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Abstract: Myeloma is characterized by extensive inter-patient genomic heterogeneity due to multiple
different initiating events. A recent multi-region sequencing study demonstrated spatial differences, with
progression events, such as TP53 mutations, frequently being restricted to focal lesions. In this review
article, we describe the clinical impact of these two types of tumor heterogeneity. Target mutations are
often dominant at one site but absent at other sites, which poses a significant challenge to personalized
therapy in myeloma. The same holds true for high-risk subclones, which can be locally restricted,
and as such not detectable at the iliac crest, which is the usual sampling site. Imaging can improve
current risk classifiers and monitoring of residual disease, but does not allow for deciphering the
molecular characteristics of tumor clones. In the era of novel immunotherapies, the clinical impact
of heterogeneity certainly needs to be re-defined. Yet, preliminary observations indicate an ongoing
impact of spatial heterogeneity on the efficacy of monoclonal antibodies. In conclusion, we recommend
combining molecular tests with imaging to improve risk prediction and monitoring of residual disease.
Overcoming intra-tumor heterogeneity is the prerequisite for curing myeloma. Novel immunotherapies
are promising but research addressing their impact on the spatial clonal architecture is highly warranted.

Keywords: multiple myeloma; spatial heterogeneity; risk stratification; minimal residual disease;
targeted therapy; clinical imaging; immunotherapy; daratumumab

1. Introduction

Multiple myeloma (MM) is a highly heterogeneous disease of clonal plasma cells (PC), which
accumulate in the bone marrow (BM). While some MM patients suffer from extensive bone disease
with presence of multiple osteolytic lesions, other patients have cytopenias as leading clinical problem,
caused by an obliterative BMPC infiltration and other factors [1]. One-third of newly diagnosed (ND) MM
patients present with renal failure due to cast nephropathy, amyloidosis, light or heavy chain deposition
disease, and/or hypercalcemia [2]. Extramedullary disease (EMD) may be present, as well as elevated
counts for circulating PCs, with <5% of NDMM patients having plasma cell leukemia [3]. Patients with
multiple osteolytic lesions according to computer tomography (CT) scans may have a low BMPC infiltration
at the iliac crest site. This pattern, which is called macrofocal disease, is seen in 6% of NDMM patients [4].

Survival outcomes reflect disease heterogeneity in MM. On the one hand, MM patients with a
progression-free survival of more than 15 years, who can be considered to be “functionally” cured, have
been observed [5]. On the other hand, a subgroup of ≈15% of patients experience dismal outcomes
with a median survival of less than 2 years [6]. In the last decade, the molecular makeup of MM has
been extensively investigated and inter-patient and intra-tumor heterogeneity have been identified as
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the major causes underlying the heterogeneous clinical presentation [7]. In this review article, we aim
to describe the impact of tumor heterogeneity on treatment strategies. Therefore, we divided the
manuscript into three parts. First, we briefly introduce the concept of inter-patient and intra-tumor
heterogeneity in the context of myeloma genomes. In the second section, we describe the impact of
different types of tumor heterogeneity on novel treatment strategies such as risk-adapted or minimal
residual disease triggered therapy, and finally we describe diagnostic and treatment approaches that
can be applied to account for inter-patient and intra-tumor genomic heterogeneity.

2. Inter-Patient Versus Intra-Tumor Heterogeneity

An established approach to discussing heterogeneity at the molecular level is to distinguish
between: (1) inter-patient heterogeneity, which refers to variation of tumor features between patients;
and (2) intra-tumor heterogeneity, which is characterized by molecular differences within one tumor [8].
MM is an ideal example for discussing these two levels of heterogeneity as its complex genomic makeup
has been extensively investigated in recent years.

2.1. Inter-Patient Tumor Heterogeneity

Cytogenetic analyses have shown that MM is not a single disease but presents with unique
features at the molecular level in each patient. Yet, two main pathogenetic groups can be distinguished
based on primary, also referred to as initiating, chromosomal events. While hyperdiploid (HD) MM
presents with multiple trisomies of the odd-numbered chromosomes 3, 5, 7, 9, 11, 15, 19, and 21,
where non-hyperdiploid (NHD) MM is associated with primary immunoglobulin heavy-chain (IgH)
translocations, such as t(4;14), t(11;14), t(14;16), or t(14;20), which result in overexpression of specific
oncogenes located on the respective translocation partner chromosome [9] (Figure 1). Early evolution of
MM is also driven by inherited variation [10], and even in this context, inter-patient heterogeneity can
be seen. For example, the association between the CCND1 c.870G>A single nucleotide polymorphism
and myeloma risk is restricted to patients with a primary t(11;14) IgH translocation, which leads to
overexpression of CCND1 [11].
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Figure 1. Inter-patient heterogeneity in Multiple Myeloma. The two main pathogenetic groups
hyperdiploid and non-hyperdiploid can be distinguished in myeloma. However, there are multiple
different initiating events at the chromosomal level, resulting in a high level of inter-patient heterogeneity
in this disease, which is also reflected in heterogeneous treatment responses and outcomes.
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During further disease evolution, myeloma cells usually acquire additional chromosomal aberrations,
which eventually result in increased fitness, the so called secondary or progression events [12].
These include deletion of the short arm or gain of the long arm of chromosome 1 (del(1p) and gain(1q),
respectively); deletion of the short arm of chromosome 17 (del(17p)), which includes the tumor-suppressor
gene TP53; or translocations involving the MYC locus on chromosome 8. According to recent sequencing
efforts, NRAS, KRAS, and TP53 mutations are the main drivers of myeloma evolution at the single
nucleotide level, resulting in an additional level of complexity [13–16]. Notably, certain driver gene
mutations seem to be enriched in specific molecular subgroups, e.g., NRAS mutations affecting the
Q61 codon are more frequently found in HD and t(11;14) myeloma compared to other subgroups [17].

Using tumor initiating events to better understand the complex global gene expression profiles
(GEP) of myeloma cells, Bergsagel and colleagues developed the so-called TC classification [18]. It is
based on the expression of D-type cyclins and the type of IgH translocation, including the groups 11q,
6p, MAF, 4p, D1, D1 + D2, D2, and none. Another attempt to classify MM using GEP was published
by the University of Arkansas for Medical Sciences (UAMS) myeloma team [19]. The UAMS molecular
classification is based on unsupervised clustering of expression data and recognizes seven different
molecular subgroups. The HY group contains HD cases. The CD-1 and CD-2 groups include patients
with translocations t(11;14) or t(6;14). The CD-2 group differs from the CD-1 by the expression of the
early B-cell markers CD20 and PAX5. Upregulation of FGFR3 and/or MMSET defines the MS group,
while the MF group is characterized by over-expression of c-MAF or MAFB. A low number of bone
lesions is seen in the low bone disease (LB) group, and the proliferation (PR) group is associated with
high expression of proliferation related genes.

An important step in elucidating inter-patient molecular heterogeneity of MM was the
development of GEP-based risk predictors, which allows for assigning patients to “high” or “low” risk
categories. The UAMS GEP70 risk score is based on the ratio of the mean expression level of up- to
down-regulated genes among 70 genes linked to early disease-related death [20]. Most up-regulated
genes are located on the long arm of chromosome 1, and many down-regulated genes map to the short
arm of this chromosome 1. The predictor has a high specificity for identification of patients with poor
event-free and overall survival, constituting 10–15% of NDMM patients.

In summary, MM is a complex disease with extensive inter-patient heterogeneity due to multiple
different initiating and progression events at the chromosomal and single nucleotide level, which is
also reflected at the gene expression level.

2.2. Intra-Tumor Heterogeneity

Using next generation sequencing and performing single-cell genetic analyses, Melchor et al.
identified two to six different major myeloma subclones at presentation [21]. They observed clonal
extinction and the emergence of new clones that acquire additional mutations during treatment,
supporting a Darwinian model of evolution in myeloma. According to this model, new mutations
can result in better adaptation and outgrowth of clones, outcompeting previously dominant tumor
clones [12,22]. Since MM primarily grows in the BM, free movement of tumor cells leading to a rapid
and homogenous dissemination of clones was assumed until recently. However, branching evolution
has been identified as one of the main patterns in longitudinal molecular studies of MM [13,23–26].
Branching evolution during treatment, where multiple clones emerge from a common ancestor and
different clones dominate at the diagnosis of MM and at relapse, instead suggest the pre-existence of
drug-resistant clones. Indeed, using multi-region sequencing including focal lesions (FLs), we recently
demonstrated local differences in the clonal architecture (Figure 2). While initiating events, such as the
primary IgH translocations t(4;14), t(11;14), and t(14;16), were uniformly shared among investigated
sites and detectable in all tumor cells of the respective patient, progression events, such as MYC
translocations, gain(1q), or RAS mutations, frequently showed spatial differences. Of note, the extent
of spatial heterogeneity was different between patients, constituting another level of inter-patient
heterogeneity. Extensive spatial heterogeneity, where poor prognosis mutations were found to be
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restricted to one site in the BM, were primarily seen in patients with large FLs [27]. Analyzing evolution
patterns in these patients in more detail, one patient showed large FLs that shared genomic aberrations
that were not found at the iliac crest, indicating a metastatic type of evolution. In another patient, each
investigated FL presented with site-unique mutations, which affected driver genes such as BRAF or
KRAS. In a third patient, two spatially separated subclones and an independent minor subclone that
infiltrated all investigated sites were seen, demonstrating the complex processes in the BM cavity that
underlie the evolution of MM [27].
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Figure 2. Intra-tumor heterogeneity in Multiple Myeloma. According to recent multi-region sequencing
studies spatial genomic heterogeneity is a common phenomenon in myeloma. Tumor driver mutations
and high-risk genomic aberrations can be restricted to one focal lesion and absent at other FLs or the iliac
crest. Thus, an imaging finding with multiple FLs strongly suggests extensive intra-tumor heterogeneity.

Together, MM is characterized by spatial differences in the clonal architecture, with progression
events frequently being restricted to one site in the BM.

3. Impact of Heterogeneity on Treatment Strategies

3.1. Targeted Therapy

Up to 50% of NDMM patients present with mutations in NRAS, KRAS, or BRAF, making the
MAPK pathway a good candidate for targeted therapy [28,29]. Pilot studies reported a successful use
of vemurafenib in patients with BRAF V600E mutations [30,31], and complete responses were observed
in some MM patients with mutations of KRAS, NRAS, or BRAF, who were treated with trametinib [28].
Unfortunately, no long-term responses were seen. To make sure that all tumor cells ubiquitously
express the target, only aberrations, which are detectable in all investigated tumor cells—the so-called
clonal mutations—should be selected for targeted treatment. However, in MM molecular tests are
based on a sample from a single site, typically the iliac crest. Since regionally restricted tumor clones
are a frequent feature of MM, a dominant clone at that site could just mimic clonal mutations. As an
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example, in one patient, we recently found an actionable BRAF V600E mutation in all tumor cells at the
iliac crest, but there was an absence of this variant in myeloma cells that grew in a large FL at the lumbar
spine [27]. Furthermore, in a longitudinal study, we identified spatially divergent clonal evolution
as the mechanism underlying resistance: in a patient treated with vemurafenib 3 resistant, lesions
developed, which all presented with new unique site-specific NRAS mutation [32]. Appearance of
new mutations is a frequent finding at relapse [23,33–35]. However, it is still unclear whether resistant
disease is due to new mutations acquired during treatment and/or if minor subclones are selected
by therapy. Of note, the latter would point to a level of intra-tumor heterogeneity in MM that is
considerably higher than the one determined by recent multi-region sequencing studies.

In theory, targeting initiating events, such as primary IgH translocations, would overcome the
issue of spatial heterogeneity. Unfortunately, a successful targeted approach, e.g., via inhibition
of MMSET and FGFR3 in t(4;14) clones, has yet to be demonstrated. Alternatively, molecular
characteristics, which are associated with these initiating events, could be clinically useful.
One example is the anti-myeloma activity of the BCL-2 inhibitor venetoclax in t(11;14)-positive MM
patients. Clones harboring this translocation show a high ratio of BCL-2 expression compared to
MCL-1 and BCL-Xl, and apparently, this ratio translates into a higher treatment efficacy compared
to other molecular subgroups of MM. Yet, the best activity is seen in combination with proteasome
inhibitors, and we expect that it will be a long journey toward successful treatment of initiating events.

In summary, drugs directly targeting initiating events in MM are still not available.
Moreover, driver gene mutations are frequently dominant at one site but absent at other sites, which
poses a significant challenge to targeted therapy in MM.

3.2. Treatment Decisions Based on Disease Risk Status

For MM patients with a high-risk disease, even the most intensive therapies have not resulted in
improved outcomes. Thus, it is crucial to develop dedicated therapies for these patients. The UAMS
total therapies 4 (low risk) [36] and 5 (high risk) [37], the Deutsche Studiengruppe Multiples Myelom
(DSMM) V trial [38], the German-Speaking Myeloma Multicenter Study Group (GMMG) Concept
trial (NCT03104842), and the mSMART algorithm used by the Mayo Clinic [39] are examples of
risk-adapted strategies. A pre-requisite for such trials is the use of effective tools to identify high-risk
patients at presentation. Classifiers based on GEP data are highly specific, but immediate access to an
experienced sample processing laboratory, which is mandatory to obtain reliable results [40], is not
standard. Alternatively, FISH results can be used to predict risk. The primary IgH translocations
t(4;14) and t(14;16) and the deletion del(17p) are commonly used prognostic markers in MM, and their
recent inclusion into the revised version of the International Staging System led to a significant
improvement of this classifier [41]. Yet, we recently analyzed GEP70 scores in molecular subgroups,
and we demonstrated that high risk signatures are only enriched in patients with a t(4;14) or t(14;16)
translocations and not linked to subgroup specific characteristics like MMSET or MAF overexpression
per se [42]. As a result, patients with a t(4;14) can in fact be low risk and experience long-term
progression-free survival despite presenting with a negative prognostic FISH marker [42]. In line with
this observation, Thanendrarajan et al. recently showed that a combination of del(17p) and GEP risk
signatures provided a more precise prediction of outcome of NDMM patients [43].

Another variable that seems to impact the predictive power of del(17p) is the status of the second
TP53 allele. According to a longitudinal sequencing study, only patients with complete inactivation
of tumor suppressor genes, a so called bi-allelic event, experienced poor outcome after relapse [23],
in contrast to mono-allelic events, and the same was seen in newly diagnosed patients [44]. In a recent
study by the U.K. group, MM patients with bi-allelic TP53 aberrations also demonstrated dismal
survival [45]. However, in this study, patients with a mono-allelic TP53 event also suffered from a poor
outcome, highlighting that even established risk factors in MM are still controversial.

The situation becomes even more complicated when spatial genomic intra-tumor heterogeneity
is considered. We recently described an MM patient with GEP70 high risk status and a bi-allelic
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TP53 deletion in a focal lesion in the lumbar spine but absence of this deletion and GEP70 low risk
at the iliac crest site [27]. We found this type of discrepancy in GEP risk scores in ≈10% of NDMM
patients with GEP70 low risk according to the iliac crest sample, thereby nearly doubling the number
of NDMM patients with GEP70 high risk [27]. Importantly, the outcome of patients with discrepant
scores was similar to the outcome for cases with a homogeneous distribution of GEP70 high risk clones,
illustrating that high-risk subclones negatively impact prognosis even if they are not ubiquitously
distributed in NDMM patients.

Together, the type of aberration needs to be considered if chromosomal aberrations impacting
tumor suppressor genes are used for risk prediction, and the performance of established prognostic
markers for NDMM patients is limited by spatial genomic heterogeneity.

3.3. Treatment Decisions Based on the Response and the Level of Minimal Residual Disease

Deep responses to treatment are associated with a good outcome in myeloma [46,47]. As a result,
one important aim of MM treatment is to achieve minimal residual disease (MRD) negative states.
One strategy to achieve deep responses is to perform double autologous stem cell transplantation
followed by consolidation and long-term maintenance. Vice versa, treatment breaks may be an option
for MRD negative patients in order to prevent serious side effects. Yet, both inter- and intra-tumor
genomic heterogeneity need to be considered when treatment decisions are based on response levels.
Molecular subgroups with similar long-term outcomes can differ considerably in response kinetics.
Patients with a t(11;14) translocation are an illustrative example. While the CD-1 subgroup goes rapidly
into remission, a maximum response occurs significantly later in the CD-2 group [42,48]. Thus, GEP
data is therapeutically important, since it allows one to differentiate between these two t(11;14)-positive
groups and can be used to prevent overtreatment of the CD-2 group.

Monitoring of MRD is based on a sample from a single site at the iliac crest. As exchange between
clones at spatially distinct sites is limited in myeloma and highly advanced clones grow as FLs,
locally different (“mixed”) responses to treatment are expected. Indeed, relapses from MRD-negative
complete response (CR) and detection of different subclones at presentation and relapse in patients
strongly indicate the presence of therapy-resistant tumor cells at sites other than the iliac crest [23],
and our recent observations support this concept. We performed a spatial-longitudinal study with
one patient who presented with more than 100 FLs and extensive spatial heterogeneity at baseline.
The patient achieved an MRD-negative CR but ultimately relapsed during the course of the disease.
At relapse, we sequenced a sample from a large FL with paramedullary components and a routinely
collected samples from the right iliac crest. In the large FL, we identified a clone, which shared a
“KRASGly12Val” with one of the baseline clones but presented with 65 new missense mutations
that were not detectable at baseline despite deep multi-region sequencing. In the iliac crest sample,
we found an additional resistant clone, which was also not detectable at baseline, and presented with
another site-unique clonal KRAS mutation [49]. This observation highlights that even in MRD-negative
patients, multiple spatially separated clones can survive.

In summary, the molecular makeup and differences in the spatial clonal structure need to be
considered for MRD-triggered therapy decisions.

4. Overcoming Tumor Heterogeneity

4.1. Functional Imaging to Decode Intra-Tumor Heterogeneity in MM

As described above, spatial heterogeneity significantly affects personalized treatment, risk
prediction, and MRD diagnostics in MM. Since assessment of multiple skeletal sites is difficult and
not feasible at every center, alternative strategies are required to account for this type of heterogeneity.
The functional imaging methods 18fluoro-deoxyglucose positron-emission tomography-computed
tomography (PET-CT) and diffusion-weighted magnetic resonance imaging with background
suppression (DWIBS) have emerged as useful tools for disease staging and prognosis at baseline [50–54].
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Combining these two modalities and multi-region tumor sequencing as a first attempt to perform
“radio-genomics” in MM, we recently showed that spatial heterogeneity was positively associated with
the size of biopsied FLs [27]. Site-specific progression markers, such as RAS mutations or inactivation
of TP53, were primarily seen in large FLs with a diameter of >2.5 cm. Thus, we hypothesized that the
FL size as a surrogate marker for intra-tumor heterogeneity negatively impacted treatment success.
Supporting this hypothesis, an imaging pattern characterized by large sized FLs was associated with
poor outcome even in patients who were classified as favorable according to the revised International
Staging System (ISS) and GEP70 [53], highlighting that “radio-genomics” can potentially overcome the
challenge that heterogeneity poses to risk prediction based on a single site. This study also showed that
an established risk marker, more than three FLs at baseline, lost its predictive power when accounting
for FL size, consistent with size being the more important imaging variable, and showing that a better
understanding of myeloma biology can lead to improved risk prediction.

Our group and others have shown that functional whole-body imaging can be used to monitor
residual disease in MM and improve conventional MRD diagnostics [49,55]. In our study, 24% of
first-line MM patients presented with residual FLs in DWIBS and/or PET-CT at the onset of CR,
and these lesions were associated with short progression-free survival [49]. Although DWIBS is more
sensitive than PET-CT in this context, the two techniques are complementary because some residual
FLs are only detectable in PET-CT [49]. Combining flow cytometry for MRD detection and functional
imaging, we demonstrated that only 4 of 83 MRD-negative patients, who achieved CR during first-line
treatment, still presented with residual FLs [49]. Thus, focally restricted residual disease is a rare
event in MRD-negative NDMM patients in CR at a sensitivity of 1 × 10−5. In contrast, up to 50%
of patients who achieve MRD-negative CR during salvage present with positive imaging tests [49].
This observation seems to suggest that a combination of molecular MRD tests and functional imaging
is primarily useful in late stage patients. Yet, we recommend also performing functional imaging in
first-line CR patients for the following reasons. First, in the small group of MRD-negative patients with
residual lesions we observed early relapses, consistent with residual FLs in MRD-negative patients
being prognostically relevant. Second, FLs in MRD-positive patients are associated with a particularly
dismal outcome and a switch to alternative treatments should be discussed.

In addition to its power for the detection of high-risk features and locally restricted residual
disease, functional imaging can also be used to guide molecular analyses. As an example, we recently
investigated the phenomenon of FDG PET false-negativity, which is seen in ≈10% of MM patients [56].
Performing simultaneous assessment of DWIBS and PET-CT, together with GEP of CD138-positive
plasma cells to better characterize patients with false-negative PET, we showed that low expression
of the gene coding for hexokinase-2, which catalyzes the first step of glycolysis, was significantly
associated with this phenomenon. Thus, the application of functional imaging revealed differences
in metabolism as another level of tumor heterogeneity in MM. Nevertheless, we need to emphasize
that the molecular makeup of tumor cells, which are absent at the iliac crest, cannot be deciphered
with this approach. Other non-invasive approaches, such as molecular tests based on circulating
tumor cells or DNA, are probably more useful in this context and first results of these studies are
promising [14,57–59]. The same holds true for proteomic screening of plasma samples targeting
proteins showing aberrant expression. These may provide an additional means of identifying
heterogeneity, with potential for implementation as a biomarker approach in routine hospital
laboratories [60]. However, a comprehensive longitudinal study combining multi-region sequencing
including FLs and circulating cells/DNA, as well as protein profiling, has not been performed yet.
Thus, the sensitivity and usefulness of the latter are still not clear.

In summary, whole body functional imaging is one way to account for the negative impact of
spatial heterogeneity on current risk classifiers and detection of residual disease but does not allow for
deciphering the molecular characteristics of the respective clones.
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4.2. Immunotherapy to Target All Tumor Subclones

Only recently, novel immunotherapies have dramatically changed the treatment landscape of
MM. In contrast to the complex genome, the targets for immunotherapies are considered to be more
homogenous and stable, making this type of treatment very promising for eradication of all tumor
subclones [61]. Importantly, the cytotoxicity of immunotherapy does not rely on the induction of
apoptosis alone but leads to external lysis of the target cells by granzymes, perforins, or complement.
Thus, in theory, a complex clonal architecture with spatial genomic heterogeneity should not limit the
activity of immunotherapies.

Allogeneic stem cell transplantation (allo SCT) can be considered to be the prime example of
immunotherapy as its activity is based on the transfer of a “new” immune system and the resulting
graft-versus-myeloma effect. Yet, analyzing relapse patterns of 155 patients who underwent allo
SCT for MM, we noted EMD relapses in 32% of the patients [62]. For other treatment modalities,
the observed rate for EMD at relapse is considerably lower (6–15% of patients) [63–66]. The increased
risk for EMD after allo SCT was also seen in other studies [67–70], supporting a concept in which allo
SCT puts a specific, yet poorly understood, selective pressure on MM cells favoring extramedullary
progression. In line with this assumption, EMD frequently occurred in the absence of a detectable
intramedullary relapse [63].

Interestingly, phase 3 and real-world data show a similar trend for the monoclonal
anti-CD38 antibody Daratumumab, which was approved by the European Medicines Agency in 2016.
Response rates are considerably lower in EMD patients compared to patients with intramedullary
disease (overall response rate of just 0–10%) [71,72], suggesting that the activity of monoclonal
antibodies is severely limited in EMD, too. Our own unpublished observations also indicate an
ongoing and profound impact of spatial heterogeneity on the efficacy of Daratumumab, and even the
presence of intra-medullary resistant lesions: some MM patients, who experienced deep responses
according to BM samples from the iliac crest, still presented with active FLs in the two functional
imaging modalities DWIBS or PET-CT. Furthermore, in some patients, a radiological heterogeneous
response was seen, with some FLs decreasing and others progressing (Figure 3). We propose that
specific tumor-intrinsic and -extrinsic features of EMD and resistant intra-medullary lesions explain
these observations, but the underlying mechanisms have yet to be elucidated.

Of note, T cell engaging immunotherapies, such as chimeric antigen receptor (CAR) T cells or
bispecific T cell engaging antibodies, trigger strong responses in heavily pretreated MM patients with
refractory disease [61,73], suggesting that the clinical meaning of tumor heterogeneity needs to be
re-defined in the era of novel immunotherapies for this disease. However, to the best of our knowledge,
the impact of these agents on the spatial clonal architecture in MM is unknown.



Int. J. Mol. Sci. 2019, 20, 1248 9 of 14
Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  9 of 14 

 

 

Figure 3. Example for a mixed response to Daratumumab. At enrolment into salvage therapy, which 
contained Daratumumab combined with Pomalidomide and Dexamethasone, the patient presented 
with an M-protein of 3 g/dl and multiple focal lesions (FLs). The patient achieved an MRD-negative 
stringent CR but still presented with FLs. While an FL in the thoracic spine was improved (green 
circle), another FL in the pelvis had increased in size (red circle), highlighting a mixed response to 
Daratumumab. 

Of note, T cell engaging immunotherapies, such as chimeric antigen receptor (CAR) T cells or 
bispecific T cell engaging antibodies, trigger strong responses in heavily pretreated MM patients with 
refractory disease [61,73], suggesting that the clinical meaning of tumor heterogeneity needs to be re-
defined in the era of novel immunotherapies for this disease. However, to the best of our knowledge, 
the impact of these agents on the spatial clonal architecture in MM is unknown. 

5. Conclusions 

MM is a complex disease, characterized by inter-patient and intra-tumor heterogeneity. Thus, 
we recommend combining molecular tests with functional imaging to improve risk prediction and 
monitoring of residual disease, which are highly impacted by spatial heterogeneity. Overcoming this 
type of heterogeneity is the prerequisite for a cure in MM. Novel immunotherapies, such as Car T 
cells, are promising but research addressing their impact on the spatial clonal architecture in MM is 
highly warranted. 

Author Contributions: Conception and design: N.W., L.R.; wrote the paper: L.R., N.W., M.-S.R., K.M.K.; 
reviewed and approved the paper: All authors. 

Funding: This work was supported by the Dietmar-Hopp-Stiftung. Leo Rasche was supported by the IZKF 
Würzburg (Z-3R/2) and the Deutsche Forschungsgemeinschaft (DFG). Niels Weinhold was supported by the 

Figure 3. Example for a mixed response to Daratumumab. At enrolment into salvage therapy, which
contained Daratumumab combined with Pomalidomide and Dexamethasone, the patient presented with
an M-protein of 3 g/dl and multiple focal lesions (FLs). The patient achieved an MRD-negative stringent
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5. Conclusions

MM is a complex disease, characterized by inter-patient and intra-tumor heterogeneity.
Thus, we recommend combining molecular tests with functional imaging to improve risk prediction
and monitoring of residual disease, which are highly impacted by spatial heterogeneity. Overcoming this
type of heterogeneity is the prerequisite for a cure in MM. Novel immunotherapies, such as Car T
cells, are promising but research addressing their impact on the spatial clonal architecture in MM is
highly warranted.

Author Contributions: Conception and design: N.W., L.R.; wrote the paper: L.R., N.W., M.S.R., K.M.K.; reviewed
and approved the paper: All authors.

Funding: This work was supported by the Dietmar-Hopp-Stiftung. Leo Rasche was supported by the
IZKF Würzburg (Z-3R/2) and the Deutsche Forschungsgemeinschaft (DFG). Niels Weinhold was supported
by the National Institute of General Medical Sciences of the National Institutes of Health under Award
Number P20GM125503.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2019, 20, 1248 10 of 14

References

1. Laubach, J.; Richardson, P.; Anderson, K. Multiple myeloma. Annu. Rev. Med. 2011, 62, 249–264. [CrossRef]
[PubMed]

2. Knudsen, L.M.; Hippe, E.; Hjorth, M.; Holmberg, E.; Westin, J. Renal function in newly diagnosed multiple
myeloma–a demographic study of 1353 patients. Eur.J. Haematol. 1994, 53, 207–212. [CrossRef] [PubMed]

3. Van de Donk, N.W.; Lokhorst, H.M.; Anderson, K.C.; Richardson, P.G. How I treat plasma cell leukemia.
Blood 2012, 120, 2376–2389. [CrossRef] [PubMed]

4. Rasche, L.; Buros, A.; Weinhold, N.; Stein, C.K.; McDonald, J.E.; Chavan, S.S.; Angtuaco, E.;
Thanendrarajan, S.; Schinke, C.; Yaccoby, S.; et al. The Clinical Impact of Macrofocal Disease in Multiple
Myeloma Differs Between Presentation and Relapse. Blood 2016, 128, 4431.

5. Barlogie, B.; Mitchell, A.; van Rhee, F.; Epstein, J.; Morgan, G.J.; Crowley, J. Curing myeloma at last: Defining
criteria and providing the evidence. Blood 2014, 124, 3043–3051. [CrossRef] [PubMed]

6. Pawlyn, C.; Morgan, G.J. Evolutionary biology of high-risk multiple myeloma. Nat. Rev. Cancer. 2017, 17,
543–556. [CrossRef] [PubMed]

7. Morgan, G.J.; Walker, B.A.; Davies, F.E. The genetic architecture of multiple myeloma. Nat. Rev. Cancer. 2012,
12, 335–348. [CrossRef]

8. Fox, E.J.; Loeb, L.A. Cancer: One cell at a time. Nature 2014, 512, 143–144. [CrossRef] [PubMed]
9. Sawyer, J.R. The prognostic significance of cytogenetics and molecular profiling in multiple myeloma.

Cancer Genet. 2011, 204, 3–12. [CrossRef]
10. Went, M.; Sud, A.; Forsti, A.; Halvarsson, B.M.; Weinhold, N.; Kimber, S.; van Duin, M.; Thorleifsson, G.;

Holroyd, A.; Johnson, D.C.; et al. Identification of multiple risk loci and regulatory mechanisms influencing
susceptibility to multiple myeloma. Nat. Commun. 2018, 9, 3707. [CrossRef]

11. Weinhold, N.; Johnson, D.C.; Chubb, D.; Chen, B.; Forsti, A.; Hosking, F.J.; Broderick, P.; Ma, Y.P.;
Dobbins, S.E.; Hose, D.; et al. The CCND1 c.870G>A polymorphism is a risk factor for t(11;14)(q13;q32)
multiple myeloma. Nat. Genet. 2013, 45, 522–525. [CrossRef]

12. Morgan, G.J.; Rasche, L. Maintaining therapeutic progress in multiple myeloma by integrating genetic and
biological advances into the clinic. Expert Rev. Hematol. 2018, 11, 513–523. [CrossRef]

13. Bolli, N.; Avet-Loiseau, H.; Wedge, D.C.; Van Loo, P.; Alexandrov, L.B.; Martincorena, I.; Dawson, K.J.;
Iorio, F.; Nik-Zainal, S.; Bignell, G.R.; et al. Heterogeneity of genomic evolution and mutational profiles in
multiple myeloma. Nat. Commun. 2014, 5, 2997. [CrossRef]

14. Lohr, J.G.; Kim, S.; Gould, J.; Knoechel, B.; Drier, Y.; Cotton, M.J.; Gray, D.; Birrer, N.; Wong, B.; Ha, G.; et al.
Genetic interrogation of circulating multiple myeloma cells at single-cell resolution. Sci. Transl. Med. 2016, 8,
363ra147. [CrossRef]

15. Walker, B.A.; Boyle, E.M.; Wardell, C.P.; Murison, A.; Begum, D.B.; Dahir, N.M.; Proszek, P.Z.; Johnson, D.C.;
Kaiser, M.F.; Melchor, L.; et al. Mutational Spectrum, Copy Number Changes, and Outcome: Results of
a Sequencing Study of Patients with Newly Diagnosed Myeloma. J. Clin. Oncol. 2015, 33, 3911–3920.
[CrossRef] [PubMed]

16. Walker, B.A.; Mavrommatis, K.; Wardell, C.P.; Ashby, T.C.; Bauer, M.; Davies, F.E.; Rosenthal, A.; Wang, H.;
Qu, P.; Hoering, A.; et al. Identification of novel mutational drivers reveals oncogene dependencies in
multiple myeloma. Blood 2018, 132, 587–597. [CrossRef]

17. Stein, C.K.; Pawlyn, C.; Chavan, S.; Rasche, L.; Weinhold, N.; Corken, A.; Buros, A.; Sonneveld, P.;
Jackson, G.H.; Landgren, O. The varied distribution and impact of RAS codon and other key DNA alterations
across the translocation cyclin D subgroups in multiple myeloma. Oncotarget 2017, 8, 27854. [CrossRef]

18. Bergsagel, P.L.; Kuehl, W.M. Molecular pathogenesis and a consequent classification of multiple myeloma.
J. Clin. Oncol. 2005, 23, 6333–6338. [CrossRef]

19. Zhan, F.; Huang, Y.; Colla, S.; Stewart, J.P.; Hanamura, I.; Gupta, S.; Epstein, J.; Yaccoby, S.; Sawyer, J.;
Burington, B.; et al. The molecular classification of multiple myeloma. Blood 2006, 108, 2020–2028. [CrossRef]

20. Shaughnessy, J.D.; Zhan, F.; Burington, B.E.; Huang, Y.; Colla, S.; Hanamura, I.; Stewart, J.P.; Kordsmeier, B.;
Randolph, C.; Williams, D.R. A validated gene expression model of high-risk multiple myeloma is defined
by deregulated expression of genes mapping to chromosome 1. Blood 2007, 109, 2276–2284. [CrossRef]

http://dx.doi.org/10.1146/annurev-med-070209-175325
http://www.ncbi.nlm.nih.gov/pubmed/21090965
http://dx.doi.org/10.1111/j.1600-0609.1994.tb00190.x
http://www.ncbi.nlm.nih.gov/pubmed/7957804
http://dx.doi.org/10.1182/blood-2012-05-408682
http://www.ncbi.nlm.nih.gov/pubmed/22837533
http://dx.doi.org/10.1182/blood-2014-07-552059
http://www.ncbi.nlm.nih.gov/pubmed/25293776
http://dx.doi.org/10.1038/nrc.2017.63
http://www.ncbi.nlm.nih.gov/pubmed/28835722
http://dx.doi.org/10.1038/nrc3257
http://dx.doi.org/10.1038/nature13650
http://www.ncbi.nlm.nih.gov/pubmed/25079325
http://dx.doi.org/10.1016/j.cancergencyto.2010.11.002
http://dx.doi.org/10.1038/s41467-018-04989-w
http://dx.doi.org/10.1038/ng.2583
http://dx.doi.org/10.1080/17474086.2018.1489718
http://dx.doi.org/10.1038/ncomms3997
http://dx.doi.org/10.1126/scitranslmed.aac7037
http://dx.doi.org/10.1200/JCO.2014.59.1503
http://www.ncbi.nlm.nih.gov/pubmed/26282654
http://dx.doi.org/10.1182/blood-2018-03-840132
http://dx.doi.org/10.18632/oncotarget.15718
http://dx.doi.org/10.1200/JCO.2005.05.021
http://dx.doi.org/10.1182/blood-2005-11-013458
http://dx.doi.org/10.1182/blood-2006-07-038430


Int. J. Mol. Sci. 2019, 20, 1248 11 of 14

21. Melchor, L.; Brioli, A.; Wardell, C.P.; Murison, A.; Potter, N.E.; Kaiser, M.F.; Fryer, R.A.; Johnson, D.C.;
Begum, D.B.; Hulkki Wilson, S.; et al. Single-cell genetic analysis reveals the composition of initiating clones
and phylogenetic patterns of branching and parallel evolution in myeloma. Leukemia 2014, 28, 1705–1715.
[CrossRef] [PubMed]

22. Bahlis, N.J. Darwinian evolution and tiding clones in multiple myeloma. Blood 2012, 120, 927–928. [CrossRef]
[PubMed]

23. Weinhold, N.; Ashby, C.; Rasche, L.; Chavan, S.S.; Stein, C.; Stephens, O.W.; Tytarenko, R.; Bauer, M.A.;
Meissner, T.; Deshpande, S.; et al. Clonal selection and double-hit events involving tumor suppressor genes
underlie relapse in myeloma. Blood 2016, 128, 1735–1744. [CrossRef] [PubMed]

24. Keats, J.J.; Chesi, M.; Egan, J.B.; Garbitt, V.M.; Palmer, S.E.; Braggio, E.; Van Wier, S.; Blackburn, P.R.;
Baker, A.S.; Dispenzieri, A.; et al. Clonal competition with alternating dominance in multiple myeloma.
Blood 2012, 120, 1067–1076. [CrossRef] [PubMed]

25. Kortum, K.M.; Langer, C.; Monge, J.; Bruins, L.; Zhu, Y.X.; Shi, C.X.; Jedlowski, P.; Egan, J.B.; Ojha, J.;
Bullinger, L.; et al. Longitudinal analysis of 25 sequential sample-pairs using a custom multiple myeloma
mutation sequencing panel (M(3)P). Ann. Hematol. 2015, 94, 1205–1211. [CrossRef]

26. Jones, J.R.; Weinhold, N.; Ashby, C.; Walker, B.A.; Wardell, C.; Pawlyn, C.; Rasche, L.; Melchor, L.; Cairns, D.A.;
Gregory, W.M.; et al. Clonal evolution in myeloma: The impact of maintenance lenalidomide and depth of
response on the genetics and sub-clonal structure of relapsed disease in uniformly treated newly diagnosed
patients. Haematologica 2019. [CrossRef]

27. Rasche, L.; Chavan, S.S.; Stephens, O.W.; Patel, P.H.; Tytarenko, R.; Ashby, C.; Bauer, M.; Stein, C.;
Deshpande, S.; Wardell, C.; et al. Spatial genomic heterogeneity in multiple myeloma revealed by
multi-region sequencing. Nat. Commun. 2017, 8, 268. [CrossRef]

28. Heuck, C.J.; Jethava, Y.; Khan, R.; van Rhee, F.; Zangari, M.; Chavan, S.; Robbins, K.; Miller, S.E.; Matin, A.;
Mohan, M.; et al. Inhibiting MEK in MAPK pathway-activated myeloma. Leukemia 2016, 30, 976–980.
[CrossRef]

29. Kortuem, K.M.; Braggio, E.; Bruins, L.; Barrio, S.; Shi, C.S.; Zhu, Y.X.; Tibes, R.; Viswanatha, D.; Votruba, P.;
Ahmann, G.; et al. Panel sequencing for clinically oriented variant screening and copy number detection in
142 untreated multiple myeloma patients. Blood Cancer J. 2016, 6, e397. [CrossRef]

30. Andrulis, M.; Lehners, N.; Capper, D.; Penzel, R.; Heining, C.; Huellein, J.; Zenz, T.; von Deimling, A.;
Schirmacher, P.; Ho, A.D.; et al. Targeting the BRAF V600E mutation in multiple myeloma. Cancer Discov.
2013, 3, 862–869. [CrossRef]

31. Sharman, J.P.; Chmielecki, J.; Morosini, D.; Palmer, G.A.; Ross, J.S.; Stephens, P.J.; Stafl, J.; Miller, V.A.;
Ali, S.M. Vemurafenib response in 2 patients with posttransplant refractory BRAF V600E-mutated multiple
myeloma. Clin. Lymphoma Myeloma Leuk. 2014, 14, e161–e163. [CrossRef]

32. Raab, M.S.; Lehners, N.; Xu, J.; Ho, A.D.; Schirmacher, P.; Goldschmidt, H.; Andrulis, M. Spatially divergent
clonal evolution in multiple myeloma: Overcoming resistance to BRAF inhibition. Blood 2016, 127, 2155–2157.
[CrossRef]

33. Chavan, S.S.; He, J.; Tytarenko, R.; Deshpande, S.; Patel, P.; Bailey, M.; Stein, C.K.; Stephens, O.; Weinhold, N.;
Petty, N.; et al. Bi-allelic inactivation is more prevalent at relapse in multiple myeloma, identifying RB1 as an
independent prognostic marker. Blood Cancer J. 2017, 7, e535. [CrossRef]

34. Kortum, K.M.; Mai, E.K.; Hanafiah, N.H.; Shi, C.X.; Zhu, Y.X.; Bruins, L.; Barrio, S.; Jedlowski, P.; Merz, M.;
Xu, J.; et al. Targeted sequencing of refractory myeloma reveals a high incidence of mutations in CRBN and
Ras pathway genes. Blood 2016, 128, 1226–1233. [CrossRef]

35. Barrio, S.; Stuhmer, T.; Da-Via, M.; Barrio-Garcia, C.; Lehners, N.; Besse, A.; Cuenca, I.; Garitano-Trojaola, A.;
Fink, S.; Leich, E.; et al. Spectrum and functional validation of PSMB5 mutations in multiple myeloma.
Leukemia 2019, 33, 447–456. [CrossRef]

36. Jethava, Y.; Mitchell, A.; Epstein, J.; Zangari, M.; Yaccoby, S.; Tian, E.; Waheed, S.; Khan, R.; Papanikolaou, X.;
Grazziutti, M.; et al. Adverse metaphase cytogenetics can be overcome by adding bortezomib and
thalidomide to fractionated melphalan transplants. Clin. Cancer Res. 2017, 23, 2665–2672. [CrossRef]

37. Jethava, Y.; Mitchell, A.; Zangari, M.; Waheed, S.; Schinke, C.; Thanendrarajan, S.; Sawyer, J.; Alapat, D.;
Tian, E.; Stein, C.; et al. Dose-dense and less dose-intense Total Therapy 5 for gene expression
profiling-defined high-risk multiple myeloma. Blood Cancer J. 2016, 6, e453. [CrossRef]

http://dx.doi.org/10.1038/leu.2014.13
http://www.ncbi.nlm.nih.gov/pubmed/24480973
http://dx.doi.org/10.1182/blood-2012-06-430645
http://www.ncbi.nlm.nih.gov/pubmed/22859708
http://dx.doi.org/10.1182/blood-2016-06-723007
http://www.ncbi.nlm.nih.gov/pubmed/27516441
http://dx.doi.org/10.1182/blood-2012-01-405985
http://www.ncbi.nlm.nih.gov/pubmed/22498740
http://dx.doi.org/10.1007/s00277-015-2344-9
http://dx.doi.org/10.3324/haematol.2018.202200
http://dx.doi.org/10.1038/s41467-017-00296-y
http://dx.doi.org/10.1038/leu.2015.208
http://dx.doi.org/10.1038/bcj.2016.1
http://dx.doi.org/10.1158/2159-8290.CD-13-0014
http://dx.doi.org/10.1016/j.clml.2014.06.004
http://dx.doi.org/10.1182/blood-2015-12-686782
http://dx.doi.org/10.1038/bcj.2017.12
http://dx.doi.org/10.1182/blood-2016-02-698092
http://dx.doi.org/10.1038/s41375-018-0216-8
http://dx.doi.org/10.1158/1078-0432.CCR-15-2620
http://dx.doi.org/10.1038/bcj.2016.64


Int. J. Mol. Sci. 2019, 20, 1248 12 of 14

38. Knop, S.; Liebisch, P.; Hebart, H.; Holler, E.; Engelhardt, M.; Metzner, B.; Peest, D.; Aulitzky, W.; Bunjes, D.W.;
Straka, C.; et al. Autologous Followed by Allogeneic Versus TandemAutologous Stem Cell Transplant in
Newly Diagnosed FISH-del13q Myeloma. Blood 2014, 124, 43.

39. Mikhael, J.R.; Dingli, D.; Roy, V.; Reeder, C.B.; Buadi, F.K.; Hayman, S.R.; Dispenzieri, A.; Fonseca, R.;
Sher, T.; Kyle, R.A.; et al. Management of newly diagnosed symptomatic multiple myeloma: Updated Mayo
Stratification of Myeloma and Risk-Adapted Therapy (mSMART) consensus guidelines 2013. Mayo Clin Proc.
2013, 88, 360–376. [CrossRef]

40. Meissner, T.; Seckinger, A.; Hemminki, K.; Bertsch, U.; Foersti, A.; Haenel, M.; Duering, J.; Salwender, H.;
Goldschmidt, H.; Morgan, G.J.; et al. Profound impact of sample processing delay on gene expression of
multiple myeloma plasma cells. BMC Med. Genom. 2015, 8, 85. [CrossRef]

41. Palumbo, A.; Avet-Loiseau, H.; Oliva, S.; Lokhorst, H.M.; Goldschmidt, H.; Rosinol, L.; Richardson, P.;
Caltagirone, S.; Lahuerta, J.J.; Facon, T.; et al. Revised International Staging System for Multiple Myeloma: A
Report from International Myeloma Working Group. J. Clin. Oncol. 2015, 33, 2863–2869. [CrossRef]

42. Weinhold, N.; Heuck, C.J.; Rosenthal, A.; Thanendrarajan, S.; Stein, C.K.; Van Rhee, F.; Zangari, M.;
Hoering, A.; Tian, E.; Davies, F.E.; et al. Clinical value of molecular subtyping multiple myeloma using gene
expression profiling. Leukemia 2016, 30, 423–430. [CrossRef]

43. Thanendrarajan, S.; Tian, E.; Qu, P.; Mathur, P.; Schinke, C.; van Rhee, F.; Zangari, M.; Rasche, L.; Weinhold, N.;
Alapat, D.; et al. The level of deletion 17p and bi-allelic inactivation of TP53 has a significant impact on
clinical outcome in multiple myeloma. Haematologica 2017, 102, e364–e367. [CrossRef]

44. Walker, B.A.; Mavrommatis, K.; Wardell, C.P.; Ashby, T.C.; Bauer, M.; Davies, F.; Rosenthal, A.; Wang, H.;
Qu, P.; Hoering, A.; et al. A high-risk, Double-Hit, group of newly diagnosed myeloma identified by genomic
analysis. Leukemia 2019, 33, 159–170. [CrossRef]

45. Shah, V.; Johnson, D.C.; Sherborne, A.L.; Ellis, S.; Aldridge, F.M.; Howard-Reeves, J.; Begum, F.; Price, A.;
Kendall, J.; Chiecchio, L.; et al. Subclonal TP53 copy number is associated with prognosis in multiple
myeloma. Blood 2018, 132, 2465–2469. [CrossRef]

46. Perrot, A.; Lauwers-Cances, V.; Corre, J.; Robillard, N.; Hulin, C.; Chretien, M.L.; Dejoie, T.; Maheo, S.;
Stoppa, A.M.; Pegourie, B.; et al. Minimal residual disease negativity using deep sequencing is a major
prognostic factor in multiple myeloma. Blood 2018, 132, 2456–2464. [CrossRef]

47. Landgren, O.; Lu, S.X.; Hultcrantz, M. MRD Testing in Multiple Myeloma: The Main Future Driver for
Modern Tailored Treatment. Semin. Hematol. 2018, 55, 44–50. [CrossRef]

48. Schinke, C.; Hoering, A.; Wang, H.; Carlton, V.; Thanandrarajan, S.; Deshpande, S.; Patel, P.; Molnar, G.;
Susanibar, S.; Mohan, M.; et al. The prognostic value of the depth of response in multiple myeloma depends
on the time of assessment, risk status and molecular subtype. Haematologica 2017, 102, e313–e316. [CrossRef]

49. Rasche, L.; Alapat, D.; Kumar, M.; Gershner, G.; McDonald, J.; Wardell, C.P.; Samant, R.; Van Hemert, R.;
Epstein, J.; Williams, A.F.; et al. Combination of flow cytometry and functional imaging for monitoring of
residual disease in myeloma. Leukemia 2018. [CrossRef]

50. Bartel, T.B.; Haessler, J.; Brown, T.L.; Shaughnessy, J.D., Jr.; van Rhee, F.; Anaissie, E.; Alpe, T.; Angtuaco, E.;
Walker, R.; Epstein, J.; et al. F18-fluorodeoxyglucose positron emission tomography in the context of other
imaging techniques and prognostic factors in multiple myeloma. Blood 2009, 114, 2068–2076. [CrossRef]

51. Usmani, S.Z.; Mitchell, A.; Waheed, S.; Crowley, J.; Hoering, A.; Petty, N.; Brown, T.; Bartel, T.; Anaissie, E.;
van Rhee, F.; et al. Prognostic implications of serial 18-fluoro-deoxyglucose emission tomography in multiple
myeloma treated with total therapy 3. Blood 2013, 121, 1819–1823. [CrossRef]

52. Waheed, S.; Mitchell, A.; Usmani, S.; Epstein, J.; Yaccoby, S.; Nair, B.; van Hemert, R.; Angtuaco, E.; Brown, T.;
Bartel, T.; et al. Standard and novel imaging methods for multiple myeloma: Correlates with prognostic
laboratory variables including gene expression profiling data. Haematologica 2013, 98, 71–78. [CrossRef]

53. Rasche, L.; Angtuaco, E.J.; Alpe, T.L.; Gershner, G.H.; McDonald, J.E.; Samant, R.S.; Kumar, M.; Van
Hemert, R.; Epstein, J.; Deshpande, S.; et al. The presence of large focal lesions is a strong independent
prognostic factor in multiple myeloma. Blood 2018, 132, 59–66. [CrossRef]

54. Davies, F.E.; Rosenthal, A.; Rasche, L.; Petty, N.M.; McDonald, J.E.; Ntambi, J.A.; Steward, D.M.;
Panozzo, S.B.; van Rhee, F.; Zangari, M.; et al. Treatment to suppression of focal lesions on positron
emission tomography-computed tomography is a therapeutic goal in newly diagnosed multiple myeloma.
Haematologica 2018, 103, 1047–1053. [CrossRef]

http://dx.doi.org/10.1016/j.mayocp.2013.01.019
http://dx.doi.org/10.1186/s12920-015-0161-6
http://dx.doi.org/10.1200/JCO.2015.61.2267
http://dx.doi.org/10.1038/leu.2015.309
http://dx.doi.org/10.3324/haematol.2017.168872
http://dx.doi.org/10.1038/s41375-018-0196-8
http://dx.doi.org/10.1182/blood-2018-06-857250
http://dx.doi.org/10.1182/blood-2018-06-858613
http://dx.doi.org/10.1053/j.seminhematol.2018.03.001
http://dx.doi.org/10.3324/haematol.2017.165217
http://dx.doi.org/10.1038/s41375-018-0329-0
http://dx.doi.org/10.1182/blood-2009-03-213280
http://dx.doi.org/10.1182/blood-2012-08-451690
http://dx.doi.org/10.3324/haematol.2012.066555
http://dx.doi.org/10.1182/blood-2018-04-842880
http://dx.doi.org/10.3324/haematol.2017.177139


Int. J. Mol. Sci. 2019, 20, 1248 13 of 14

55. Moreau, P.; Attal, M.; Caillot, D.; Macro, M.; Karlin, L.; Garderet, L.; Facon, T.; Benboubker, L.;
Escoffre-Barbe, M.; Stoppa, A.M.; et al. Prospective Evaluation of Magnetic Resonance Imaging and
[(18)F]Fluorodeoxyglucose Positron Emission Tomography-Computed Tomography at Diagnosis and Before
Maintenance Therapy in Symptomatic Patients with Multiple Myeloma Included in the IFM/DFCI 2009 Trial:
Results of the IMAJEM Study. J. Clin. Oncol. 2017, 35, 2911–2918.

56. Rasche, L.; Angtuaco, E.; McDonald, J.E.; Buros, A.; Stein, C.; Pawlyn, C.; Thanendrarajan, S.; Schinke, C.;
Samant, R.; Yaccoby, S.; et al. Low expression of hexokinase-2 is associated with false-negative FDG-positron
emission tomography in multiple myeloma. Blood 2017, 130, 30–34. [CrossRef]

57. Mishima, Y.; Paiva, B.; Shi, J.; Park, J.; Manier, S.; Takagi, S.; Massoud, M.; Perilla-Glen, A.; Aljawai, Y.;
Huynh, D.; et al. The Mutational Landscape of Circulating Tumor Cells in Multiple Myeloma. Cell Rep. 2017,
19, 218–224. [CrossRef]

58. Kis, O.; Kaedbey, R.; Chow, S.; Danesh, A.; Dowar, M.; Li, T.; Li, Z.; Liu, J.; Mansour, M.; Masih-Khan, E.; et al.
Circulating tumour DNA sequence analysis as an alternative to multiple myeloma bone marrow aspirates.
Nat. Commun. 2017, 8, 15086. [CrossRef]

59. Mithraprabhu, S.; Khong, T.; Ramachandran, M.; Chow, A.; Klarica, D.; Mai, L.; Walsh, S.; Broemeling, D.;
Marziali, A.; Wiggin, M.; et al. Circulating tumour DNA analysis demonstrates spatial mutational
heterogeneity that coincides with disease relapse in myeloma. Leukemia 2017, 31, 1695–1705. [CrossRef]

60. Mailankody, S.; Devlin, S.M.; Korde, N.; Lendvai, N.; Lesokhin, A.; Landau, H.; Hassoun, H.; Ballagi, A.;
Ekman, D.; Chung, D.J.; et al. Proteomic profiling in plasma cell disorders: a feasibility study. Leuk Lymphoma
2017, 58, 1757–1759. [CrossRef]

61. Rasche, L.; Weinhold, N.; Morgan, G.J.; van Rhee, F.; Davies, F.E. Immunologic approaches for the treatment
of multiple myeloma. Cancer Treat. Rev. 2017, 55, 190–199. [CrossRef]

62. Rasche, L.; Rollig, C.; Stuhler, G.; Danhof, S.; Mielke, S.; Grigoleit, G.U.; Dissen, L.; Schemmel, L.;
Middeke, J.M.; Rucker, V.; et al. Allogeneic Hematopoietic Cell Transplantation in Multiple Myeloma: Focus
on Longitudinal Assessment of Donor Chimerism, Extramedullary Disease, and High-Risk Cytogenetic
Features. Biol. Blood Marrow Transplant. 2016, 22, 1988–1996. [CrossRef]

63. Rasche, L.; Bernard, C.; Topp, M.S.; Kapp, M.; Duell, J.; Wesemeier, C.; Haralambieva, E.; Maeder, U.;
Einsele, H.; Knop, S. Features of extramedullary myeloma relapse: high proliferation, minimal marrow
involvement, adverse cytogenetics: a retrospective single-center study of 24 cases. Ann. Hematol. 2012, 91,
1031–1037. [CrossRef]

64. Weinstock, M.; Aljawai, Y.; Morgan, E.A.; Laubach, J.; Gannon, M.; Roccaro, A.M.; Varga, C.; Mitsiades, C.S.;
Paba-Prada, C.; Schlossman, R.; et al. Incidence and clinical features of extramedullary multiple myeloma in
patients who underwent stem cell transplantation. Br. J. Haematol. 2015, 169, 851–858. [CrossRef]

65. Usmani, S.Z.; Heuck, C.; Mitchell, A.; Szymonifka, J.; Nair, B.; Hoering, A.; Alsayed, Y.; Waheed, S.;
Haider, S.; Restrepo, A.; et al. Extramedullary disease portends poor prognosis in multiple myeloma and
is over-represented in high-risk disease even in the era of novel agents. Haematologica 2012, 97, 1761–1767.
[CrossRef]

66. Alegre, A.; Granda, A.; Martinez-Chamorro, C.; Diaz-Mediavilla, J.; Martinez, R.; Garcia-Larana, J.;
Lahuerta, J.J.; Sureda, A.; Blade, J.; de la Rubia, J.; et al. Spanish Registry of Transplants in Multiple,
M.; Spanish Group of Hemopoietic, T.; Pethema, Different patterns of relapse after autologous peripheral
blood stem cell transplantation in multiple myeloma: clinical results of 280 cases from the Spanish Registry.
Haematologica 2002, 87, 609–614.

67. Vincent, L.; Ceballos, P.; Plassot, C.; Meniane, J.C.; Quittet, P.; Navarro, R.; Cyteval, C.; Szablewski, V.;
Lu, Z.Y.; Kanouni, T.; et al. Factors influencing extramedullary relapse after allogeneic transplantation for
multiple myeloma. Blood Cancer J. 2015, 5, e341. [CrossRef]

68. Perez-Simon, J.A.; Sureda, A.; Fernandez-Aviles, F.; Sampol, A.; Cabrera, J.R.; Caballero, D.; Martino, R.;
Petit, J.; Tomas, J.F.; Moraleda, J.M.; et al. Reduced-intensity conditioning allogeneic transplantation is
associated with a high incidence of extramedullary relapses in multiple myeloma patients. Leukemia 2006, 20,
542–545. [CrossRef]

69. Minnema, M.C.; van de Donk, N.W.; Zweegman, S.; Hegenbart, U.; Schonland, S.; Raymakers, R.;
Zijlmans, J.M.; Kersten, M.J.; Bos, G.M.; Lokhorst, H.M. Extramedullary relapses after allogeneic
non-myeloablative stem cell transplantation in multiple myeloma patients do not negatively affect treatment
outcome. Bone Marrow Transplant 2008, 41, 779–784. [CrossRef]

http://dx.doi.org/10.1182/blood-2017-03-774422
http://dx.doi.org/10.1016/j.celrep.2017.03.025
http://dx.doi.org/10.1038/ncomms15086
http://dx.doi.org/10.1038/leu.2016.366
http://dx.doi.org/10.1080/10428194.2016.1258699
http://dx.doi.org/10.1016/j.ctrv.2017.03.010
http://dx.doi.org/10.1016/j.bbmt.2016.08.024
http://dx.doi.org/10.1007/s00277-012-1414-5
http://dx.doi.org/10.1111/bjh.13383
http://dx.doi.org/10.3324/haematol.2012.065698
http://dx.doi.org/10.1038/bcj.2015.48
http://dx.doi.org/10.1038/sj.leu.2404085
http://dx.doi.org/10.1038/sj.bmt.1705982


Int. J. Mol. Sci. 2019, 20, 1248 14 of 14

70. Zeiser, R.; Deschler, B.; Bertz, H.; Finke, J.; Engelhardt, M. Extramedullary vs medullary relapse after
autologous or allogeneic hematopoietic stem cell transplantation (HSCT) in multiple myeloma (MM) and its
correlation to clinical outcome. Bone Marrow Transplant 2004, 34, 1057–1065. [CrossRef]

71. Pick, M.; Vainstein, V.; Goldschmidt, N.; Lavie, D.; Libster, D.; Gural, A.; Grisariu, S.; Avni, B.; Ben Yehuda, D.;
Gatt, M.E.; et al. Daratumumab resistance is frequent in advanced-stage multiple myeloma patients
irrespective of CD38 expression and is related to dismal prognosis. Eur.J. Haematol. 2018, 100, 494–501.
[CrossRef]

72. Lonial, S.; Weiss, B.M.; Usmani, S.Z.; Singhal, S.; Chari, A.; Bahlis, N.J.; Belch, A.; Krishnan, A.; Vescio, R.A.;
Mateos, M.V.; et al. Daratumumab monotherapy in patients with treatment-refractory multiple myeloma
(SIRIUS): An open-label, randomised, phase 2 trial. Lancet 2016, 387, 1551–1560. [CrossRef]

73. Zhao, W.H.; Liu, J.; Wang, B.Y.; Chen, Y.X.; Cao, X.M.; Yang, Y.; Zhang, Y.L.; Wang, F.X.; Zhang, P.Y.; Lei, B.;
et al. A phase 1, open-label study of LCAR-B38M, a chimeric antigen receptor T cell therapy directed against
B cell maturation antigen, in patients with relapsed or refractory multiple myeloma. J. Hematol. Oncol. 2018,
11, 141. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.bmt.1704713
http://dx.doi.org/10.1111/ejh.13046
http://dx.doi.org/10.1016/S0140-6736(15)01120-4
http://dx.doi.org/10.1186/s13045-018-0681-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Inter-Patient Versus Intra-Tumor Heterogeneity 
	Inter-Patient Tumor Heterogeneity 
	Intra-Tumor Heterogeneity 

	Impact of Heterogeneity on Treatment Strategies 
	Targeted Therapy 
	Treatment Decisions Based on Disease Risk Status 
	Treatment Decisions Based on the Response and the Level of Minimal Residual Disease 

	Overcoming Tumor Heterogeneity 
	Functional Imaging to Decode Intra-Tumor Heterogeneity in MM 
	Immunotherapy to Target All Tumor Subclones 

	Conclusions 
	References

