obtained. Pain relief 
occurred in 80–92% [6, 11]. Adamietz et al. affirmed that local long-term palliation effect can 
only be achieved by a high radiation dose [6], whereas Leigh et al. analysed 101 patients and 
observed pain reduction in 97% of patients (complete in 26%) with a median dose 3–60 Gy. 
Only 6% of patients were retreated for the relapse which occurred after a median interval 
of 16 months [10]. This study showed the durable symptom relief after a mean total dose of 
10 Gy [10].

Clinical, laboratory and genetic factors may influence pain perception and analgesic effects 
of radiotherapy. Retrospective studies published by Adamietz et al. [6] and Mose et al. [12] 
indicated that the incidence of pain relief was higher in patients treated with concurrent 
chemotherapy which had a significant impact on a positive response to radiotherapy, but 
other studies did not show this relationship [5, 10]. Mose et al. reported that not only concur-
rent chemotherapy but also the Karnofsky performance above 70% had a significant impact 
on a positive analgesic response to radiation treatment, whereas the total radiation dose, 
gender, age, irradiated site and bisphosphonates had no effect on pain relief [12]. In other 
study performed by Stolting et al., significant parameters for pain relief in the multivariate 
analysis were completeness of therapy, patients younger than 60 years and a single dose of 
2 Gy; other parameters like Karnofsky index, concurrent chemotherapy and total dose were 
insignificant [5].

Medical literature provides several studies which have revealed that the polymorphism of 
inflammatory cytokine genes influences pain perception and analgesics dose. Furthermore, 
the altered levels of fatigue, depression and response to analgesics in pancreatic, lung or 
breast cancer have been described [15, 36–43]. These types of studies, however, have not been 
conducted for patients with multiple myeloma, though during the formation of bone destruc-
tions, anti-inflammatory cytokines are emitted by plasma cells and bone marrow stroma cells. 
No study has been performed worldwide, which would deal with the impact of polymor-
phism of genes encoding for cytokines in response to radiotherapy.

Hundred and one patients were involved in a randomised prospective clinical study per-
formed at the Lithuanian University of Health Sciences [44]. Two different radiation treatment 
regimens of bone destructions due to multiple myeloma were compared. MF radiotherapy 
regime (3 Gy × 10 fr) was applied to 58 patients and SF (8 Gy × 1 fr) regime was applied to 
43 patients. Pain relief was obtained in 84.5% of patients in MF regimen group (complete 
response 69.4%) and 74.4% of patients in SF regimen group (complete response 68.8%). No 
significant differences were observed in analgesic response between the groups. No signifi-
cant differences were observed in the period of time before reaching the analgesic effect of 
radiotherapy: in both groups, analgesic effect was achieved in the first 4 weeks.
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Univariate statistical analysis revealed that the age under 65 years (p = 0.016), stage II of the 
disease (according to Durie-Salmon classification) (p = 0.03) and recalcification in the irradi-
ated site (p = 0.011) were significant parameters for analgesic response after radiotherapy, 
whereas other parameters (gender, Karnofsky index, paraprotein type, haemoglobin level, 
surgery, pain score at the admission, total radiation dose, bisphosphonates and concurrent 
chemotherapy) were not significant.

All parameters mentioned earlier were included in binary logistic regression model for the 
analysis of their influence to pain relief. Using a stepwise variable removal method (backward 
conditional), it was found that the following attributes have a significant impact on analgesic 
response after radiation treatment for pain relief: female gender, age under 65, IgG MM type 
and the presence of recalcification in the irradiated site. Other factors analysed, including 
the total radiation dose, were not significant for pain relief after radiation treatment. Results 
of analgesic response from clinical trials of palliative radiotherapy in the treatment of MM 
patients are shown in Table 2.

The study performed by Rudzianskiene et al. involved analysis of 12 gene polymorphisms of 
six cytokines (IL-6, IL-10, TNFα, IL-1α, IL-1β and IL-1RA) participating in the pathogenesis of 
the pain syndrome in bone destruction sites. The aim was to evaluate the influence of interleu-
kins on the perception of pain and response to radiotherapy in MM patients [44].

Univariate statistical analysis was used to assess associations between severe pain status (8–10 
points on VAS) before radiation treatment and genotype groups of each cytokine gene stud-
ied. None of the genotypes analysed was found to be significant for the perception of severe 
pain before treatment; yet, a marginal relation was observed that patients with GG genotype 
of IL1RN c.1812G > A polymorphism more often indicated severe pain before radiotherapy, 
compared to patients with GA and AA genotypes (relative risk (RR) 0.43; 95% confidence 
interval (CI) 0.18–1.06; p = 0.068) [44].

Multivariate logistic analysis included all the earlier clinical, demographic and symptom fac-
tors, as well as genotype groups of each cytokine gene analysed. Based on multivariate logistic 
regression, the following factors were determined to have a significant impact on severe pain 
before radiation treatment: Karnofsky index ≥60% and IL1RN c.1812G > A polymorphism GG 
genotype. Other factors analysed were not significant for the perception of severe pain before 
radiation treatment [44].

A comparison of a decrease in pain perception points before radiotherapy and during the 
monitored period, that is, after 4, 12 and 24 weeks, among patients with different genotypes 
was carried out. The analysis revealed that patients with IL-1α-encoding gene IL1A c.889C > T 
CC genotype had a significantly better response to radiation therapy and indicated milder 
pain after 12 and 24 weeks, compared to patients with TT and CT genotypes. Furthermore, 
patients with IL-1β-encoding gene IL1B c. 3953C > T CC genotype indicated significantly 
more often milder pain scores after radiotherapy in 12 and 24 weeks, compared to patients 
with TT and CT genotypes. Patients with IL-1RA-encoding gene IL1RN c.11100 T > C CC gen-
otype had a faster response to radiation therapy, that is, a significant decrease in pain points 
was observed after 4 weeks, compared to patients with TT and CT genotypes [44].
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4.2. To evoke the recalcification

Multiple myeloma is a disease inducing osteolytic process which leads to an increased risk 
of pathologic fracture or spinal cord compression and severe pain with a negative impact on 

Clinical study Number 
of 
patients

Number of 
irradiated 
sites

Total 
dose 
(Gy)

Overall 
response 
(%)

Complete 
response 
(%)

Comments

Adamietz et al. [6] 70 70 2–30 39.6–80* n/a Local long-term palliation 
effect can only be achieved 
by high radiation dose and 
concurrent chemotherapy.

Leigh et al. [10] 101 306 3–60 91 n/a There was no significance 
difference between analgesic 
response and higher radiation 
dose, and there was no 
influence of concurrent 
chemotherapy.

Mose et al. [12] 42 71 18–45 85 34.3 There was no significance 
difference between analgesic 
response and higher radiation 
dose, response is better with 
concurrent chemotherapy.

Yaneva et al. [9] 87 87 17–20 89.6 26.9 The total dose relationship 
with an analgesic response 
has not been evaluated. 
Radiotherapy has no influence 
on overall survival.

Stolting et al. [5] 138 272 2–60 85.3 22.2 There was no significance 
difference between analgesic 
response and higher radiation 
dose, and there was no 
influence of concurrent 
chemotherapy.

Minowa et al. [11] 29 53 4–60 92 n/a Longer analgesic response was 
after higher radiation dose 
treatment.

Balducci et al. [7] 52 52 16–50 91 51.2 The total dose and concurrent 
chemotherapy relationship 
with an analgesic response has 
not been evaluated.

Rudzianskiene et al. 
[44]

101 101 8 Gy vs. 
30 Gy

74.4 vs. 
84.5

68.8 vs. 69.4 There was no significant 
difference between analgesic 
response and higher radiation 
dose, and there was no 
influence of concurrent 
chemotherapy.

*Without concurrent chemotherapy.

Table 2. A summary of published data on palliative radiotherapy analgesic response in the treatment of patients with 
MM.
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the quality of life. According to the study, recalcification is achieved after some months and 
occurs in 40–50% of the irradiated bone destructions in patients with multiple myeloma [5, 7, 
12, 13]. Palliative radiotherapy can be applied to avoid the impending or actual pathological 
fracture. However, the high-risk lesions should be first stabilised by orthopaedic measures 
and combined with post-operative radiation treatment for the improvement of pain and local 
control. Several retrospective studies, a majority of which included small patients’ cohorts, 
have demonstrated that there is no relation between the total radiation dose and recalcifica-
tion in the sites of bone destructions.

Mose et al. found that the stabilisation of the irradiated bone could be achieved in 46.4% of 
cases, and concurrent chemotherapy reinforces this effect [12]. Also, Stolting et al. reported a 
recalcification rate of 44.7% and the importance of concurrent chemotherapy for recalcifica-
tion [5]. The study performed by Rudzianskiene et al. showed an overall response of recalci-
fication with single-fraction radiotherapy of 35.9%, and in multi-fraction radiotherapy group, 
the response rate was 32.1% [44]. Binary logistic regression did not show a significant impact 
of concurrent chemotherapy on recalcification [44].

Koswig and Budach [45] found that an MF regimen (3 Gy × 10) significantly increases the bone 
density in the area of metastases from solid tumours compared with single fraction (8 Gy) in 
contrast to pain relief effect; also, Stolting et al. reported that recalcification was detected at 
total doses of >40 Gy for MM patients [5]. Balducci et al. found recalcification in 50% cases with 
a median total dose of 38 Gy and reported the importance of the early using of radiotherapy 
to avoid pathological fractures [7]. However, the studies published by Mose et al. [12] and 
Rudzianskiene et al. [44] did not show any influence of the total radiation dose on recalcification.

Mose et al. reported that not only concurrent chemotherapy but also the Karnofsky index 
above 70% and bisphosphonates had a significant impact on a positive recalcification effect 
to radiation treatment [12]. Also, in a clinical study performed by Rudzianskiene et al., the 
Karnofsky index more than 60% has a positive impact on recalcification in the irradiated site 
[44]. This study also founded that a haemoglobin level of less than 80 g/l, clinical stage II 
according to Durie-Salmon and a decrease in pain in the irradiated site are significant param-
eters for the recalcification [44].

The clinical study performed by Mose et al. showed that higher recalcification rates depend 
on the usage of bisphosphonates [12], but other study did not demonstrate such a relation [5]. 
In the clinical study reported by Rudzianskiene et al., the use of bisphosphonates was also an 
insignificant parameter but this may be due to the small sample of patients (only 18%) taking 
bisphosphonates [44].

Results of recalcification response from clinical trials of palliative radiotherapy in the treat-
ment of MM patients are shown in Table 3.

4.3. The treatment of spinal cord compression

Epidural spinal cord compression that can cause pain and neurological impairment occurs 
in 5–20% of all patients with multiple myeloma at various disease stages and leads to dis-
ability [46, 47]. Pain is the first and more common presenting symptom followed by motor 
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4.2. To evoke the recalcification

Multiple myeloma is a disease inducing osteolytic process which leads to an increased risk 
of pathologic fracture or spinal cord compression and severe pain with a negative impact on 

Clinical study Number 
of 
patients

Number of 
irradiated 
sites

Total 
dose 
(Gy)

Overall 
response 
(%)

Complete 
response 
(%)

Comments

Adamietz et al. [6] 70 70 2–30 39.6–80* n/a Local long-term palliation 
effect can only be achieved 
by high radiation dose and 
concurrent chemotherapy.

Leigh et al. [10] 101 306 3–60 91 n/a There was no significance 
difference between analgesic 
response and higher radiation 
dose, and there was no 
influence of concurrent 
chemotherapy.

Mose et al. [12] 42 71 18–45 85 34.3 There was no significance 
difference between analgesic 
response and higher radiation 
dose, response is better with 
concurrent chemotherapy.

Yaneva et al. [9] 87 87 17–20 89.6 26.9 The total dose relationship 
with an analgesic response 
has not been evaluated. 
Radiotherapy has no influence 
on overall survival.

Stolting et al. [5] 138 272 2–60 85.3 22.2 There was no significance 
difference between analgesic 
response and higher radiation 
dose, and there was no 
influence of concurrent 
chemotherapy.

Minowa et al. [11] 29 53 4–60 92 n/a Longer analgesic response was 
after higher radiation dose 
treatment.

Balducci et al. [7] 52 52 16–50 91 51.2 The total dose and concurrent 
chemotherapy relationship 
with an analgesic response has 
not been evaluated.

Rudzianskiene et al. 
[44]

101 101 8 Gy vs. 
30 Gy

74.4 vs. 
84.5

68.8 vs. 69.4 There was no significant 
difference between analgesic 
response and higher radiation 
dose, and there was no 
influence of concurrent 
chemotherapy.

*Without concurrent chemotherapy.

Table 2. A summary of published data on palliative radiotherapy analgesic response in the treatment of patients with 
MM.
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the quality of life. According to the study, recalcification is achieved after some months and 
occurs in 40–50% of the irradiated bone destructions in patients with multiple myeloma [5, 7, 
12, 13]. Palliative radiotherapy can be applied to avoid the impending or actual pathological 
fracture. However, the high-risk lesions should be first stabilised by orthopaedic measures 
and combined with post-operative radiation treatment for the improvement of pain and local 
control. Several retrospective studies, a majority of which included small patients’ cohorts, 
have demonstrated that there is no relation between the total radiation dose and recalcifica-
tion in the sites of bone destructions.

Mose et al. found that the stabilisation of the irradiated bone could be achieved in 46.4% of 
cases, and concurrent chemotherapy reinforces this effect [12]. Also, Stolting et al. reported a 
recalcification rate of 44.7% and the importance of concurrent chemotherapy for recalcifica-
tion [5]. The study performed by Rudzianskiene et al. showed an overall response of recalci-
fication with single-fraction radiotherapy of 35.9%, and in multi-fraction radiotherapy group, 
the response rate was 32.1% [44]. Binary logistic regression did not show a significant impact 
of concurrent chemotherapy on recalcification [44].

Koswig and Budach [45] found that an MF regimen (3 Gy × 10) significantly increases the bone 
density in the area of metastases from solid tumours compared with single fraction (8 Gy) in 
contrast to pain relief effect; also, Stolting et al. reported that recalcification was detected at 
total doses of >40 Gy for MM patients [5]. Balducci et al. found recalcification in 50% cases with 
a median total dose of 38 Gy and reported the importance of the early using of radiotherapy 
to avoid pathological fractures [7]. However, the studies published by Mose et al. [12] and 
Rudzianskiene et al. [44] did not show any influence of the total radiation dose on recalcification.

Mose et al. reported that not only concurrent chemotherapy but also the Karnofsky index 
above 70% and bisphosphonates had a significant impact on a positive recalcification effect 
to radiation treatment [12]. Also, in a clinical study performed by Rudzianskiene et al., the 
Karnofsky index more than 60% has a positive impact on recalcification in the irradiated site 
[44]. This study also founded that a haemoglobin level of less than 80 g/l, clinical stage II 
according to Durie-Salmon and a decrease in pain in the irradiated site are significant param-
eters for the recalcification [44].

The clinical study performed by Mose et al. showed that higher recalcification rates depend 
on the usage of bisphosphonates [12], but other study did not demonstrate such a relation [5]. 
In the clinical study reported by Rudzianskiene et al., the use of bisphosphonates was also an 
insignificant parameter but this may be due to the small sample of patients (only 18%) taking 
bisphosphonates [44].

Results of recalcification response from clinical trials of palliative radiotherapy in the treat-
ment of MM patients are shown in Table 3.

4.3. The treatment of spinal cord compression

Epidural spinal cord compression that can cause pain and neurological impairment occurs 
in 5–20% of all patients with multiple myeloma at various disease stages and leads to dis-
ability [46, 47]. Pain is the first and more common presenting symptom followed by motor 
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deficiency, sensory symptoms and bowel and bladder dysfunction [48]. Immediate diagnosis 
and treatment are very important in the preservation of neurological function in patients with 
spinal cord compression. Pain control, relief of spinal cord compression and improvement of 
neurologic function are the main goals of treatment. High-dose steroids must soon be initi-
ated upon spinal cord compression diagnosed to obtain an antineoplastic and an antioedema 
effect [49]. In patients with neurologic symptoms directly due to cord compression, radiation 
therapy is given along with dexamethasone, and up to half of patients may have improve-
ment of motor function [50]. In the largest retrospective studies, radiotherapy alone improves 
motor function in 75% of patients with spinal cord compression due to MM. A 1-year local 
control was 100% and a 1-year survival was 94% [51].

Radiation treatment can be used as fractionated external beam radiotherapy (EBRT) or 
stereotactic body RT (SBRT). Both methods are effective for palliative treatment and local 
tumour control. SBRT is a non-invasive treatment option for spinal disease in the absence of a 
high-grade spinal cord compression. SBRT allows the treatment of small- or moderate-sized 
tumours, even in close proximity to the spinal cord, in either a single or a limited number of 
dose fractions [48]. SBRT with a single 24 Gy fraction gives excellent tumour control [48].

Since myeloma is a very radiosensitive tumour, EBRT is an appropriate approach for patients 
who are not considered surgical treatment and it is also indicated after decompression inter-
vention. There was no randomised trial that compared radiotherapy alone to radiotherapy 
plus upfront neurosurgery. Thus, radiotherapy alone is considered the standard treatment of 

Clinical study Number 
of 
patients

Number of 
irradiated 
sites

Total 
dose 
(Gy)

Overall 
response 
(%)

Comments

Stolting et al. [5] 138 272 2–60 44.7 There was no significance difference 
between recalcification response 
and higher radiation dose, usage 
of bisphosphonates, concurrent 
chemotherapy increase response of 
recalcification.

Balducci et al. [7] 52 52 16–50 50 The influence of total radiation 
dose, concurrent chemotherapy and 
bisphosphonates was not evaluated.

Mose et al. [12] 42 71 18–45 46.4 There was no significance difference 
between recalcification response and total 
radiation dose, concurrent chemotherapy 
and bisphosphonates increase response of 
recalcification.

Rudzianskiene et al. 
[44]

101 101 8 Gy vs. 
30 Gy

35.9 vs. 
32.1

There was no significant difference 
between recalcification response 
and higher radiation dose, usage of 
bisphosphonates and there was no 
influence of concurrent chemotherapy.

Table 3. A summary of published data on palliative radiotherapy recalcification response in the treatment of patients 
with MM.
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SCC from myeloma [52]. Several fractionation regimens: single-fraction, short-course multi-
fraction and longer-course multi-fraction regimens are used for the treatment of spinal cord 
compression. Radiotherapy either 30 Gy in 10 fractions or lower radiation doses must be 
provided as an optimal approach causing the long-lasting local control [50]. Several clinical 
studies have examined the impact of multi-fraction regimens versus single-fraction regimens 
on pain relief and functional outcomes, local tumour control and overall survival [12, 52–55]. 
Rades et al. compared short-course 8 Gy in one fraction or 20 Gy in five fraction regimens 
with long-course 30–40 Gy in 10–20 fraction regimens [53]. There were no significant differ-
ences in functional or overall survival between the groups. However, a better local control (77 
vs. 61%) and a 12-month progression-free survival (72 vs. 55%) were significantly better in 
long-course radiotherapy regimen group [53]. A phase III randomised multicentre Italian trial 
demonstrated a similar effect in functional outcomes and overall survival between two frac-
tions of 8 Gy (16 Gy total dose) or a single dose of 8 Gy radiotherapy in patients with spinal 
cord compression and a short life expectancy [54].

Multiple myeloma patients with spinal cord compression have a comparably good survival, 
living for years after treatment in the era of novel drugs [55]. Only very few clinical stud-
ies can be found in the study, investigating radiotherapy of spinal cord compression in MM 
patients [12, 52, 55], and the appropriate radiotherapy regimen for the treatment of spinal 
cord compression in MM patients has not been defined yet. Rades et al. reported that the 
improvement of motor function was more frequent after long-course radiotherapy than after 
short-course at 6 months (67 vs. 43%) and at 12 months (76 vs. 40%) [55]. However, Mose et al. 
demonstrated that 65% of patients with spinal cord compression after radiotherapy experi-
enced neurological improvement, and Karnofsky index, gender, age, site of myelocompres-
sion and the total radiation dose did not influence this effect [12].

One retrospective study was performed to find a predictive tool that allows the estimation of 
overall survival (OS) of elderly myeloma patients (aged ≥65 years) presenting with myeloma-
induced spinal cord compression [52]. Rades et al. found that myeloma type (HR 3.31; 95% CI 
1.75–6.49; p < 0.001), ECOG-PS (HR 5.33; 95% CI 2.67–11.11; p < 0.001), ambulatory status (HR 
2.71; 95% CI 1.65–4.57; p < 0.001) and age (HR 1.95; 95% CI 1.03–3.78; p = 0.040) were signifi-
cantly associated with survival, but fractionation regimen was not a predictive tool for OS [52].

The choice of radiotherapy regimen in the treatment of spinal cord compression should be 
based on the expectancy of patient’s life. Longer-course programs, which result in a better 
local control than single-fraction and short-course programs, are the preferred treatment for 
patients with a more favourable survival prognosis. By contrast, patients with a poor progno-
sis are better candidates for multi-fraction short-course or single-fraction radiotherapy [52].

5. Surgery and radiation treatment

Surgical management of MM-related bone lesions sometimes is carried out due to disease 
sensitivity of radiation treatment and chemotherapy. The most common indications for sur-
gical procedures are unstable fractures and spinal cord compression when bone fragments 
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deficiency, sensory symptoms and bowel and bladder dysfunction [48]. Immediate diagnosis 
and treatment are very important in the preservation of neurological function in patients with 
spinal cord compression. Pain control, relief of spinal cord compression and improvement of 
neurologic function are the main goals of treatment. High-dose steroids must soon be initi-
ated upon spinal cord compression diagnosed to obtain an antineoplastic and an antioedema 
effect [49]. In patients with neurologic symptoms directly due to cord compression, radiation 
therapy is given along with dexamethasone, and up to half of patients may have improve-
ment of motor function [50]. In the largest retrospective studies, radiotherapy alone improves 
motor function in 75% of patients with spinal cord compression due to MM. A 1-year local 
control was 100% and a 1-year survival was 94% [51].

Radiation treatment can be used as fractionated external beam radiotherapy (EBRT) or 
stereotactic body RT (SBRT). Both methods are effective for palliative treatment and local 
tumour control. SBRT is a non-invasive treatment option for spinal disease in the absence of a 
high-grade spinal cord compression. SBRT allows the treatment of small- or moderate-sized 
tumours, even in close proximity to the spinal cord, in either a single or a limited number of 
dose fractions [48]. SBRT with a single 24 Gy fraction gives excellent tumour control [48].

Since myeloma is a very radiosensitive tumour, EBRT is an appropriate approach for patients 
who are not considered surgical treatment and it is also indicated after decompression inter-
vention. There was no randomised trial that compared radiotherapy alone to radiotherapy 
plus upfront neurosurgery. Thus, radiotherapy alone is considered the standard treatment of 

Clinical study Number 
of 
patients

Number of 
irradiated 
sites

Total 
dose 
(Gy)

Overall 
response 
(%)

Comments

Stolting et al. [5] 138 272 2–60 44.7 There was no significance difference 
between recalcification response 
and higher radiation dose, usage 
of bisphosphonates, concurrent 
chemotherapy increase response of 
recalcification.

Balducci et al. [7] 52 52 16–50 50 The influence of total radiation 
dose, concurrent chemotherapy and 
bisphosphonates was not evaluated.

Mose et al. [12] 42 71 18–45 46.4 There was no significance difference 
between recalcification response and total 
radiation dose, concurrent chemotherapy 
and bisphosphonates increase response of 
recalcification.

Rudzianskiene et al. 
[44]

101 101 8 Gy vs. 
30 Gy

35.9 vs. 
32.1

There was no significant difference 
between recalcification response 
and higher radiation dose, usage of 
bisphosphonates and there was no 
influence of concurrent chemotherapy.
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SCC from myeloma [52]. Several fractionation regimens: single-fraction, short-course multi-
fraction and longer-course multi-fraction regimens are used for the treatment of spinal cord 
compression. Radiotherapy either 30 Gy in 10 fractions or lower radiation doses must be 
provided as an optimal approach causing the long-lasting local control [50]. Several clinical 
studies have examined the impact of multi-fraction regimens versus single-fraction regimens 
on pain relief and functional outcomes, local tumour control and overall survival [12, 52–55]. 
Rades et al. compared short-course 8 Gy in one fraction or 20 Gy in five fraction regimens 
with long-course 30–40 Gy in 10–20 fraction regimens [53]. There were no significant differ-
ences in functional or overall survival between the groups. However, a better local control (77 
vs. 61%) and a 12-month progression-free survival (72 vs. 55%) were significantly better in 
long-course radiotherapy regimen group [53]. A phase III randomised multicentre Italian trial 
demonstrated a similar effect in functional outcomes and overall survival between two frac-
tions of 8 Gy (16 Gy total dose) or a single dose of 8 Gy radiotherapy in patients with spinal 
cord compression and a short life expectancy [54].

Multiple myeloma patients with spinal cord compression have a comparably good survival, 
living for years after treatment in the era of novel drugs [55]. Only very few clinical stud-
ies can be found in the study, investigating radiotherapy of spinal cord compression in MM 
patients [12, 52, 55], and the appropriate radiotherapy regimen for the treatment of spinal 
cord compression in MM patients has not been defined yet. Rades et al. reported that the 
improvement of motor function was more frequent after long-course radiotherapy than after 
short-course at 6 months (67 vs. 43%) and at 12 months (76 vs. 40%) [55]. However, Mose et al. 
demonstrated that 65% of patients with spinal cord compression after radiotherapy experi-
enced neurological improvement, and Karnofsky index, gender, age, site of myelocompres-
sion and the total radiation dose did not influence this effect [12].

One retrospective study was performed to find a predictive tool that allows the estimation of 
overall survival (OS) of elderly myeloma patients (aged ≥65 years) presenting with myeloma-
induced spinal cord compression [52]. Rades et al. found that myeloma type (HR 3.31; 95% CI 
1.75–6.49; p < 0.001), ECOG-PS (HR 5.33; 95% CI 2.67–11.11; p < 0.001), ambulatory status (HR 
2.71; 95% CI 1.65–4.57; p < 0.001) and age (HR 1.95; 95% CI 1.03–3.78; p = 0.040) were signifi-
cantly associated with survival, but fractionation regimen was not a predictive tool for OS [52].

The choice of radiotherapy regimen in the treatment of spinal cord compression should be 
based on the expectancy of patient’s life. Longer-course programs, which result in a better 
local control than single-fraction and short-course programs, are the preferred treatment for 
patients with a more favourable survival prognosis. By contrast, patients with a poor progno-
sis are better candidates for multi-fraction short-course or single-fraction radiotherapy [52].

5. Surgery and radiation treatment

Surgical management of MM-related bone lesions sometimes is carried out due to disease 
sensitivity of radiation treatment and chemotherapy. The most common indications for sur-
gical procedures are unstable fractures and spinal cord compression when bone fragments 
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protrude from a vertebral fracture [49]. Vertebroplasty and kyphoplasty are carried out by 
fibroscopic percutaneous injection of polymethylmethacrylate into the fractured vertebrae 
in order to relieve pain. These procedures should be considered for symptomatic vertebral 
compression fractures, and this is a procedure of choice to improve the quality of life [3]. 
Vertebroplasty combined with post-operative radiotherapy is an effective approach in the 
pain palliation, maintaining the stability of vertebral column and improving the quality of life 
of patients. Some randomised clinical studies demonstrated that surgery and post-operative  
radiotherapy are more effective in the treatment of vertebral fractures than radiotherapy 
alone [56, 57]. Treating these patients with radiotherapy before surgery procedure allows for 
tumour shrinkage and can enable these patients to become candidates for vertebroplasty [58]. 
The study performed by Hirsch et al. reported that the timing of radiotherapy, before or after 
vertebroplasty, did not significantly impact outcomes of these procedures [58].

6. Side effects

Radiotherapy is generally well tolerated. The external beam localised fields’ radiotherapy 
offers advantage of few acute and late toxicities. The potential side effects of radiotherapy are 
related to the fraction dose, total radiation dose, volume of the target, toxicities from other 
treatment approaches and the radiosensitivity of healthy surrounding tissues. The radiother-
apy planning process uses established tolerance doses to avoid irreversible damage of critical 
organs, such as the lung, kidney, liver and spinal cord. Organ tolerances are based on the con-
ventional radiotherapy (1.8–2 Gy per fraction daily, five times a week). When unconventional 

Acute side effects

Clinical manifestation

Systemic side effects Fatigue, anorexia, nausea/vomiting

Skin Erythema, itching, dry desquamation, blister formation, hair loss in the treatment area

Mouth, oesophagus Sore throat, dry mouth, trouble swallowing, taste loss

Small/large intestine Loose stools/diarrhoea, cramps, bleeding, incontinence, rectal irritation

Haematologic Neutropaenia, anaemia, thrombocytopaenia

Bladder Bladder spasms, cystitis, urinary frequency, incontinence, haematuria

Late side effects

Skin Telangiectasia, atrophy, ulceration, pigmentation changes

Mouth, oesophagus Xerostomia, sialitis, difficulty in swallowing, ulceration, trismus, osteoradionecrosis, 
fistula

Small/large intestine Diarrhoea, cramping/colic, bowel movement, obstruction, bleeding, fistula, necrosis

Bladder Haematuria, epithelial atrophy, reduction in bladder capacity

Table 4. A summary of most common side effects of radiation treatment.
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fractionation regimens are introduced, the total radiation dose must be adjusted to avoid high 
risk of side effects, as lower total doses limit acute toxicity. In general, palliative radiotherapy 
doses are delivered with a larger dose per fraction. These hypofractionated regimens may 
provide the benefit of earlier response but with a greater risk of late side effects [59]. Late side 
effects occur from months to years after radiation treatment, and patients with a short life 
expectancy may not live long enough to experience such risks.

Side effects of radiation are generally mild, limited to the radiotherapy site and can be pre-
dicted. Most acute side effects arising within 90 days are self-limited, lasting days to weeks 
and resolve within few weeks with supportive care. Acute toxicities as fatigue, nausea/vom-
iting, mucositis, oesophagitis and bowel irritation are often easily managed and reversible. 
The more critical side effects are late side effects, emergent from cellular and vascular atro-
phy, and lead to the reduction of normal tissue function and organ dysfunction, which may 
develop months to years later, but they are very rare.

In 1982, the Radiation Therapy Oncology Group (RTOG) developed the Radiation Morbidity 
Scoring Criteria to classify radiotherapy effects. RTOG score has been widely employed and 
is accepted and acknowledged by medical communities [60].

Skin reactions are usually nominal during radiation treatment for bone metastases and are 
treated similar to burns. Patients treated with large volumes including pelvis, epigastrium 
or thoracolumbar spine region may experience nausea and/or vomiting. Prophylactic anti-
emetics can be administered 30–60 min prior to radiotherapy and continued on as needed. 
Hematologic side effects are mild and transient, but bone marrow suppression may occur if 
the patients are receiving treatment to large targets, when the total radiation dose is moderate 
or high, and a significant proportion of marrow is included, especially in heavily pretreated 
patients. Mucositis and oesophagitis causing difficult and painful swallowing occur after 
treatment to the head and neck or thorax. It should be treated with dietary modifications, 
oral rinses, antifungals, analgesics and cytoprotective agents. Radiation enteritis manifested 
by cramping; frequent, loose stools and occasionally bleeding may occur if large amounts of 
small intestine are included. Treating the pelvis may also result in short-lived diarrhoea [61]. 
A summary of clinical manifestations of the most common side effects of radiation treatment 
is shown in Table 4.

No significant differences were observed between SF and MF radiotherapy for bone metasta-
ses of solid tumours in the systematic review performed by Chow et al. [30]. Only two studies 
reported more acute toxicities (characterised as grades 2–4) in the group of MF regimens than 
in SF [30].

Based on the analysis of medical literature, the side effects of radiotherapy in multiple 
myeloma patients were generally mild. Balducci et al. [7] identified 44% of patients (n = 23) 
with side effects (grades 1–2): haematological toxicity in 48%, gastroenteric toxicity in 26%, 
pharyngeal toxicity in 9% and cutaneous toxicity in 17% patients. Mose et al. [12] reported 
about 54% side effects mostly of grades 1–2; grade 3 in 4% (haematological side effects, muco-
sitis, creatinine level). These data correspond with Matuschek et al. [62] as this study reported 
37% side effects with 50% grade 1 and 47.2% grade 2 and one patient grade 3 dysphagia.
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protrude from a vertebral fracture [49]. Vertebroplasty and kyphoplasty are carried out by 
fibroscopic percutaneous injection of polymethylmethacrylate into the fractured vertebrae 
in order to relieve pain. These procedures should be considered for symptomatic vertebral 
compression fractures, and this is a procedure of choice to improve the quality of life [3]. 
Vertebroplasty combined with post-operative radiotherapy is an effective approach in the 
pain palliation, maintaining the stability of vertebral column and improving the quality of life 
of patients. Some randomised clinical studies demonstrated that surgery and post-operative  
radiotherapy are more effective in the treatment of vertebral fractures than radiotherapy 
alone [56, 57]. Treating these patients with radiotherapy before surgery procedure allows for 
tumour shrinkage and can enable these patients to become candidates for vertebroplasty [58]. 
The study performed by Hirsch et al. reported that the timing of radiotherapy, before or after 
vertebroplasty, did not significantly impact outcomes of these procedures [58].

6. Side effects

Radiotherapy is generally well tolerated. The external beam localised fields’ radiotherapy 
offers advantage of few acute and late toxicities. The potential side effects of radiotherapy are 
related to the fraction dose, total radiation dose, volume of the target, toxicities from other 
treatment approaches and the radiosensitivity of healthy surrounding tissues. The radiother-
apy planning process uses established tolerance doses to avoid irreversible damage of critical 
organs, such as the lung, kidney, liver and spinal cord. Organ tolerances are based on the con-
ventional radiotherapy (1.8–2 Gy per fraction daily, five times a week). When unconventional 

Acute side effects

Clinical manifestation

Systemic side effects Fatigue, anorexia, nausea/vomiting

Skin Erythema, itching, dry desquamation, blister formation, hair loss in the treatment area

Mouth, oesophagus Sore throat, dry mouth, trouble swallowing, taste loss

Small/large intestine Loose stools/diarrhoea, cramps, bleeding, incontinence, rectal irritation

Haematologic Neutropaenia, anaemia, thrombocytopaenia

Bladder Bladder spasms, cystitis, urinary frequency, incontinence, haematuria

Late side effects

Skin Telangiectasia, atrophy, ulceration, pigmentation changes

Mouth, oesophagus Xerostomia, sialitis, difficulty in swallowing, ulceration, trismus, osteoradionecrosis, 
fistula

Small/large intestine Diarrhoea, cramping/colic, bowel movement, obstruction, bleeding, fistula, necrosis

Bladder Haematuria, epithelial atrophy, reduction in bladder capacity

Table 4. A summary of most common side effects of radiation treatment.
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fractionation regimens are introduced, the total radiation dose must be adjusted to avoid high 
risk of side effects, as lower total doses limit acute toxicity. In general, palliative radiotherapy 
doses are delivered with a larger dose per fraction. These hypofractionated regimens may 
provide the benefit of earlier response but with a greater risk of late side effects [59]. Late side 
effects occur from months to years after radiation treatment, and patients with a short life 
expectancy may not live long enough to experience such risks.

Side effects of radiation are generally mild, limited to the radiotherapy site and can be pre-
dicted. Most acute side effects arising within 90 days are self-limited, lasting days to weeks 
and resolve within few weeks with supportive care. Acute toxicities as fatigue, nausea/vom-
iting, mucositis, oesophagitis and bowel irritation are often easily managed and reversible. 
The more critical side effects are late side effects, emergent from cellular and vascular atro-
phy, and lead to the reduction of normal tissue function and organ dysfunction, which may 
develop months to years later, but they are very rare.

In 1982, the Radiation Therapy Oncology Group (RTOG) developed the Radiation Morbidity 
Scoring Criteria to classify radiotherapy effects. RTOG score has been widely employed and 
is accepted and acknowledged by medical communities [60].

Skin reactions are usually nominal during radiation treatment for bone metastases and are 
treated similar to burns. Patients treated with large volumes including pelvis, epigastrium 
or thoracolumbar spine region may experience nausea and/or vomiting. Prophylactic anti-
emetics can be administered 30–60 min prior to radiotherapy and continued on as needed. 
Hematologic side effects are mild and transient, but bone marrow suppression may occur if 
the patients are receiving treatment to large targets, when the total radiation dose is moderate 
or high, and a significant proportion of marrow is included, especially in heavily pretreated 
patients. Mucositis and oesophagitis causing difficult and painful swallowing occur after 
treatment to the head and neck or thorax. It should be treated with dietary modifications, 
oral rinses, antifungals, analgesics and cytoprotective agents. Radiation enteritis manifested 
by cramping; frequent, loose stools and occasionally bleeding may occur if large amounts of 
small intestine are included. Treating the pelvis may also result in short-lived diarrhoea [61]. 
A summary of clinical manifestations of the most common side effects of radiation treatment 
is shown in Table 4.

No significant differences were observed between SF and MF radiotherapy for bone metasta-
ses of solid tumours in the systematic review performed by Chow et al. [30]. Only two studies 
reported more acute toxicities (characterised as grades 2–4) in the group of MF regimens than 
in SF [30].

Based on the analysis of medical literature, the side effects of radiotherapy in multiple 
myeloma patients were generally mild. Balducci et al. [7] identified 44% of patients (n = 23) 
with side effects (grades 1–2): haematological toxicity in 48%, gastroenteric toxicity in 26%, 
pharyngeal toxicity in 9% and cutaneous toxicity in 17% patients. Mose et al. [12] reported 
about 54% side effects mostly of grades 1–2; grade 3 in 4% (haematological side effects, muco-
sitis, creatinine level). These data correspond with Matuschek et al. [62] as this study reported 
37% side effects with 50% grade 1 and 47.2% grade 2 and one patient grade 3 dysphagia.

The Role of Radiology and Radiotherapy for Multiple Myeloma
http://dx.doi.org/10.5772/intechopen.75397

173



7. Conclusions

Radiotherapy continues to be an effective palliative treatment approach in the management of 
bone disease in MM patients inducing an analgesic effect in osteolytic lesions, promoting recal-
cification in the sites of impending pathological fractures and controlling the symptoms in spi-
nal cord compression without significant toxicity. No difference in the efficacy for pain relief 
and recalcification has been observed using different radiotherapy regimens. However, the 
choice of radiotherapy regimen in the treatment of spinal cord compression should be based 
on the expectancy of patient’s survival. Multi-fraction regimens, which result in a better local 
control, are the preferred treatment for patients with a more favourable survival prognosis.
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nal cord compression without significant toxicity. No difference in the efficacy for pain relief 
and recalcification has been observed using different radiotherapy regimens. However, the 
choice of radiotherapy regimen in the treatment of spinal cord compression should be based 
on the expectancy of patient’s survival. Multi-fraction regimens, which result in a better local 
control, are the preferred treatment for patients with a more favourable survival prognosis.
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Abstract

Multiple myeloma is a common hematologic malignancy that is associated with reduced 
cellular as well as humoral immunity ultimately causing various infectious complications. 
The recent advances in the management of myeloma have led not only to prolonged sur-
vival but also to shifts in the incidence as well as the spectrum of infections encountered. 
This book chapter will be an updated review on the infectious complications in patients 
with multiple myeloma in the era of novel agents, stem cell therapies, and monoclonal 
antibodies. It will cover causes of immunosuppression, timing, and types as well as man-
agement of the various infections reported with various therapeutic modalities that are 
currently utilized in the management of myeloma patients.

Keywords: multiple myeloma, hematopoietic stem cell transplantation, novel therapies, 
monoclonal antibodies, infectious complications

1. Introduction to multiple myeloma

Multiple myeloma (MM), the second most common hematologic malignancy (HM), is a plasma 
cell neoplasm characterized by production of a monoclonal immunoglobulin that ultimately 
leads to several complications including anemia, renal dysfunction, bone disease, immunode-
ficiency, and various infections [1–5].

Over the past two decades, the outcomes of patients with MM have improved substantially 
due to the following: (1) the widespread utilization of high-dose (HD) chemotherapy fol-
lowed by autologous stem cell transplantation (HSCT), (2) the introduction of several novel 
therapies and monoclonal antibodies, (3) the evolution of advanced technology that facilitated 
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understanding of the biology of the disease and helped in the diagnosis, risk stratification 
and follow-up of patients, (4) the evolution of new therapeutic strategies such as consolida-
tion and maintenance treatments as well as total and continuous therapy, and (5) improve-
ments in supportive care and antimicrobial therapies [1, 3–12]. Currently, the following novel 
therapies are available for patients with MM: (1) immunomodulatory agents such as tha-
lidomide, lenalidomide, and pomalidomide; (2) proteasome inhibitors such as bortezomib, 
carfilzomib, and ixazomib; (3) monoclonal antibodies such as daratumumab and elotuzumab; 
and (4) histone deacetylase inhibitors such as panobinostat and vorinostat [1, 3, 4, 6, 9, 11]. 
Unfortunately, despite the remarkable progress achieved in the diagnostics and therapeutics 
and the plethora of therapeutic modalities, MM remains incurable [1, 4, 5, 7, 11]. The numer-
ous treatment modalities that are available for patients with MM have shown their effective-
ness, but they have their own adverse effects including bone marrow (BM) suppression and 
infectious complications that may be life-threatening [13–15].

The standard induction therapy in patients with newly diagnosed MM is the triplet regimen 
of bortezomib, lenalidomide, and dexamethasone [4, 16]. Autologous HSCT is the standard of 
care for transplant-eligible patients either upfront or at relapse [4, 10, 16]. Studies have shown 
that post-HSCT consolidation and maintenance treatments can further improve the outcome 
of patients with MM [10, 16, 17]. Monitoring disease response at various stages of treatment 
is essential and studies have shown that monitoring of minimal residual disease is associated 
with longer progression-free survival (PFS) and overall survival (OS) [18, 19].

2. Early mortality in MM

In patients with MM, several studies have shown that risk factors for early mortality include 
male gender, age >75 years, poor performance status, presence of comorbid medical condi-
tions such as renal failure and hypertension, low platelet count, low serum albumin level, 
elevated serum levels of calcium and lactic dehydrogenase, low body mass index, presenta-
tion with primary plasma cell leukemia, advanced stage of disease at presentation, and infec-
tious complications [20–25]. Two major studies that included 451 and 299 patients with MM 
showed that 65 and 45% of early deaths were attributable to infections [20, 21].

Despite the use of prophylactic antimicrobials, infections remain a leading cause of mortality 
and morbidity in patients with MM [26]. In patients with MM, approximately 45% of deaths 
occurring within 60 days of diagnosis are caused by various infections, predominantly pneu-
monia and sepsis [20, 26].

3. Reduced immunity in patients with MM

In patients with MM, causes of immunosuppression include: (1) the immunosuppressive 
effects of the disease or the direct immunosuppression caused by tumor cells, particularly 
in advanced stage or refractory disease, (2) therapeutic interventions to control MM, such 
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as corticosteroids, cytotoxic chemotherapy, and the novel therapies such as thalidomide, 
lenalidomide and bortezomib reduce the immunity further by different mechanisms includ-
ing neutropenia and mucositis, (3) old age and its immunosuppressive effects, (4) impairment 
of the capacity of the immune system to mount effective responses or challenges to infec-
tion or vaccination, (5) further suppression of the immune system by the administration of 
HD chemotherapy (melphalan) followed by autologous HSCT, and (6) presence of comorbid 
medical conditions [14, 27–31].

In patients with MM, the risks of infectious complications and disease progression are 
enhanced by following forms of dysfunction of the immune system: reduced antigen pre-
sentation, high cytokine levels and increased suppressive cells such as CD8 Tregs [32, 33]. 
Both cellular and humoral components of the immune system are suppressed in patients with 
MM [28, 34, 35]. Hypogammaglobulinemia or immunoparesis is associated with unfavor-
able prognosis in newly diagnosed patients with MM [34]. In a Danish study that included 
2558 patients with MM, immunoparesis at diagnosis was not confirmed to be an independent 
prognostic factor for OS, but quantitative immunoparesis was found to be associated with a 
shorter PFS [34].

Patients with MM have increased susceptibility to infections due to the profound B-cell dys-
function or the depression in humoral immunity [36]. These patients are 10 times more prone 
to infections than patients with Waldenstrom’s macroglobulinemia and 5 times more prone 
to infections than individuals with monoclonal gammopathy of undetermined significance 
[36]. MM patients have increased susceptibility to severe pneumococcal infections, and they 
respond poorly to pneumococcal vaccination [35, 36].

The highest risk of infection occurs within the first month after the diagnosis of MM, particu-
larly in patients with renal failure [14, 36]. The infections that are encountered in patients with 
MM include urinary tract infection, pneumonia, septicemia, fungal infections, and viral infec-
tions such as influenza virus and varicella zoster virus (VZV) infections [14, 36]. However, bacte-
rial infections predominate particularly those caused by: Staphylococcus aureus, Streptococcus 
pneumonia, Haemophilus influenzae, and Escherichia coli [14, 36]. The advent of autologous HSCT 
and the introduction of novel therapies in patients with MM have led to a shift in the spectrum 
of infections with increased incidence of viral and fungal infections [13, 36]. In a recent study, 
mitogen stimulation of cytokine release profiling for interleukin (IL)-5, IL-13, Th1, and Th2 
was used to predict the risk of infections in patients with MM during maintenance therapy, 
but only IL-5 response was found to be predictive of infection on multivariate analysis [37].

4. Infectious complications in MM

The risk factors for infectious complications in patients with MM can be divided into patient-
related factors, disease-related factors, and treatment-related factors as shown in Table 1 [13, 
14, 38–45]. However, the infections encountered in patients with MM include: (1) bacterial 
infections, predominantly involving respiratory and urinary tract, caused by Streptococcus 
pneumonia, Staphylococcus aureus, Haemophilus influenzae, Klebsiella pneumonia, Escherichia coli, 
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infectious complications that may be life-threatening [13–15].

The standard induction therapy in patients with newly diagnosed MM is the triplet regimen 
of bortezomib, lenalidomide, and dexamethasone [4, 16]. Autologous HSCT is the standard of 
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elevated serum levels of calcium and lactic dehydrogenase, low body mass index, presenta-
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showed that 65 and 45% of early deaths were attributable to infections [20, 21].

Despite the use of prophylactic antimicrobials, infections remain a leading cause of mortality 
and morbidity in patients with MM [26]. In patients with MM, approximately 45% of deaths 
occurring within 60 days of diagnosis are caused by various infections, predominantly pneu-
monia and sepsis [20, 26].

3. Reduced immunity in patients with MM

In patients with MM, causes of immunosuppression include: (1) the immunosuppressive 
effects of the disease or the direct immunosuppression caused by tumor cells, particularly 
in advanced stage or refractory disease, (2) therapeutic interventions to control MM, such 
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as corticosteroids, cytotoxic chemotherapy, and the novel therapies such as thalidomide, 
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of the capacity of the immune system to mount effective responses or challenges to infec-
tion or vaccination, (5) further suppression of the immune system by the administration of 
HD chemotherapy (melphalan) followed by autologous HSCT, and (6) presence of comorbid 
medical conditions [14, 27–31].

In patients with MM, the risks of infectious complications and disease progression are 
enhanced by following forms of dysfunction of the immune system: reduced antigen pre-
sentation, high cytokine levels and increased suppressive cells such as CD8 Tregs [32, 33]. 
Both cellular and humoral components of the immune system are suppressed in patients with 
MM [28, 34, 35]. Hypogammaglobulinemia or immunoparesis is associated with unfavor-
able prognosis in newly diagnosed patients with MM [34]. In a Danish study that included 
2558 patients with MM, immunoparesis at diagnosis was not confirmed to be an independent 
prognostic factor for OS, but quantitative immunoparesis was found to be associated with a 
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function or the depression in humoral immunity [36]. These patients are 10 times more prone 
to infections than patients with Waldenstrom’s macroglobulinemia and 5 times more prone 
to infections than individuals with monoclonal gammopathy of undetermined significance 
[36]. MM patients have increased susceptibility to severe pneumococcal infections, and they 
respond poorly to pneumococcal vaccination [35, 36].

The highest risk of infection occurs within the first month after the diagnosis of MM, particu-
larly in patients with renal failure [14, 36]. The infections that are encountered in patients with 
MM include urinary tract infection, pneumonia, septicemia, fungal infections, and viral infec-
tions such as influenza virus and varicella zoster virus (VZV) infections [14, 36]. However, bacte-
rial infections predominate particularly those caused by: Staphylococcus aureus, Streptococcus 
pneumonia, Haemophilus influenzae, and Escherichia coli [14, 36]. The advent of autologous HSCT 
and the introduction of novel therapies in patients with MM have led to a shift in the spectrum 
of infections with increased incidence of viral and fungal infections [13, 36]. In a recent study, 
mitogen stimulation of cytokine release profiling for interleukin (IL)-5, IL-13, Th1, and Th2 
was used to predict the risk of infections in patients with MM during maintenance therapy, 
but only IL-5 response was found to be predictive of infection on multivariate analysis [37].

4. Infectious complications in MM

The risk factors for infectious complications in patients with MM can be divided into patient-
related factors, disease-related factors, and treatment-related factors as shown in Table 1 [13, 
14, 38–45]. However, the infections encountered in patients with MM include: (1) bacterial 
infections, predominantly involving respiratory and urinary tract, caused by Streptococcus 
pneumonia, Staphylococcus aureus, Haemophilus influenzae, Klebsiella pneumonia, Escherichia coli, 
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Pseudomonas aeruginosa, and Enterobacteriaceae; (2) viral infections caused by herpes simplex 
virus (HSV), VZV, and cytomegalovirus (CMV); (3) fungal infections caused by Candida species 
and Aspergillus species; and (4) Pneumocystis jiroveci pneumonia (PJP) [14, 43, 44, 46–48].

The sites of infections in patients with MM include: (1) upper and lower respiratory tract with 
otitis, sinusitis, and pneumonia; (2) urinary tract; (3) brain with meningitis; (4) skin with VZV 
infection; (5) heart with endocarditis; (6) bone and joint infections; and (7) bacteremia [14, 43, 
47–51]. Bacterial infections are the most frequent etiological agents. However, invasive fungal 
infections (IFIs) caused by molds such as Aspergillus species and Fusarium species have been 

1 Patient-related factors:

• Female gender

• Old age

• Poor performance status and poor general condition

• Presence of comorbid medical conditions

• Hyperglycemia and uncontrolled diabetes mellitus

• Renal dysfunction/failure

• Increased serum ferritin level

2 Disease-related factors:

• Active disease

• Advanced disease; stage III according to international staging system

• Relapsed and refractory disease

• Immune dysfunction:

 ○ Suppression of cellular and humoral immunity including hypogammaglobulinemia

 ○ Low CD4+ cell count

 ○ Dysfunction of natural killer cells

3 Treatment-related factors:

• High-dose chemotherapy: melphalan, cyclophosphamide

• Novel therapies:

 ○ Immunomodulatory agents: thalidomide, lenalidomide, pomalidomide

 ○ Proteasome inhibitors: bortezomib, carfilzomib

 ○ Monoclonal antibodies: daratumumab, elotuzumab

• Neutropenia and lymphopenia

• Mucositis

• Presence of central venous catheters

• Corticosteroids: high dose or prolonged duration of therapy

• Autologous hematopoietic stem cell transplantation

• Allogeneic hematopoietic stem cell transplantation

Table 1. Risk factors for infectious complications in multiple myeloma.
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increasingly reported [50]. The incidence of infections in MM patients has bimodal peaks: 
bacterial infections dominate 4–6 and 70–72 months after the diagnosis, while viral infections 
dominate 7–9 and 52–54 months after the diagnosis of MM [13].

In patients with MM having active disease, the following types of infections are common: 
bacteremia, pneumonia, sinusitis, otitis, meningitis, and IFIs [14, 50]. In active disease, Gram-
negative bacterial (GNB) particularly encapsulated bacteria and fungi are common causes of 
infectious complications [14].

Patients with MM are at high risk of developing infections as infections in these patients have 
been reported to be 10 times more than that in healthy individuals. Also, the new novel thera-
pies make patients with MM at higher risk of infectious complications than myeloma patients 
treated with cytotoxic chemotherapy [52, 53]. Even, prior to the diagnosis of MM, there is an 
underlying immune disturbance, which may predispose to various infections such as VZV, 
sinusitis, cystitis, and bronchitis that may be encountered during the disease evolution [54].

4.1. Neutropenia and febrile neutropenia

Neutropenia is a hematologic adverse event of medications characterized by an absolute neu-
trophil count (ANC) lower than 1500 cells/mL [55]. Neutropenia is a well-recognized com-
plication of cytotoxic chemotherapy. Also, it develops in patients with MM receiving novel 
therapies or undergoing HSCT [55–57]. Prolonged and severe neutropenia increases the risk 
of febrile neutropenia (FN) and serious infections that may be life-threatening [57]. Persistent 
neutropenia causes not only delay in administration of chemotherapy or novel therapies, but 
also dose reductions in the next cycle of chemotherapy. Nevertheless, once the ANC reaches 
≥1000 cells/mL, scheduled treatment may be resumed [55].

FN is a serious effect of chemotherapy, and it has the following adverse consequences: delay in 
administration of scheduled therapies, costs of hospitalization, and increased risk of morbid-
ity and mortality in immunocompromised individuals [58]. Several studies have shown that 
the following risk factors for neutropenia and FN in patients with MM: (1) heavily pretreated 
disease and relapsed and refractory (R/R)-MM, (2) elderly patients with comorbid medical 
conditions, and (3) use of the following drugs particularly in combination with other agents 
such as lenalidomide, bendamustine, and the combination of bendamustine, bortezomib and 
dexamethasone [55, 58–60].

Management of patients with prolonged neutropenia and FN includes: (1) thorough physical 
evaluation for the site or source of infection, (2) taking enough cultures and septic screens, 
(3) administration of prophylactic and empirical antimicrobials, and (4) pre-emptive or pro-
phylactic administration of granulocyte-colony stimulating factor (G-CSF) in patients who are 
expected to have prolonged or severe neutropenia [58, 59]. However, the choice of empirical 
antibiotic therapy in patients with HMs having FN depends on the risk stratification of the indi-
vidual patient [61, 62]. In low-risk (LR) patients with FN, duration of neutropenia is <1 week 
and there are no comorbid medical conditions; while in high-risk (HR) patients with FN, the 
duration of neutropenia is >1 week and there are comorbid medical conditions [61, 62]. In case 
the patient is stratified as LR, oral antibiotics such as ciprofloxacin or levofloxacin are sufficient, 
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• Relapsed and refractory disease

• Immune dysfunction:

 ○ Suppression of cellular and humoral immunity including hypogammaglobulinemia

 ○ Low CD4+ cell count

 ○ Dysfunction of natural killer cells

3 Treatment-related factors:

• High-dose chemotherapy: melphalan, cyclophosphamide

• Novel therapies:

 ○ Immunomodulatory agents: thalidomide, lenalidomide, pomalidomide

 ○ Proteasome inhibitors: bortezomib, carfilzomib

 ○ Monoclonal antibodies: daratumumab, elotuzumab

• Neutropenia and lymphopenia

• Mucositis

• Presence of central venous catheters

• Corticosteroids: high dose or prolonged duration of therapy

• Autologous hematopoietic stem cell transplantation

• Allogeneic hematopoietic stem cell transplantation

Table 1. Risk factors for infectious complications in multiple myeloma.

Update on Multiple Myeloma184

increasingly reported [50]. The incidence of infections in MM patients has bimodal peaks: 
bacterial infections dominate 4–6 and 70–72 months after the diagnosis, while viral infections 
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(3) administration of prophylactic and empirical antimicrobials, and (4) pre-emptive or pro-
phylactic administration of granulocyte-colony stimulating factor (G-CSF) in patients who are 
expected to have prolonged or severe neutropenia [58, 59]. However, the choice of empirical 
antibiotic therapy in patients with HMs having FN depends on the risk stratification of the indi-
vidual patient [61, 62]. In low-risk (LR) patients with FN, duration of neutropenia is <1 week 
and there are no comorbid medical conditions; while in high-risk (HR) patients with FN, the 
duration of neutropenia is >1 week and there are comorbid medical conditions [61, 62]. In case 
the patient is stratified as LR, oral antibiotics such as ciprofloxacin or levofloxacin are sufficient, 

Infections in Patients with Multiple Myeloma in the Era of Novel Agents and Stem Cell Therapies
http://dx.doi.org/10.5772/intechopen.81683

185



while if the patient belongs to the HR group, intravenous (IV) antibiotics may need to be admin-
istered. IV ceftazidime, piperacillin-tazobactam, or a carbapenem can be given as single agents 
or in combination with either vancomycin or an aminoglycoside [62–65]. However, the fact that 
there is a recent increase in the incidence of Gram-positive bacteria (GPB) cultured from neu-
tropenic patients with MM has to be taken into consideration [56]. Empirical antifungal therapy 
can be used in patients with persistent fever despite the use of broad-spectrum antibiotics [61, 
62, 66]. In addition, recombinant G-CSF is commonly used to reduce the incidence, duration, 
and severity of FN [57]. Studies have shown that the use of G-CSF as primary prophylaxis 
improves quality of life, is cost-effective as it reduces the: days of hospitalization, infectious 
complications, and incidence of chemotherapy interruptions [58, 59].

4.2. Bacterial and bloodstream infections in MM

Bloodstream infections (BSIs) are important causes of morbidity and mortality in patients 
with HMs, and they contribute to delayed administration of planned chemotherapy, increased 
length of hospitalization, and increased health care costs [29]. The risk factors for bacteremia 
or bacterial BSIs in patients with HMs include the primary disease, neutropenia induced by 
intensive chemotherapy, and mucositis due to the cytotoxic effects of chemotherapy on the 
cells of gastrointestinal tract [67, 68]. In recent years, there has been a shift in prevalence of the 
causative organisms for bacterial BSIs in patients with HMs from GPB to GNB. Also, there has 
been increasing frequency of antimicrobial resistance in GNB [69]. Therefore, in patients with 
HMs having FN, BSIs caused by GNB should initially be treated with non-carbapenem-based 
anti-pseudomonal therapy taking into consideration the antimicrobial stewardship [67].

In patients with MM undergoing autologous HSCT, mucositis and chemotherapy-induced 
neutropenia are risk factors for the development of bacteremia [67, 68]. In two retrospective 
studies on BSIs that included 421 patients with MM, the following results were obtained: (1) 
the independent risk factors for BSIs were: advanced stage of disease, poor performance sta-
tus, and receipt of autologous HSCT; (2) GPB, mainly Streptococcus pneumonia, were respon-
sible for the majority of BSIs during the induction phase of treatment while GNB, mainly 
Escherichia coli, were responsible for the majority of BSIs in progressive disease; (3) the highest 
incidence of BSIs was encountered during the first 3 months from the diagnosis and during 
disease progression; (4) admissions to the intensive care unit were required in 23% of patients 
with BSIs; and (5) mortality rates due to BSIs were 11.5% in patients with progressive disease 
and 50% in patients with newly diagnosed MM [29, 70].

Bacteremia may antedate the diagnosis of MM and may be related to the use of venous cath-
eters used during stem cell collection or autologous HSCT [71, 72]. Polymicrobial or multiple 
microbiologically confirmed infections are frequent and may cause serious consequences in 
recipients of HSCT [73]. Several studies have shown that the use of ciprofloxacin or levofloxa-
cin prophylaxis in patients with MM undergoing autologous HSCT is associated with signifi-
cant reduction in the incidence of FN, bacteremia, and pneumonia [68, 74, 75]. On the contrary, 
a randomized phase III study that included 212 MM patients undergoing induction therapy 
showed that the prophylactic use of antibiotics did not decrease the incidence of serious bac-
terial infections, thus obviating the need for the routine use of antibacterial prophylaxis in 
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patients with MM receiving induction therapy [76]. However, other studies have shown that 
the addition of doxycycline to ciprofloxacin and the sequential use of levofloxacin followed 
by ertapenem in patients with MM subjected to autologous HSCT reduce the frequency of 
FN episodes, bacteremia, and documented bacterial infections without increasing the rate of 
serious complications [77, 78].

4.3. Viral infections in MM

Reactivation of CMV after autologous HSCT performed for patients with MM is relatively 
common and is mainly encountered in patients receiving tandem rather than single HSCT; 
HD-melphalan conditioning therapy; and induction with combination therapy particularly 
bortezomib, thalidomide, and dexamethasone [79]. Also, reactivation of human herpes virus-6 
is relatively common following autologous HSCT and is usually associated with postengraft-
ment fever [80]. Several studies performed in patients with MM have shown that the risk fac-
tors for reactivation of VZV, HSV, and hepatitis-B virus (HBV) include (1) progressive disease, 
(2) treatment with proteasome inhibitors such as bortezomib, (3) treatment with immuno-
modulatory agents particularly lenalidomide, and (4) HSCT [81–87].

Viremia caused by CMV is common and is often associated with fever, while CMV disease 
with biopsy proven tissue infiltration is rare in patients with MM receiving autologous HSCT 
[79]. CMV surveillance should be considered in patients with MM subjected to autologous 
HSCT, particularly those receiving tandem transplants, HD-melphalan and combination 
therapies for induction [79]. Acyclovir of valacyclovir prophylaxis should be offered to HR 
patients including recipients of HSCT, patients with progressive disease, and patients treated 
with bortezomib or lenalidomide [81–87].

4.4. Fungal infections in MM

Candidemia and IFIs are major complications in patients with HMs who develop prolonged 
and severe neutropenia. Additionally, IFIs are difficult to diagnose in these severely immuno-
compromised patients [88–91]. In patients with MM prior to the introduction of novel therapies, 
IFIs were encountered in patients treated with traditional intensive cytotoxic chemotherapeutic 
regimens and mortality rates due to IFIs were reaching 60% [91]. In the era of novel therapies, 
IFIs are associated with mortality rate of approximately 44% and are mainly encountered in 
MM patients having: (1) progressive disease, (2) ≥ 3 lines of therapy administered, (3) received 
HSCT, particularly in the early post-transplant period, and (4) history of IFI treated [91–93].

Over the past two decades, the spectrum of Candida species infections has shifted to non-albicans 
species, which frequently exhibit decreased susceptibility to fluconazole [89]. Empirical anti-
fungal agents are recommended in patients with HMs having neutropenia and persistent or 
recurrent fever despite appropriate antibiotic therapy [88]. In patients with candidemia or inva-
sive infection caused by Candida species, echinocandins such as caspofungin, liposomal ampho-
tericin-B, and voriconazole are the treatments of choice, while voriconazole is the treatment of 
choice for IFIs caused by Aspergillus species [67, 89, 90, 92]. However, fluconazole is still the most 
common antifungal agent used for prophylaxis in HR patients and in recipients of HSCT [91, 92].
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4.5. Tuberculosis in patients with MM

Tuberculosis (TB) is the most common cause of death from a single infectious agent world-
wide [94]. In patients with HMs and in recipients of HSCT living in geographic locations 
that are endemic for TB, these infections are uncommon, but they cause significant morbid-
ity and mortality [95, 96]. Early diagnosis, prompt administration of anti-TB chemotherapy, 
and adherence to treatment schedules are associated with successful outcome, while delayed 
management, drug resistance, and presence of disseminated infection are associated with 
poor prognosis and high mortality rates [95, 96].

The incidence of TB infection is higher in patients with MM than in the general population. 
Also, patients with MM have higher risk of mortality compared to MM patients without 
TB [97]. The risk factors for TB infection in patients with MM include: (1) the disease itself 
with its associated immunological abnormalities that include hypogammaglobulinemia 
as well as abnormal T cell-mediated and humoral immunities, (2) treatment of MM that 
includes corticosteroids, cytotoxic chemotherapy, and novel therapies such as bortezomib, 
(3) old age, (4) alcohol use disorder, (5) poor socioeconomic conditions, (6) HSCT, and 
(7) presence of comorbid medical conditions such as diabetes mellitus and malnutrition 
[94–104].

TB infections in patients with MM can be primary infections or reactivation of old or latent 
TB infections [94, 100, 101]. Reactivation of TB may by induced by (1) HD corticosteroids, (2) 
cytotoxic chemotherapy, (3) administration of novel therapies, and (4) autologous as well as 
allogeneic HSCT [95, 104]. In patients with MM receiving bortezomib-containing regimens, 
TB infections are uncommon [94]. In a retrospective analysis of 115 patients with MM treated 
with bortezomib-based therapy: TB infection was diagnosed in 7% of cases, bortezomib 
therapy was interrupted in 50% of the patients treated for TB and this affected outcome of 
patients significantly, but none of the patients died because of uncontrolled TB infection. In 
these patients, early diagnosis and prompt anti-TB treatment were essential to avoid further 
worsening of the outcome [94].

TB infections may be diagnosed at the time of diagnosis of MM or may evolve during or 
after treatment of MM [98–100, 105]. In patients with MM, TB infections have been reported 
to involve: (1) lungs with pulmonary infiltration, lung nodules, and bronchiectasis; (2) spine 
causing paraspinal masses and spinal cord compression; and (3) meninges with TB menin-
gitis [98–100, 105]. However, spinal TB is the most serious form of TB infections [100]. TB 
infections in MM patients may coexist with infections caused by other microorganisms such 
as Staphylococcus aureus [99].

TB infections are 10–40 times more common in recipients of HSCT than in the general 
population. Also, approximately 80% of Mycobacterium tuberculosis infections encountered in 
recipients of HSCT have been reported in allograft recipients [96, 103, 104]. Patients with MM 
having latent TB or history of treated TB infection planned for novel therapies or subjected 
to cytotoxic chemotherapy or HSCT should receive isoniazid prophylaxis to prevent reactiva-
tion of their TB infections [95, 96, 101].
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4.6. Bone and joint infections in MM

Bone and joint infections are uncommon in patients with MM. These infections manifest as: 
osteomyelitis, septic arthritis, and prosthetic joint infections [51, 106]. The pathogens encoun-
tered are similar to those cultured in patients without myeloma, although GPB predominate 
and polymicrobial infections occur less frequently [51]. In patients with MM treated with 
radiotherapy or IV bisphosphonates, there is a risk of developing osteonecrosis of the jaw 
[106, 107]. Patients with osteonecrosis of the jaw are at risk for developing infections and often 
require long-term antimicrobial therapy [108]. Having history of jaw osteonecrosis is not a con-
traindication for HSCT as the outcome of these patients is not worsened by HSCT itself [108].

5. Infections associated with use of novel agents

Infections represent a significant cause of morbidity and a leading cause of death in patients 
with MM [13, 53]. The novel therapies that have been introduced over the past decade have 
improved the survival of patients with MM [53, 109]. Consequently, management of disease 
complications such as infections has become an important issue as patients with MM survive 
longer [53]. The pattern of infection and the risk factors for infection in MM patients have 
shifted due to the evolution of new therapies and the widespread use of HSCT [13, 43].

Several studies have shown that the use of immunomodulatory agents such as thalidomide 
and lenalidomide and proteasome inhibitors such as bortezomib, particularly if they are used 
in drug combinations that include corticosteroids in the treatment of MM at any stage, induc-
tion, relapse, or maintenance, are associated with increased risk of infectious complications, 
thus making the use of antimicrobial prophylaxis with fluoroquinolones, acyclovir, cotri-
moxazole, and fluconazole essential [13, 52, 110, 111]. Also, in a meta-analysis that included 
13 clinical trials, with 2402 patients participating, the use of daratumumab and elotuzumab in 
the treatment of R/R-MM was associated with myelosuppression in the form of neutropenia 
and lymphopenia and subsequent risk of infectious complications such as pneumonia [109].

5.1. Infections associated with use of thalidomide

Thalidomide is not significantly myelotoxic, so the risk of infection in patients with MM receiv-
ing thalidomide alone is very low [14]. However, severe infections have been encountered 
once thalidomide is used in combination with other drugs in the treatment of MM. Therefore, 
antibiotic prophylaxis is needed once thalidomide is used in combination with other drugs 
such as dexamethasone [112].

5.2. Infections associated with use of lenalidomide

Lenalidomide has more potent costimulatory effects on CD4+ and CD8+ cells than thalido-
mide, and it causes neutropenia as part of myelosuppression, which is highest during the 
initial cycles of therapy and then it decreases thereafter [14, 31, 113].
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Serious infections and even deaths have been encountered with the use of lenalidomide [31]. 
Several studies have shown the following results once lenalidomide is combined with dexa-
methasone: (1) various infections are prone to occur, and (2) these infectious complications 
may be severe to the extent that the patients need hospitalization to receive G-CSF and IV 
antimicrobial therapy, (3) respiratory tract infections are common, and (4) viral infections 
such as VZV may be encountered requiring treatment as well as prophylaxis with acyclovir 
[14, 82, 113–116].

5.3. Infections associated with use of pomalidomide

Pomalidomide causes neutropenia [44, 116, 117]. When combined with dexamethasone in the 
treatment of patients with MM, severe infections may develop and pneumonia is a commonly 
encountered infection [44, 116, 117].

Infection is the second most common cause of death, after disease progression, in MM patients 
treated with pomalidomide [44]. Patient receiving pomalidomide therapy may have interrup-
tion of their scheduled treatment in case of severe infection and may need: G-CSF administra-
tion, antimicrobial prophylaxis with quinolones and cotrimoxazole, and even revaccination 
[44, 116, 117].

5.4. Infections associated with use of bortezomib

Bortezomib causes decreased lymphocytic count and imbalance in T-lymphocyte subsets due 
to its potent immunosuppressive effect on T cells [14, 118–120]. Several studies have shown 
that the use of bortezomib in the treatment of patients with MM is associated with develop-
ment of the following infectious complications: (1) viral infections such as HSV and VZV 
infections mainly in patients with IgG type of myeloma, (2) fungal infections, (3) bacterial 
infections, mainly in IgG type of MM, and (4) TB reactivation, which is more pronounced 
in patients receiving other drugs, such as thalidomide and cyclophosphamide, in combina-
tion with bortezomib [14, 118, 119, 121]. However, one study found that Epstein–Barr virus 
(EBV)-positive B-cells were more susceptible to killing by bortezomib. Hence, the drug could 
represent a novel strategy for the treatment of certain EBV-associated lymphomas [122].

5.5. Infections associated with use of carfilzomib

Carfilzomib causes BM suppression that includes lymphopenia [123, 124]. The use of carfil-
zomib in the treatment of MM has been associated with the following infections: bacterial 
pneumonia, viral respiratory tract infections, and bacterial sepsis [123, 124].

5.6. Infections associated with use of daratumumab

Daratumumab has the following effects: neutropenia, lymphopenia, hyperglycemia, and 
decrease in natural killer cells, which play a major role in the immune clearance of virally infected 
cells [125, 126]. The use of daratumumab in the treatment of MM patients is associated with the 
following infections: nasopharyngitis, pneumonia, and viral infections such as VZV [125–128].
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5.7. Infections associated with use of elotuzumab

Elotuzumab can cause neutropenia, lymphopenia, and hyperglycemia [129–132]. Several 
studies have shown that its use in the treatment of patients with MM is associated with the 
following infections: pneumonia, sepsis, and even leishmaniasis [129–131, 133].

5.8. Infections related to corticosteroids and bisphosphonates

Corticosteroids predispose to infectious complications by causing immune suppression 
and hyperglycemia [13, 14, 39]. The following infections have been reported in patients 
with MM receiving corticosteroid therapy: (1) Candida albicans and non-albicans Candida; (2) 
Mycobacteriaceae; (3) viruses such as HSV, VZV, CMV, and respiratory viruses; (4) encapsu-
lated bacteria such as Staphylococcus aureus, Streptococcus pneumonia, Pseudomonas aeruginosa, 
and Enterobacter aerogenes; and (5) PJP [13, 14, 39]. The use of bisphosphonates in patients with 
MM is associated with osteomyelitis and osteonecrosis of the jaw [14].

6. Infections related to HSCT in MM

Prior to the era of novel therapies for MM, studies in patients with HMs receiving autologous 
HSCT showed that there was no significant difference in incidence, type of infection, and 
clinical course of infection between patients with MM and patients with other HMs [134, 135]. 
However, a recent study showed that in-hospital mortality in patients with MM receiving 
autologous HSCT was approximately 1.5% and that there was no significant difference in 
mortality between elderly individuals and young patients [136]. Nevertheless, elderly patients 
were more likely to develop complications such as pneumonia, septic shock, acute respiratory 
failure needing endotracheal intubation, acute renal failure, and cardiac arrhythmias [136].

In patients with MM having dialysis-dependent renal failure are at higher risk of FN and 
infectious complications such as septic shock compared to patients without renal failure 
[137]. Patients with MM subjected to autologous HSCT are at higher risk of developing bacte-
rial meningitis, which is associated with high rates of mortality and morbidity [138]. MM 
patients having MBL2 (mannan-binding lectin, which is part of the innate immune system 
that protects against severe infections during autologous HSCT) polymorphism are at risk of 
severe infections particularly after receiving HD-melphalan and autologous HSCT [139]. In 
addition to the administration of prophylactic antimicrobials in patients with HR-MM and 
in recipients of HSCT, strategies to reduce the incidence of infectious complications include 
administration of IV immunoglobulins and vaccination despite the likelihood of vaccination 
failure [140, 141].

During stem cell mobilization, infections related to central venous catheters are likely to occur 
with predominance of GPB [142]. Conditioning therapy with HD-melphalan causes mucositis 
and myelosuppression with neutropenia [14]. The use of melphalan is associated with colitis, 
pneumonia, and bacteremia, and these infections are usually caused by the following encap-
sulated bacteria, Candida species and Aspergillus species [14].

Infections in Patients with Multiple Myeloma in the Era of Novel Agents and Stem Cell Therapies
http://dx.doi.org/10.5772/intechopen.81683

191



Serious infections and even deaths have been encountered with the use of lenalidomide [31]. 
Several studies have shown the following results once lenalidomide is combined with dexa-
methasone: (1) various infections are prone to occur, and (2) these infectious complications 
may be severe to the extent that the patients need hospitalization to receive G-CSF and IV 
antimicrobial therapy, (3) respiratory tract infections are common, and (4) viral infections 
such as VZV may be encountered requiring treatment as well as prophylaxis with acyclovir 
[14, 82, 113–116].

5.3. Infections associated with use of pomalidomide

Pomalidomide causes neutropenia [44, 116, 117]. When combined with dexamethasone in the 
treatment of patients with MM, severe infections may develop and pneumonia is a commonly 
encountered infection [44, 116, 117].

Infection is the second most common cause of death, after disease progression, in MM patients 
treated with pomalidomide [44]. Patient receiving pomalidomide therapy may have interrup-
tion of their scheduled treatment in case of severe infection and may need: G-CSF administra-
tion, antimicrobial prophylaxis with quinolones and cotrimoxazole, and even revaccination 
[44, 116, 117].

5.4. Infections associated with use of bortezomib

Bortezomib causes decreased lymphocytic count and imbalance in T-lymphocyte subsets due 
to its potent immunosuppressive effect on T cells [14, 118–120]. Several studies have shown 
that the use of bortezomib in the treatment of patients with MM is associated with develop-
ment of the following infectious complications: (1) viral infections such as HSV and VZV 
infections mainly in patients with IgG type of myeloma, (2) fungal infections, (3) bacterial 
infections, mainly in IgG type of MM, and (4) TB reactivation, which is more pronounced 
in patients receiving other drugs, such as thalidomide and cyclophosphamide, in combina-
tion with bortezomib [14, 118, 119, 121]. However, one study found that Epstein–Barr virus 
(EBV)-positive B-cells were more susceptible to killing by bortezomib. Hence, the drug could 
represent a novel strategy for the treatment of certain EBV-associated lymphomas [122].

5.5. Infections associated with use of carfilzomib

Carfilzomib causes BM suppression that includes lymphopenia [123, 124]. The use of carfil-
zomib in the treatment of MM has been associated with the following infections: bacterial 
pneumonia, viral respiratory tract infections, and bacterial sepsis [123, 124].

5.6. Infections associated with use of daratumumab

Daratumumab has the following effects: neutropenia, lymphopenia, hyperglycemia, and 
decrease in natural killer cells, which play a major role in the immune clearance of virally infected 
cells [125, 126]. The use of daratumumab in the treatment of MM patients is associated with the 
following infections: nasopharyngitis, pneumonia, and viral infections such as VZV [125–128].

Update on Multiple Myeloma190

5.7. Infections associated with use of elotuzumab

Elotuzumab can cause neutropenia, lymphopenia, and hyperglycemia [129–132]. Several 
studies have shown that its use in the treatment of patients with MM is associated with the 
following infections: pneumonia, sepsis, and even leishmaniasis [129–131, 133].

5.8. Infections related to corticosteroids and bisphosphonates

Corticosteroids predispose to infectious complications by causing immune suppression 
and hyperglycemia [13, 14, 39]. The following infections have been reported in patients 
with MM receiving corticosteroid therapy: (1) Candida albicans and non-albicans Candida; (2) 
Mycobacteriaceae; (3) viruses such as HSV, VZV, CMV, and respiratory viruses; (4) encapsu-
lated bacteria such as Staphylococcus aureus, Streptococcus pneumonia, Pseudomonas aeruginosa, 
and Enterobacter aerogenes; and (5) PJP [13, 14, 39]. The use of bisphosphonates in patients with 
MM is associated with osteomyelitis and osteonecrosis of the jaw [14].

6. Infections related to HSCT in MM

Prior to the era of novel therapies for MM, studies in patients with HMs receiving autologous 
HSCT showed that there was no significant difference in incidence, type of infection, and 
clinical course of infection between patients with MM and patients with other HMs [134, 135]. 
However, a recent study showed that in-hospital mortality in patients with MM receiving 
autologous HSCT was approximately 1.5% and that there was no significant difference in 
mortality between elderly individuals and young patients [136]. Nevertheless, elderly patients 
were more likely to develop complications such as pneumonia, septic shock, acute respiratory 
failure needing endotracheal intubation, acute renal failure, and cardiac arrhythmias [136].

In patients with MM having dialysis-dependent renal failure are at higher risk of FN and 
infectious complications such as septic shock compared to patients without renal failure 
[137]. Patients with MM subjected to autologous HSCT are at higher risk of developing bacte-
rial meningitis, which is associated with high rates of mortality and morbidity [138]. MM 
patients having MBL2 (mannan-binding lectin, which is part of the innate immune system 
that protects against severe infections during autologous HSCT) polymorphism are at risk of 
severe infections particularly after receiving HD-melphalan and autologous HSCT [139]. In 
addition to the administration of prophylactic antimicrobials in patients with HR-MM and 
in recipients of HSCT, strategies to reduce the incidence of infectious complications include 
administration of IV immunoglobulins and vaccination despite the likelihood of vaccination 
failure [140, 141].

During stem cell mobilization, infections related to central venous catheters are likely to occur 
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During the post-transplant period, organisms such as Clostridium difficile, CMV, HSV, VZV, 
PJP, and other opportunistic organisms dominate [13, 14, 141]. The sites of infection during 
this period are gastrointestinal, respiratory, and urinary tracts [13, 14]. In the pre-engraft-
ment period of time: bacteremia, pneumonia, cellulitis, and gastrointestinal infections with 
Clostridium difficile occur, while VZV, CMV, Clostridium difficile, and PJP with gastrointes-
tinal tract, lung and skin infections dominate in the post-engraftment period of time [14]. 
Bacteremia in recipients of autologous HSCT is associated with previous bortezomib therapy 
and elevated beta-2 microglobulin level [141]. Recently, a significant increase in the incidence 
of infections caused by multidrug resistant organisms (MDROs) has been encountered [143]. 
Also, colonization with MDROs in recipients of autologous HSCT has negative impact on 
OS due to the profound immunosuppression caused by the HMs and their treatments [143].

Reactivation of HBV is a well-recognized complication in patients with chronic HBV infec-
tion undergoing cytotoxic chemotherapy or immunosuppressive treatment [144]. In patients 
undergoing autologous HSCT, reverse seroconversion of HBV is not a rare complication and 
this poses concerns about possible complications in such severely immunocompromised indi-
viduals [144]. There is an extremely low incidence of PJP in recipients of autologous HSCT; 
thus, routine PJP prophylaxis should not be offered routinely to this population group. 
However, patients who require systemic corticosteroid therapy in the post-transplant period 
are candidates for PJP prophylaxis [145].

7. Conclusions and future directions

The introduction of the novel agents in the treatment of patients with MM has led to unprec-
edented improvements in survival rates. However, these novel therapies have their own 
toxicities that include BM suppression and various infectious complications. These infections 
include bacterial, viral, fungal, mycobacterial, and parasitic infections. Also, they can be local 
or disseminated and can affect the bloodstream and may invade internal organs, thus causing 
life-threatening illnesses.

As these infectious complications vary according to the stage of the disease and the specific 
agents used, prospective and multicentric studies are needed to explore the real extent of 
these infections in order to establish guidelines for the use of antimicrobial agents in the pro-
phylaxis as well as the treatment of the various infections that can be encountered.
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Abstract

Multiple myeloma (MM) is one of the commonest hematological malignancies of public
health importance especially in low-income countries (LICs) of Sub-Saharan Africa.
The two major challenges in the management of MM in developing countries are in the
diagnosis and treatment. It poses diagnostic dilemma to physicians, especially orthopedic
surgeons, because of the skeletal related events (SREs). Lack of modern equipment for
diagnosis is a key player in late diagnosis of MM, and the management follows a pallia-
tive approach in the region. There is a gross inadequacy in the palliative care of MM in
developing countries. The definitive treatment still remains melphalan-prednisone (MP)
combination regimen as against the standard bortezomib-lenalidomide-dexamethasone
(RVD) triplet regimen used in developed countries. Stem cell transplantation is still a far
cry in the treatment of MM in the region due to its high cost and unavailability in the
region. About 7.6% of MM patients survive up to 5 years postdiagnosis in LICs. This is
below estimated 5 years postdiagnosis overall survival of 44.9% recorded by SEER cancer
statistics review of 1975–2007 in the USA. This chapter highlights management and some
of the diagnostic and therapeutic challenges encountered by people living with MM in
developing countries.

Keywords: multiple myeloma, management, developing countries

1. Introduction

Multiple myeloma (MM), otherwise known as plasma cell myeloma, is a malignant plasma cell
disorder characterized by clonal proliferation of terminally differentiated B-lymphocytic cells
in the bone marrow. This leads to overproduction of aberrant immunoglobulins in the blood, a
condition known as paraproteinemia. It is one of the commonest hematological malignancies
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of public health importance in low-income countries of Sub-Saharan Africa. It accounts for 10–
15% of all lymphohematopoietic cancers, 1% of all cancer diagnosis, and 0.9–2% of all cancer-
related deaths globally [1]. According to 2009 cancer statistics, the cumulative incidence of MM
in the United States is 20,580 cases with an estimated number of deaths of 10,580 and a case
fatality rate greater than 51% [2]. The prevalence of MM is in the increase in African continent
especially in the oil-rich Niger-Delta Nigeria where it accounts for about 8.2% of all hemato-
logical malignancies [3, 4]. The management of MM starts with a good history, which brings
into limelight the epidemiology, pathogenesis, and the clinical features of the disease. This is
followed by a series of investigations to make the diagnosis and to clinically stage the disease
before therapeutic interventions. The major challenges in the management of MM in develop-
ing countries are in the diagnosis and treatment. The duo are majorly responsible for the
complications, poor prognosis, and survival outcome of people living with MM in the region.
This chapter highlights the management of multiple myeloma and some of the challenges
encountered in the diagnosis and treatment of this disease in developing countries using
Nigerian experience as a prototype.

2. Etiopathogenesis of multiple myeloma and its significance in its
management

The etiology of multiple myeloma is unknown. However, previous studies have identified
factors implicated as “potentially etiologic multiple myeloma risk factors” [5, 6]. These factors
include increasing age (>65 years), male gender, black race, and positive family history (first-
degree family relatives) of multiple myeloma. Other causes include environmental agents such
as cumulative exposure to ionizing radiation and certain chemicals such as dioxin, herbicides,
and pesticides. There is a hypothesis that these specific pesticides are causatively linked to
myelomatogenesis through the hypothesized precursors of multiple myeloma such as essential
monoclonal gammopathy (MGUS) and solitary multiple myeloma (SMM) [7, 8].

Physiologically, a plasma cell is an immunologically activated B-cell that produces antibody. A
B-cell goes through series of rearrangement with the immunoglobulin gene to generate func-
tional antibody. It can enter into the circulation to interact directly with antigen to differentiate
into a short-lived plasma cell that lives for about 3 days. On the other hand, a myeloma cell is a
postgerminal center plasma cell that has undergone immunoglobulin gene recombination, class
switching, and somatic hypermutation, and homes to the bone marrow to become long-lived
plasma cell (i.e., can live for ≥30 days) [9]. Cytogenetically, MM is divided into two groups based
on karyotype gain or loss into hyperdiploid and non-hyperdiploid MM. The hyperdiploid MM,
which constitutes about 55–60% of MM primary tumor, is characterized by hyperdiploid karyo-
type with chromosome range of 48–78 and trisomies of odd number chromosomes, including
15, 9, 5, 19, 3, 11, 7, and 21 (ordered by decreasing frequency). The hyperdiploid variants are
typically the IgG kappa-typeswith bone involvements. The non-hyperdiploid karyotype accounts
for the remaining 40–45% of MM primary tumor, and it includes the hypodiploid or near-
tetraploid chromosome numbers (i.e., fewer than 48 or more than 74 chromosomes). Chromoso-
mal translocations affectmore commonly the non-hyperdiploid karyotypes. In terms of prognosis,
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hyperdiploid MM is better than non-hyperdiploid karyotype provided the former is not associ-
ated with deletion of chromosome 13 (RB1 gene and miRNA-15a/16-1 cluster dysregulation) and
17 (involving the TP53 locus) or amplification of chromosome 1q21 [9, 10]. The critical role of
pathogenesis of MM is to give insight into the biology of the disease. Also, the pathways of the
pathogenesis of the disease serve as potential sites for therapeutic interventions, especially the
target therapies, which can utilize them for their actions.

3. Requirements for standard diagnosis and staging of multiple myeloma

The diagnosis of multiple myeloma is based on a constellation of hematologic, immunologic,
histologic, and radiographic features. There are two methods of diagnosis of MM: the old and
new methods. In the old method, a minimum of two major criteria, or one major criterion plus
one minor criterion, or three minor criteria is used in making diagnosis of MM [11]. The major
criteria are plasmacytoma on tissue biopsy, bone marrow infiltration with greater than 30%
BMPCs, monoclonal globulin spike on serum electrophoresis, while the minor criteria include
bone marrow infiltration with 10–30% BMPCs, paraprotein less than the defined quantity for
major criteria, and lytic bone lesion. Table 1 shows the criteria for diagnosis of MM using the
old method. The newer method of diagnosis takes into cognizance of the popularly known
criteria which uses the end-organ damage as defined using both the classic as “CRAB” criteria
for hypercalcemia, renal failure, anemia, and bone lesions and additional criteria including
recurrent bacterial infections (> 2 in 12 months), amyloidosis, or symptomatic hyperviscocity.
In the newer method, initiation of therapy is an evidence of organ or tissue damage (end-organ
damage) [9]. Diagnosis is made by clonal BMPCs of not less than 10% of biopsy-proven bony
or extramedullary plasmacytoma or any evidence of myeloma-defining events. The myeloma-
defining events in this context include any evidence of end-organ damage or presence of any
one or more biomarkers of malignancy such as clonal BMPCs greater than 60%, serum-free

Major criteria:

I Plasmacytoma on tissue biopsy

II Bone marrow infiltration with >30% BMPCs

III Monoclonal globulin spike (paraprotein) on serum electrophoresis (IgG >35 g/L and IgA >20 g/L) or on concentrated
urine electrophoresis (>1 g/24 h or kappa or lambda light chain)

Minor criteria:

A = Bone marrow infiltration with 10–30% plasma cells

B = Paraprotein less than the level defined earlier

C = Lytic bone lesions

D = Normal IgM <0.5 g/L, IgA <1 g/L or IgG <6 g/L

Abbreviations: MM, multiple myeloma; BMPC, bone marrow plasma cell; IgG, immunoglobulin G; IgA, immunoglobulin
A; IgM, immunoglobulin M.

Table 1. Criteria for the diagnosis of MM (old method).

Management of Multiple Myeloma in Developing Countries
http://dx.doi.org/10.5772/intechopen.76500

209



of public health importance in low-income countries of Sub-Saharan Africa. It accounts for 10–
15% of all lymphohematopoietic cancers, 1% of all cancer diagnosis, and 0.9–2% of all cancer-
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especially in the oil-rich Niger-Delta Nigeria where it accounts for about 8.2% of all hemato-
logical malignancies [3, 4]. The management of MM starts with a good history, which brings
into limelight the epidemiology, pathogenesis, and the clinical features of the disease. This is
followed by a series of investigations to make the diagnosis and to clinically stage the disease
before therapeutic interventions. The major challenges in the management of MM in develop-
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as cumulative exposure to ionizing radiation and certain chemicals such as dioxin, herbicides,
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myelomatogenesis through the hypothesized precursors of multiple myeloma such as essential
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B-cell goes through series of rearrangement with the immunoglobulin gene to generate func-
tional antibody. It can enter into the circulation to interact directly with antigen to differentiate
into a short-lived plasma cell that lives for about 3 days. On the other hand, a myeloma cell is a
postgerminal center plasma cell that has undergone immunoglobulin gene recombination, class
switching, and somatic hypermutation, and homes to the bone marrow to become long-lived
plasma cell (i.e., can live for ≥30 days) [9]. Cytogenetically, MM is divided into two groups based
on karyotype gain or loss into hyperdiploid and non-hyperdiploid MM. The hyperdiploid MM,
which constitutes about 55–60% of MM primary tumor, is characterized by hyperdiploid karyo-
type with chromosome range of 48–78 and trisomies of odd number chromosomes, including
15, 9, 5, 19, 3, 11, 7, and 21 (ordered by decreasing frequency). The hyperdiploid variants are
typically the IgG kappa-typeswith bone involvements. The non-hyperdiploid karyotype accounts
for the remaining 40–45% of MM primary tumor, and it includes the hypodiploid or near-
tetraploid chromosome numbers (i.e., fewer than 48 or more than 74 chromosomes). Chromoso-
mal translocations affectmore commonly the non-hyperdiploid karyotypes. In terms of prognosis,

Update on Multiple Myeloma208

hyperdiploid MM is better than non-hyperdiploid karyotype provided the former is not associ-
ated with deletion of chromosome 13 (RB1 gene and miRNA-15a/16-1 cluster dysregulation) and
17 (involving the TP53 locus) or amplification of chromosome 1q21 [9, 10]. The critical role of
pathogenesis of MM is to give insight into the biology of the disease. Also, the pathways of the
pathogenesis of the disease serve as potential sites for therapeutic interventions, especially the
target therapies, which can utilize them for their actions.

3. Requirements for standard diagnosis and staging of multiple myeloma

The diagnosis of multiple myeloma is based on a constellation of hematologic, immunologic,
histologic, and radiographic features. There are two methods of diagnosis of MM: the old and
new methods. In the old method, a minimum of two major criteria, or one major criterion plus
one minor criterion, or three minor criteria is used in making diagnosis of MM [11]. The major
criteria are plasmacytoma on tissue biopsy, bone marrow infiltration with greater than 30%
BMPCs, monoclonal globulin spike on serum electrophoresis, while the minor criteria include
bone marrow infiltration with 10–30% BMPCs, paraprotein less than the defined quantity for
major criteria, and lytic bone lesion. Table 1 shows the criteria for diagnosis of MM using the
old method. The newer method of diagnosis takes into cognizance of the popularly known
criteria which uses the end-organ damage as defined using both the classic as “CRAB” criteria
for hypercalcemia, renal failure, anemia, and bone lesions and additional criteria including
recurrent bacterial infections (> 2 in 12 months), amyloidosis, or symptomatic hyperviscocity.
In the newer method, initiation of therapy is an evidence of organ or tissue damage (end-organ
damage) [9]. Diagnosis is made by clonal BMPCs of not less than 10% of biopsy-proven bony
or extramedullary plasmacytoma or any evidence of myeloma-defining events. The myeloma-
defining events in this context include any evidence of end-organ damage or presence of any
one or more biomarkers of malignancy such as clonal BMPCs greater than 60%, serum-free

Major criteria:

I Plasmacytoma on tissue biopsy

II Bone marrow infiltration with >30% BMPCs

III Monoclonal globulin spike (paraprotein) on serum electrophoresis (IgG >35 g/L and IgA >20 g/L) or on concentrated
urine electrophoresis (>1 g/24 h or kappa or lambda light chain)

Minor criteria:

A = Bone marrow infiltration with 10–30% plasma cells

B = Paraprotein less than the level defined earlier

C = Lytic bone lesions

D = Normal IgM <0.5 g/L, IgA <1 g/L or IgG <6 g/L

Abbreviations: MM, multiple myeloma; BMPC, bone marrow plasma cell; IgG, immunoglobulin G; IgA, immunoglobulin
A; IgM, immunoglobulin M.

Table 1. Criteria for the diagnosis of MM (old method).
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1. Clonal BMPCs ≥10% of biopsy-proven bony or extramedullary plasmacytoma
Any one of the following myeloma-defining events:

• Evidence of end-organ damage that can be attributed to the underlying plasma cell proliferative disorder, specifi-
cally:
a. Hypercalcemia: serum calcium >0.025 mmol/L (>1 mg/dL) higher than the upper limit of normal

or >2.75 mmol/L (>11 mg/dL)
b. Renal insufficiency: creatinine clearance <40 mL per min or serum creatinine >177 μmol/L (>2 mg/mg/dL)
c. Anemia: hemoglobin value of 20 g/L below the lower limit of normal, or a hemoglobin value <100 g/L
d. Bone lesions: one or more osteolytic lesions on skeletal radiography, CT, or PET-CT

• Any one or more of the following biomarkers of malignancy:
a. Clonal bone marrow plasma cell percentage* ≥ 60%
b. Involved: uninvolved serum free light chain ratio ≥ 100
c. >1 focal lesions on MRI studies

*Clonal should be established by showing kappa/lambda-light-chain restriction on flow cytometry, immunohistochemis-
try, or immunofluorescence. BMPC percentage should preferably be estimated from a core biopsy specimen; in case of a
disparity between the aspirate and core biopsy, the highest value should be used.
Source: In Table 107-2 [9].

Table 2. Criteria for diagnosis of MM (newer method).

1. All of the following

Hemoglobin >10.5 g/dL

Serum calcium normal

X-ray showing normal bone structure or solitary bone plasmacytoma only

Low paraprotein levels

IgG < 50 g/L

IgA < 30 g/L

Urinary light chain <4 g/24 h

2. Fitting neither stage I or stage III

3. One or more of the following:

Hemoglobin <8.5 g/dL

Serum calcium >3 mmol/L

Advanced lytic bone lesions (more than three lytic lesions)

High paraprotein levels

IgG >70 g/L

IgA >50 g/L

Urinary light chain >12 g/24 h

Subclassification

A. Serum creatinine <170 μmol/L

B. Serum creatinine ≥170 μmol/L

D-S, Durie-Salmon; IgG, immunoglobulin G; IgA, immunoglobulin A.

Table 3. D-S staging system.
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light chain ratio greater than 100, and or greater than one focal lesions on magnetic resonance
imagery studies. Table 2 shows the current criteria of diagnosis of MM.

The staging ofMM is another important step after diagnosis. The essence of staging is for decision-
making on therapeutic interventions and for prognostication of the disease. There are two clinical
staging systems for MM. They include the Durie-Salmon staging system and the international
staging system (ISS). The Durie-Salmon (D-S) clinical staging system has been in use for more than
30 years, but it has been remodified to a newer staging system useful for the assessment
of myeloma tumor mass [9, 12] The old D-S staging system has three stages (I, II, and III) and
two subclassifications (A and B). Here, the staging of MM is based on five parameters viz.: the
hemoglobin concentration, the serum calcium level, osteolytic bone lesions, serum, and urinary
immunoglobulin quantification. The subclassification A in the staging connotes “normal renal
status” (evidenced by normal serum creatinine level), while B connotes “abnormal renal state”
(evidenced by deranged serum creatinine level). This is shown in Table 3. The modified Salmon-
Durie assesses myeloma tumor mass using the old system to stage MM into high tumor mass
(stage III), low tumor mass (I), and intermediate tumor mass myelomas (II), which is shown in
Table 4. The ISS is based on two widely available parameters, serum beta-2 microglobulin and
albumin. This staging system recognizes three stages and can be useful for prognostication of
survival intervals of MM patients (Table 5) [13].

The standard assessment of MM requires a panel of investigations, which are carried out
periodically postdiagnosis for prognostication and monitoring of the disease response to
treatment. These investigations include complete blood count, blood chemistry, serum and

(I) High tumor mass (stage III) (>1.2 � 1012 myeloma cells/m2)*

One of the following abnormalities must be present
A. Hemoglobin <8.5 g/dL, hematocrit <25%
B. Serum calcium >12 mg/dL
C. Very high serum or urine myeloma protein production rates:

1. IgG peak >7 g/dL
2. IgA peak >5 g/dL
3. Urine light chains >12 g/24 h

D. More than three lytic bone lesions on bone survey (bone scan not acceptable)
(II) Low tumor mass (stage I) (<0.6 � 1012 myeloma cells/m2)*

All of the following must be present:
A. Hemoglobin >10.5 g/dl, or hematocrit >32%
B. Serum calcium normal
C. Low serum myeloma protein production rates:

1. IgG peak <5 g/dl
2. IgA peak <3 g/dl
3. Urine light chains <4 g/24 h

D. No bone lesions or osteoporosis
(III) Intermediate tumor mass (stage II) (0.6 to 1.2 � 1012 myeloma cells/m2)*

All patients who do not qualify for high or low tumor mass categories are considered to have intermediate tumor
mass
A. No renal failure (creatinine ≤2 mg/dl)
B. Renal failure (creatinine >2 mg/dl)

*Estimated number of neoplastic plasma cells.
Data adapted from Durie and Salmon [12]. A remodified D-S staging system.

Table 4. Assessment of myeloma tumor mass (Salmon-Durie).
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1. Clonal BMPCs ≥10% of biopsy-proven bony or extramedullary plasmacytoma
Any one of the following myeloma-defining events:

• Evidence of end-organ damage that can be attributed to the underlying plasma cell proliferative disorder, specifi-
cally:
a. Hypercalcemia: serum calcium >0.025 mmol/L (>1 mg/dL) higher than the upper limit of normal

or >2.75 mmol/L (>11 mg/dL)
b. Renal insufficiency: creatinine clearance <40 mL per min or serum creatinine >177 μmol/L (>2 mg/mg/dL)
c. Anemia: hemoglobin value of 20 g/L below the lower limit of normal, or a hemoglobin value <100 g/L
d. Bone lesions: one or more osteolytic lesions on skeletal radiography, CT, or PET-CT

• Any one or more of the following biomarkers of malignancy:
a. Clonal bone marrow plasma cell percentage* ≥ 60%
b. Involved: uninvolved serum free light chain ratio ≥ 100
c. >1 focal lesions on MRI studies

*Clonal should be established by showing kappa/lambda-light-chain restriction on flow cytometry, immunohistochemis-
try, or immunofluorescence. BMPC percentage should preferably be estimated from a core biopsy specimen; in case of a
disparity between the aspirate and core biopsy, the highest value should be used.
Source: In Table 107-2 [9].

Table 2. Criteria for diagnosis of MM (newer method).

1. All of the following

Hemoglobin >10.5 g/dL

Serum calcium normal

X-ray showing normal bone structure or solitary bone plasmacytoma only

Low paraprotein levels

IgG < 50 g/L

IgA < 30 g/L

Urinary light chain <4 g/24 h

2. Fitting neither stage I or stage III

3. One or more of the following:

Hemoglobin <8.5 g/dL

Serum calcium >3 mmol/L

Advanced lytic bone lesions (more than three lytic lesions)

High paraprotein levels

IgG >70 g/L

IgA >50 g/L

Urinary light chain >12 g/24 h

Subclassification

A. Serum creatinine <170 μmol/L

B. Serum creatinine ≥170 μmol/L

D-S, Durie-Salmon; IgG, immunoglobulin G; IgA, immunoglobulin A.

Table 3. D-S staging system.
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light chain ratio greater than 100, and or greater than one focal lesions on magnetic resonance
imagery studies. Table 2 shows the current criteria of diagnosis of MM.

The staging ofMM is another important step after diagnosis. The essence of staging is for decision-
making on therapeutic interventions and for prognostication of the disease. There are two clinical
staging systems for MM. They include the Durie-Salmon staging system and the international
staging system (ISS). The Durie-Salmon (D-S) clinical staging system has been in use for more than
30 years, but it has been remodified to a newer staging system useful for the assessment
of myeloma tumor mass [9, 12] The old D-S staging system has three stages (I, II, and III) and
two subclassifications (A and B). Here, the staging of MM is based on five parameters viz.: the
hemoglobin concentration, the serum calcium level, osteolytic bone lesions, serum, and urinary
immunoglobulin quantification. The subclassification A in the staging connotes “normal renal
status” (evidenced by normal serum creatinine level), while B connotes “abnormal renal state”
(evidenced by deranged serum creatinine level). This is shown in Table 3. The modified Salmon-
Durie assesses myeloma tumor mass using the old system to stage MM into high tumor mass
(stage III), low tumor mass (I), and intermediate tumor mass myelomas (II), which is shown in
Table 4. The ISS is based on two widely available parameters, serum beta-2 microglobulin and
albumin. This staging system recognizes three stages and can be useful for prognostication of
survival intervals of MM patients (Table 5) [13].

The standard assessment of MM requires a panel of investigations, which are carried out
periodically postdiagnosis for prognostication and monitoring of the disease response to
treatment. These investigations include complete blood count, blood chemistry, serum and

(I) High tumor mass (stage III) (>1.2 � 1012 myeloma cells/m2)*

One of the following abnormalities must be present
A. Hemoglobin <8.5 g/dL, hematocrit <25%
B. Serum calcium >12 mg/dL
C. Very high serum or urine myeloma protein production rates:

1. IgG peak >7 g/dL
2. IgA peak >5 g/dL
3. Urine light chains >12 g/24 h

D. More than three lytic bone lesions on bone survey (bone scan not acceptable)
(II) Low tumor mass (stage I) (<0.6 � 1012 myeloma cells/m2)*

All of the following must be present:
A. Hemoglobin >10.5 g/dl, or hematocrit >32%
B. Serum calcium normal
C. Low serum myeloma protein production rates:

1. IgG peak <5 g/dl
2. IgA peak <3 g/dl
3. Urine light chains <4 g/24 h

D. No bone lesions or osteoporosis
(III) Intermediate tumor mass (stage II) (0.6 to 1.2 � 1012 myeloma cells/m2)*

All patients who do not qualify for high or low tumor mass categories are considered to have intermediate tumor
mass
A. No renal failure (creatinine ≤2 mg/dl)
B. Renal failure (creatinine >2 mg/dl)

*Estimated number of neoplastic plasma cells.
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urine monoclonal protein assay, C-reactive protein, beta-2 microglobulin test, marrow study,
skeletal survey, echocardiogram, immunophenotyping, cytogenetic tests, etc. (Table 6).

4. Challenges in diagnosis of multiple myeloma

The prevalence of MM is on the increase in developing countries such as those found in Sub-
Saharan Africa [3, 14]. The oil-rich regions are worse hit probably due to a wide range of
environmental pollution, flaring of gases, water pollution, oil spillage, and lack of effective
environmental policies [6]. This is understandable based on the hypothesis that occupation
studies of chemical, petroleum, and radiation industry workers have provided inconsistent
evidence of causal association with MM [5]. Another potential etiologic factor that could be a
key player in the increasing prevalence is the median age of diagnosis. Studies in Nigeria,
Africa’s most populous black nation, have shown that the median age of diagnosis of multiple

Complete Blood Count and differential count; examination of blood film
Chemistry screen, including calcium, creatinine, lactate dehydrogenase, BNP, proBNP
β2-microglobulin; C-reactive protein
Serum protein electrophoresis, immunofixation, quantification of immunoglobulin, serum-free light chains
24-hour urine collection for protein electrophoresis, immunofixation, quantification of immunoglobulins, including light
chains
Marrow aspirate and trephine biopsy with metaphase cytogenetics, FISH, immunophenotyping; gene array, and plasma
labeling index (if available)
Bone survey and MRI; PET-CT
Echocardiogram with assessment of diastolic function and measurement of interventricular septal thickness; EKG (if
amyloidosis suspected)

BNP, brain natriuretic peptide, CT, computed tomography; EKG, electrocardiogram; FISH, fluorescence in situ hybridi-
zation, MRI, Magnetic resonance imaging; PET, positron emission tomography; proBNP, prohormone B-type natriuretic
peptide.
Source: In Table 107-4 [9].

Table 6. Assessment of myeloma.

Stage I β2M < 3.5
ALB ≥ 3.5

Stage II β2M < 3.5
ALB < 3.5
or
β2M 3.5–5.5

Stage III β2M > 5.5

ALB, serum albumin in g/dL; β2M,serum β2-microglobulin in mg/L.
Data from Greipp et al. [13].

Table 5. International staging system (ISS).
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myeloma is 59.9 years (45–78 years) [14–17]. This age is less than the 65 years median age of
diagnosis recorded by SEER cancer statistics review of 1975–2007 in the USA [18]. The impli-
cation of this early age of diagnosis is that more people may likely be diagnosed with MM by
the time they attend the age of 65, hence increasing the burden of the disease. The male to
female ratio of about 2:1 recorded by most of the studies shows a gender disparity of the
disease. However, the later may not have much role to play on the increased prevalence of MM
in developing countries.

There is a dearth of data on the diagnosis or prevalence of premalignant plasma cell disease in
low- and some middle-income countries. The two known hypothesized precursors of MM are
MGUS and smoldering MM. Based on retrospective data from Mayo clinic, MGUS is associ-
ated with 1% annual risk of progression to MM, while SMM has 10% annual risk of progres-
sion to MM. However, due to lack of resources for making diagnosis at this early stage, these
premalignant diagnoses are missed. This ultimately leaves the attending physicians with MM
patients who present at advanced stages of the disease.

The diagnosis of MM is made late, usually between Durie-Salmon stages II-A (intermediate
myeloma mass) and III-B (high myeloma mass) in developing countries [14–17]. The mean
duration from onset of symptoms to diagnosis in a study was 13.12 months (95% CI, 6.65–19.58)
[6, 17]. In some geographic regions, the onset of symptoms to diagnosis can last as long as 10 years
[17]. The lack of modern equipments for diagnosis and staging of the disease are the key players
in the late diagnosis of MM in most developing countries including Nigeria [14]. Most health
institutions in developing countries (especially the low-income) do not have the infrastructural
and medical capacities to handle comprehensive assessment investigations for MM patients. In a
recent study in Nigeria, it was found that only 72% of patients with a preliminary diagnosis of
MM could afford basic assessment tests required for confirmation and staging of the disease. Out
of this number, 43 and 55.7% could do immunoglobulin quantification and Bence Jones Protein
tests, respectively.

The commonest assessment tests done by the patients are hematocrit, erythrocyte sedimenta-
tion rate, skeletal x-ray, bone marrow aspiration, and trephine biopsy in centers where there
are hematologists [14–17]. About 56–60% of MM patients could afford serum electrolyte urea
and creatinine assessment tests required for staging the disease [Table 2], while less than 50%
of the patients could do serum protein, globulin, and albumin level estimation. The serum
albumin is one of the analytes essential for international prognostic staging of MM. The β2M,
serum immunofixation test, marrow aspirate and trephine biopsy with metaphase cytogenetic,
FISH, immunophenotyping, gene expression profiling (GEP), and plasma cell labeling index
(PCLI) are myeloma assessment tests, which are not readily available in developing countries
due to the cost and prevailing poverty in the countries. The implication of this is that most MM
diagnosed in these regions are cytogenetically unknown and are not internationally staged.
Hence, MM patients do not benefit from accurate risk stratification and prognostic assessments
as offered to their counterparts in developed countries [19].

These challenges in diagnoses and disease staging contribute to the poor survival outcome of
people living with MM in these regions. In a 10-year retrospective study of 26 MM patients in
Niger-delta region of Nigeria, only one (3.8%) of the patients could do a marrow metaphase
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urine monoclonal protein assay, C-reactive protein, beta-2 microglobulin test, marrow study,
skeletal survey, echocardiogram, immunophenotyping, cytogenetic tests, etc. (Table 6).

4. Challenges in diagnosis of multiple myeloma

The prevalence of MM is on the increase in developing countries such as those found in Sub-
Saharan Africa [3, 14]. The oil-rich regions are worse hit probably due to a wide range of
environmental pollution, flaring of gases, water pollution, oil spillage, and lack of effective
environmental policies [6]. This is understandable based on the hypothesis that occupation
studies of chemical, petroleum, and radiation industry workers have provided inconsistent
evidence of causal association with MM [5]. Another potential etiologic factor that could be a
key player in the increasing prevalence is the median age of diagnosis. Studies in Nigeria,
Africa’s most populous black nation, have shown that the median age of diagnosis of multiple
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Serum protein electrophoresis, immunofixation, quantification of immunoglobulin, serum-free light chains
24-hour urine collection for protein electrophoresis, immunofixation, quantification of immunoglobulins, including light
chains
Marrow aspirate and trephine biopsy with metaphase cytogenetics, FISH, immunophenotyping; gene array, and plasma
labeling index (if available)
Bone survey and MRI; PET-CT
Echocardiogram with assessment of diastolic function and measurement of interventricular septal thickness; EKG (if
amyloidosis suspected)

BNP, brain natriuretic peptide, CT, computed tomography; EKG, electrocardiogram; FISH, fluorescence in situ hybridi-
zation, MRI, Magnetic resonance imaging; PET, positron emission tomography; proBNP, prohormone B-type natriuretic
peptide.
Source: In Table 107-4 [9].

Table 6. Assessment of myeloma.

Stage I β2M < 3.5
ALB ≥ 3.5

Stage II β2M < 3.5
ALB < 3.5
or
β2M 3.5–5.5
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Data from Greipp et al. [13].

Table 5. International staging system (ISS).
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myeloma is 59.9 years (45–78 years) [14–17]. This age is less than the 65 years median age of
diagnosis recorded by SEER cancer statistics review of 1975–2007 in the USA [18]. The impli-
cation of this early age of diagnosis is that more people may likely be diagnosed with MM by
the time they attend the age of 65, hence increasing the burden of the disease. The male to
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cytogenetic (FISH) test and this happened to be a high risk category (t(4,14) immunoglobulin
A)multiple myeloma [3, 20]. In the study, only four subjects could afford immunofixation test,
which showed IgA:IgG-type myeloma ratio of 1:3 and this was in keeping with previous study
by Salawu and Durosimi [16].

5. Challenges due to skeletal related events (SREs) and other complications

MM poses a diagnostic dilemma for the orthopedic surgeons because of the frequent skeletal
manifestations.” It is usually misdiagnosed as an orthopedic disease when in the real sense it is a
hematologic disease with orthopedic complications. At advanced stage, it causes multiple lytic
bone lesions with severe osteoporosis and pathological fracture. A recent observational study in
Nigeria [14] found that about 84.6% of newly diagnosed multiple myeloma patients in Nigeria
presented with multiple bone lesions. Pathological fracture constitutes about 42.3% of SREs in
the MM patients in the region. It is surprising to note that 84.6% of all newly diagnosed MM are
referrals from orthopedic wards [3, 14]. The key players of the bone lesions in multiple myeloma
are cytokines namely IL-6 (Interleukin-6), TNF-alpha (tumor necrosis factor), vascular endothe-
lial growth factor (VEGF), platelet derived growth factor (PDGF), and insulin-like growth factor
(IGF). These cytokines, especially VEGF and PDGF, have angiogenic effect on the bone marrow
microenvironment and this effect favors the growth of myeloma cells in the bone. IL-6, an
important osteoclast-activating cytokine, plays an important role in the pathogenesis of osteopo-
rosis in MM [21]. Annibali et al. [22], in their pilot study, described the roles of these cytokines in
bone tissue destruction and the effect of zoledronic acid (a bisphosphonate) on their chemical
behaviors in MM patients. Other complications such as anemia, hemiplegia, nephropathy, and
constipation accounted for 61.5%, 35%, 23%, and 19% of newly diagnosed MM patients in same
study. Anemia in MM results from bone marrow invasion by abnormal plasma cells that secret
erythropoiesis-suppressive cytokines, and this anemia is usually anemia of chronic disorder [23].

6. Challenges of multiple myeloma treatment

The last step in the management of multiple myeloma is the therapeutic intervention. The
current standard treatment for MM is palliative care. This is a holistic treatment that offers
supportive, definitive, and psychosocial care for people living with MM [24]. There is a gross
inadequacy in the palliative care of MM in developing countries, hence the call to scale-up the
care of people living with MM. This is because of the life-threatening nature and the suffering
associated with the disease. A recent study has shown that inadequate palliative care accounts
significantly for the low survival interval of MM patients [3]. The overall survival interval of
MM patients in various studies in a developing country such as Nigeria showed a range of
3 months to 39.7 months [3, 15–17]. In one of the studies, it was found that only about 7.6% of
MM patients survive up to 5 years postdiagnosis. This was far below the estimated 5-year
period survival of 32 and 44.9% recorded by Ries et al. [25] and Altekruse et al. [26] in
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Surveillance, Epidemiology, and End Results (SEER) cancer statistics review of 1975–2002 and
1975–2007, respectively, in the USA. The implication is that many LMICs are more than 40
years backward in terms of management of MM compared to high-income countries such as
the USA. The two major challenges in the treatment of MM in developing countries are
anchored on the supportive and definitive treatment of MM.

6.1. Challenges in supportive treatment of MM

The standard supportive care for MM patients at advanced stage of the disease, which include
the use of analgesics, bisphosphonates (BPs), component blood therapy, antibiotics therapy,
renal dialysis viz-a-viz renal transplant, radiotherapy, orthopedic care, is grossly inadequate.
Chronic bone pain appears to be one of the commonest clinical features of MM, and analgesic
drug is the first supportive therapy offered to patients with the disease. However, in the
assessment and treatment of pain in MM patients in some low-income countries such as
Nigeria, the WHO analgesic ladder for cancer pain control is not usually adhered to, as only
few centers can access oral morphine and other opiate analgesics [27]. This leads to analgesic
abuse (self-medication), most of which are nephrotoxic, hence, worsening the prognosis of the
disease. A study showed that less than 40% of MM patients could afford BPs. BPs are useful in
preventing, reducing, and delaying MM SREs such as bone pain, osteoporosis, and other lytic
bone lesions. They can also help to control the growth of extramedullary tumors, hence the
need to scale-up their usage in MM [22, 28].

There is a gross inadequate access to radiation therapy in LICs including Nigeria. Studies have
shown that only about 3.8–20% (average 12%) of MM patients who need radiotherapy at one
point or the other of the disease could access it [3, 17]. The major reason is that the megavoltage
radiotherapy machine per population size is grossly inadequate (1-MV machine per 24 million
population as against the International Atomic Energy Agency (IAEA) requirement of 1-MV
machine per 250,000 population or per 350–400 new cancer patients in centers with excellent
cancer registry) [29].

About 60% of MM patients seen in LICs such as Nigeria present with severe grade of anemia
(hemoglobin <7 g/dL). The implication is that they will rely on blood transfusion therapy in
order to improve the quality of their life. Unfortunately, many of the LICs do not practice safe
blood transfusion. They depend majorly on commercial (paid) blood donation as against
voluntary non-remunerated blood donation (VNRBD), thereby predisposing the patients to
transfusion transmissible infectious diseases (TTIs) including HIV [30]. The facilities for com-
ponent blood therapy (i.e., apheresis machines) are not available in most health centers. For
instance, there was no documented beneficiary from component blood therapy in previous
studies in Nigeria. All severely anemic patients that require blood transfusion benefited from
either allogeneic whole blood transfusion (50%) or the use of erythroid growth factor such as
human recombinant erythropoietin (38%) [3, 14].

Infection is one of the major killers in MM in LICs, especially when immune paresis has set in.
About 11.1% of MM patients present with neutropenic sepsis in this region. Infection control is
by the use of antibiotic therapy/prophylaxis and colony forming unit-granulocyte-monocyte
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agents (CFU-GM) such as filgrastim or neupogen. However, the later is usually expensive and
only very few patients can afford it, hence worsening the survival outcome of the disease [3].

There is an increase in the incidence of nephropathy in MM in LICs. A range of 16–36% was
recorded in previous studies in Nigeria [3, 17, 31] as against 20% in the USA [32]. A striking
finding about the nephropathies in MM patients in LICs is their severity at presentation, which
qualifies most of them for renal dialysis (or renal transplant). However, this is an expensive
palliative intervention as only very few patients can comply with the courses of dialysis, which
may not be available in some centers.

In African continent, the major complications that bring MM patients to the hospital for the first
time are operable (surgical) complications. A recent study revealed that 56.7% of patients diag-
nosed with MM received different forms of surgery ranging from craniotomy (plasmacytoma of
the skull), partial cystectomy (solitary plasmacytoma of bladder), to internal fixation of orthope-
dic pins due to SREs complications arising frommyeloma cells. Surprisingly, these complications
have set in long before diagnoses were made. The presence of extramedullary plasmacytoma
indicates poor prognosis, and this is worsened further in the absence of involved field radiother-
apy (IFR) [33].

6.2. Challenges in definitive treatment of MM

The standard definitive interventions for people living with MM are antimyeloma chemotherapy
regimens and stem cell transplantation (autologous stem-cell transplantation (ASCT)). The
antimyeloma chemotherapeutic regimens have undergone series of transformation and evolution
over the years. The current antimyeloma therapeutic agents have changed the paradigm in the
management of the disease. These agents have the best effect in improving the quality of life and
overall survival intervals of MM patients. They have positively changed the course of the disease
especially in high-income countries where they are relatively more available. This has been due in
large part to a better understanding of the biology of the disease and the development of several
highly effective therapies. They include proteasome inhibitors [PI] (bortezomib, carfilzomib,
ixazomib, marizomib, and oprozomib), immunomodulatory [IMiD] agents (thalidomide, lenalid-
omide, and pomalidomide), monoclonal antibody therapies (elotuzumab, daratumumab, and
siltuximab), Bcl inhibitor (navitoclax), FGFR3 inhibitor (dovitinib), and histone deacetylase
(HDAC) inhibitors (panobinostat, romidepsin, vorinostat, and rocilinostat). These agents include
those that target the myeloma itself, some that target the bone marrow microenvironment, and
those that target both [34].Unfortunately, these agents are not readily available in low- and some
middle-income countries (LMICs) including Nigeria. The huge disparity in income, health-care
infrastructure, and access to novel drugs in LMICs hinders the delivery of optimum care to every
patient with MM in the region [35] due to limitation in purchasing power.

Theremaybeno “standard therapy” forMMtreatment, based on themanynovel therapies,which
have emerged for the treatment of the disease. The treatment approaches that are often referred to
as standard are usually those with strong evidence of clinical efficacy. Although a recent clinical
trial has shown that a combination of PI and IMiDwill make for a standard regimenwhen added
with dexamethasone [36], the current opinion is in favor of individualized treatment options,
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which is based not only on cytogenetic risk classification, but also on host factors, disease stage,
and a variety of other prognostic factors.

According to the National Comprehensive Cancer Network (NCCN) guidelines, the consensus
standard of care in newly diagnosedMMwho have no intention for ASCT is RVD (lenalidomide,
bortezomib, and dexamethasone) [36]. This is because RVD has improved median overall sur-
vival (OS) compared to conventional RD (75 months versus 64 months; HR 0.709; two-sided
p = 0.025), improved overall response rate [ORR] (82 versus 72%), and improved progressive-free
survival (PFS) (43 months versus 30 months, HR 0.712; one-sided p = 0.0018) [37, 38].

This consensus standard of treatment of MM is yet to be achieved in many developing
countries. Unlike in developed countries where treatment is beginning to be customized
based on mapping of patient’s genome, most low-income countries are yet to offer their
patients such opportunities. In Nigeria, the major antimyeloma chemotherapy drug is the
old conventional alkylating agent known as melphalan (M), which is usually combined with
a steroid (i.e., prednisolone, P) as a double or triple-only combination regimen. MP is still the
most accessible commonly used regimen for treating MM patients because of the cost and
availability, long after it has been phased out for treating MM patients in developed countries.
About 84% of newly diagnosed MM patients in some LICs still depend on MP doublet combi-
nation regimen [3].This is contrary to the standard RVD triplet regimen accepted worldwide as
the current treatment of choice for MM. About 28% of MM patients from the group of patients
already on MP could afford a “partial-standard” triplet regimen made up of either one PI (i.e.,
bortezomib-melphalan-prednisolone VMP (7.7%)) or one IMiD agent (i.e., thalidomide-
melphalan-prednisolone TMP (19.7%). “Partial” in this context connotes combination of a target
(novel) therapy with old conventional regimen (i.e., MP in this case). However, a recent study in
Nigeria has shown that up to 16.7% of MM patients use bortezomib-thalidomide-dexametha-
sone (BTD) as their first-line regimen [39]. Although RVD has a better median overall survival
(OS), progressive free survival (PFS) and overall response rate (ORR) compared to BTD, this is a
move toward the right direction as the latter regimen is close to the standard regimen (RVD) in
terms of the benefits derived from a PI and IMiD combination regimens [36]. But, again, this is a
bad news for many developing countries as less than 20% of MM patients in the region could
access close-to-standard (partial) antimyeloma regimen [40]. The remaining 16% constitute the
MM patients who are either on unclassified (i.e., neither known old conventional nor new novel
therapy) antimyeloma regimens (such as vincristine adriamycin dexamethasone VAD, CVP, and
CVAP) or not on any cytotoxic chemotherapy [3].

Stem cell transplantation (i.e., ASCT) is not a common option of treatment of MM in most
developing countries. The only patient (3.8%) who benefited from this intervention from
a previous study was outside Nigeria and the patient died two years posttransplantation.
There is paucity of data regarding stem cell transplantation in most LICs especially those from
Sub-Saharan African region. For instance, no center offers ASCT in Nigeria presently.
Although few successful attempts on allogeneic stem-cell transplantation have been made in
a center in Southern Nigeria (on sickle cell disease), but it has not been sustainable due to
technological inequalities, brain drain of health workers, lack of funding, and political-will
from the government. The public health system does not guarantee health insurance coverage
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for oncology treatment and stem-cell transplantation. Transplant-eligible patients who require
stem-cell transplantation usually pay out from their pockets, and this could add to another
burden to the patients [41–43]. However, in high-income countries, the reverse is the case and
the survival outcome is usually better.

7. Other challenges

7.1. National Cancer (MM) Registry

There is no standard National cancer (MM) registry or Surveillance Epidemiology End-Result
(SEER) cancer statistics review center in most developing countries including Nigeria. This has
hindered getting accurate statistics of the disease in most developing countries.

7.2. National Guideline for management of MM

There are no standard guidelines for the treatment of MM in many developing countries
including Nigeria. This is responsible for the disparities in some of the outcomes. A lot of
confounding issues have arisen as a result of disharmony in the management of the disease in
many developing countries. There is a need to control all confounding issues that may arise as
a result of heterogeneous management of the MM in developing countries. Each country is
expected to design its own consensus guidelines that will best serve the patients putting
international best practices in mind.

7.3. Psychosocial input

One of the components of a good palliative care of people living with terminal diseases such as
MM is the psychosocial care. In developed countries, the social workers and the spiritualists
have their roles to play in order to improve the quality of life of the patients. For instance, some
patients who have financial challenges in procuring their treatment may not access social
workers either because they are not there or they might be there but they are not functioning.
This may create more health burden or even cause death of the patients in some cases.

8. Conclusion and recommendations

Late diagnosis and inadequate palliative care are the hallmarks of poor prognosis and overall
survival outcome of MM in developing countries [3]. There is a need to educate the physicians,
especially orthopedic surgeons, renal physicians, and gastroenterologists to exercise higher
index of suspicion, as they are usually the first to see such patients [44].

The government, stakeholders in health institutions, and donor agencies who are passionate for
MM have a role to play in its management toward improving the quality of life of people living
with the disease. This is achievable by improved funding of MM research and treatment in
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developing countries. The public health system should as a matter of urgency provide health
insurance coverage for the management of MM patients especially in LICs such as Nigeria where
the over 62% of population lives on extreme poverty of less than two dollars per day [41].

There is also a need to build special centers designated for the treatment of MM where all
relevant modern health-care facilities/equipments for diagnosis, risk assessments, and treat-
ment of MM should be available, while taking into cognizance international best practices for
the management of the disease.

Adequate access to radiation therapy is a crucial component of modern multidisciplinary
cancer care including MM. There must be a strict adherence to the IAEA recommendation of
one megavoltage machine per 400 new cancer patients in areas with excellent cancer registry
or one per 250,000 population size in areas without excellent cancer registry. The implication is
that in countries like Nigeria where there are barely five functioning radiotherapy machine, the
number has to be scaled up between 260 and 840 megavoltage units taking into cognizance a
population size of 210 million people (based on 2006 population census and average annual
growth rate of 3.1%) [29].

Supportive care of people living with MM must take into cognizance psychosocial health of
the individuals and their families. This is the only way forward in ensuring a holistic care and
improved quality of life of these patients. Every component of palliative workforce including
the social workers must be involved in realizing this goal.

There is a need to scale-up definitive treatment of MM in developing countries using stem-
cell transplantation. Autologous non-cryopreserved stem-cell transplantation avoids the cost
of establishing and maintaining a cryopreservation facility, and this can be feasible in trans-
plant centers in economic-constrained regions [45, 46]. Studies have shown that high-dose
melphalan with autologous stem-cell support improves the survival rate for patients with
myeloma. Also, when they are carefully selected for treatment with ASCT, they can be
managed with a brief initial hospitalization and outpatient follow-up, with low morbidity
and mortality [47–50].

Also, efforts should be intensified to set up excellent cancer (MM) registries in developing
countries so as to improve on the statistics and epidemiology of MM and other cancer diseases.
Each country is expected to formulate its own consensus guidelines that will best serve the
patients using international best practices.
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