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Abstract

Multiple myeloma (MM) is an incurable tumour of the plasma cells (PC), the
terminally differentiated immunoglobulin secreting B lineage cells. The genetic
make up of MM has been extensively characterised but its impact on the biology
of the disease is incomplete without more precise knowledge of the identity and
functional role of cells with multiple myeloma propagating activity (MMPA). We
review here recent data that link MMPA with myeloma clonotypic populations
organised in a cellular hierarchy that mirrors normal B cell development and also
with drug resistance and disease relapse. We further propose a conceptual
framework which, with optimal employment of recent technological advances in
genomics and phenomics, could allow dissection of the cellular and molecular
properties of cells with MMPA, drug resistance and in vivo relapse in an integrated
and patient-specific manner. There is real hope that these approaches will
significantly contribute to further improvements in disease control, overall
survival and possibly cure of patients with MM.

Introduction

Multiple myeloma (MM) is a malignancy of the plasma cells (PC), the immunoglobulin (Ig)-
secreting terminally differentiated B lineage cells. Despite recent progress, MM remains an
incurable cancer with a median survival of 5-6 yrs[1, 2].

As for the majority of cancers, somatic mutations are required for disease initiation and
progression and development of drug resistance. MM is also recognised to establish an
intimate cross-talk with its microenvironment(s). Myeloma PC receive pro-survival signals
from different cellular populations and in turn, directly or indirectly they incite aberrant
osteoclast activation, osteoblast dysfunction and thus development of myeloma bone disease,
a complication which is unique to MM amongst haematological malignancies (reviewed in [3-
51). Although MM is primarily a bone marrow (BM)-based malignancy, myeloma PC are nearly
always found circulating in peripheral blood (PB) and as the disease progresses, they can
metastasize to extra-medullary sites where they can establish solid tumours called
plasmacytomas.

A still unresolved and partially addressed question that pertains the biology of MM is the
existence, identity and functional role of cells that can propagate myeloma (multiple myeloma
propagating cells-MMPC). As per previous suggestions, we use the term MMPC and MM
propagating activity (MMPA) operationally for those cells that can propagate MM in animal
models[6]. From a clinical perspective, MMPC are expected to identify or at least partially
overlap with cells that are resistant to therapy and consequently are the source of disease
relapse. To address these concepts one will need to take into account the normal cellular
hierarchy and ontogeny that myeloma PC relate to and the presence in malignant PC of
somatically re-arranged Ig genes as unique molecular fingerprints of clonality that greatly
facilitate study of all of the above.

Finally, understanding of MMPA and drug resistance should include not only the prime role of
genetic events in the moulding of the functional profile of MMPC. It should also explore
relevant epigenetic mechanisms, dictated either by genetic events or by the interaction of
myeloma PC with its different microenvironments and as discussed in detail below by the
inherent plasticity of the normal and PC myeloma-associated cellular hierarchy.

Several recent publications, including one in this Journal, expertly reviewed the cellular and
molecular processes that relate to MMPA in vitro and in vivo[7-11]. Here, we review and
attempt to integrate recent exciting studies which perhaps for the first time linked MMPA
directly to clinical drug resistance and relapse. In addition, we propose a blueprint for
adopting future strategies for the high resolution characterisation of cells enriched in MMPA,
drug resistance and ability to drive disease relapse.



The genetic basis of myeloma initiation and progression

In almost all cases, MM is preceded by monoclonal gammopathy of uncertain significance
(MGUS), a pre-malignant condition affecting 1% of individuals over the age of 50, increasing
to 5% by the age of 70[1, 12].

Hyperdiploidy (HY) and chromosomal translocations (250% of all cases) leading to activation
of oncogenes (e.g., CCND1, CCND2, c-MAF and MMSET) are the key myeloma initiating
genetic events also shared by MGUS[13, 14]. Common secondary driver genetic events that
can arise early or late in the natural history of the disease, include activation of proto-
oncogenes (e.g. RAS and MYC), activation of NFkB and MAPK pathways, tumour suppressor
gene inactivation (e.g. TP53 and RB) and copy number variations (deletions and
amplifications)[13, 14].

The compendium of genetic lesions in MM was recently expanded by whole genome and
exome sequencing of nearly 500 primary human myeloma samples[15-20] and is expected to
reach saturation, i.e., identification of all driver mutations with frequency of >1% when
~2000 samples are sequenced[21]. Although only a small number of new recurrent genetic
lesions (e.g., RIS, FMC34C) were added by these studies[15-20], the emerging picture
suggests a dynamic genetic landscape diversified in space and in time by linear or ‘branching’
Darwinian clonal evolution patterns [20, 22-24]. This extensive genetic heterogeneity can be
observed even at diagnosis and is pertinent not only to MM but to several other types of
tumours. Moreover, it suggests that individualized therapy aiming to target specific genetic
lesions will be a rather challenging vision to realize in clinical practice calling for a ‘post-
genomics’ understanding of the biology of MM.

Mature B lineage development and MM

After they emerge from BM, B cells localise to secondary lymphoid organs as naive B cells or
they differentiate into marginal zone B cells. These early mature B cells have completed
rearrangement of their VD] and V] gene segments at the IgH and IgL loci respectively and
express surface IgM/IgD (Figure 1). Once nominal antigen is encountered, naive B cells
enter the germinal centre (GC) and in a T cell-dependent manner undergo somatic
hypermutation required for Ig affinity maturation and class switch recombination (CSR)
required for isotype switch (from IgM to IgG or IgA). Such B cells emerge from the GC to join
the pool of memory B cells which are required for the recall antigen response or they
continue their differentiation into PC[25-28]. This final stage of B cell differentiation proceeds
through generation of plasmablasts which leave the secondary lymphoid organs to migrate
back to BM where terminal differentiation to mature PC takes place (Figure 1).

The process of PC maturation proceeds with extinguishing of the B cell transcriptional
programme instructed by transcription factors (TF) such as PAX5 and by its replacement with
a PC-specific programme activated by the TF IRF4 and BLIMP1[29]. XBP1, a critical
transcriptional target of BLIMP1, is itself a TF responsible for activation of genes required for
the development of the cellular machinery that will anticipate and ensure the efficient
translation, folding and secretion by normal or malignant PC of large quantities of Ig. This so
called unfolded protein response (UPR) ensures increased capacity for endoplasmic reticulum
(ER) protein folding and ER-associated degradation (ERAD) of misfolded and oxidised
proteins by the ubiquitin-proteasome system (UPS)[30]. If UPR is overloaded beyond its
capacity, terminal ER stress ensues resulting in cell death[31].

Mature PC (normal and myeloma) co-express high levels of CD38 and CD138 while
plasmablasts are CD138-CD38+[32]. However, somewhat paradoxically, while 50-80% of
normal PC retain expression of CD19[33], a PAX5-dependent gene, >95% of MM cases are
CD19-ve[32].

Defining MM propagating cells. Guided by the above outlined differentiation pathway and
taking advantage of the unique molecular marker of clonality afforded by the IgH



complementarity determining region (CDR3) fingerprint, investigators searched for putative
populations with MMPA as early as in 1970's[34, 35], i.e., well before the current debate
about cancer stem cells was resurrected by Dick and colleagues (reviewed in[36]). The
weight of evidence, despite earlier reports that MMPA is found in CD34+CD19+ i.e.,
progenitor cells[37, 38], strongly suggests that MM arises from a cell of post-GC origin and
consequently MMPC would be expected to be found in the same pool. Indeed molecular
analysis of IgH CSR in the bulk myeloma PC has consistently shown single recombination
events and identical clonotypic IgH CDR3 regions shared by mature B cells, plasmablasts and
of course the myeloma PC themselves.

Cellular clonotypic hierarchy in MM and myeloma propagating activity

In early work the frequency of clonotypic B cells in myeloma was reported as high as 66%
[39]. However, more recent and robust approaches that combine flow-sorting with genomic
DNA quantitative PCR highly specific for the clonotypic IgH CDR3 region show that although
clonotypic CD19+ cells are easily detected amongst plasmablasts and memory (but not naive
or progenitor) B cells, their frequency is considerably lower (<5%)[40-43]

The question arose whether these clonotypic B cells (memory or plasmablasts) could initiate
or propagate myeloma or this was an exclusive property of the myeloma PC which represent
the main bulk of the tumour. Closely linked and perhaps of greater importance from a clinical
perspective is the question whether these populations are the source of or contribute to drug
resistance and disease relapse following initially successful therapy. Cells with the ability to
propagate myeloma, as well as displaying MMPA in animal models, at the very minimum, they
would be expected to be clonotypic and also harbour myeloma initiating genetic events and
some of the secondary driver genetic events.

Before we address these issues in the next section, we will briefly touch upon the biological
features of a recently characterised member of the myeloma-related cellular hierarchy,
namely the CD138- clonotypic cells we termed pre-PC[43].

While the bulk of the tumour cells in MM express CD138 (an indispensible marker for MM
diagnosis), careful high resolution phenotypic analysis reveals the presence of a small fraction
(<3%) that is CD138low/- but retains expression of other MM-defining phenotypic features
e.g., expression of CD56 and lack of expression of CD19. This CD138- population was
previously thought to represent apoptotic PC that had shed their surface CD138[44-46].
Careful re-examination in fresh samples showed that CD138- cells are actually live cells, lack
markers of apoptosis and have distinct phenotypic, cellular and molecular features.
Specifically, they can be induced to differentiate into mature CD138+ PC in vitro in the
presence of MM-promoting growth factors, size-wise and morphologically they resemble more
small lymphocytes rather than mature myeloma PC and are mainly resting rather in cell cycle;
lastly, they are entirely clonotypic and share the same myeloma-initiating and secondary
oncogenic driver genetic events with myeloma PC, at least as defined by FISH analysis[43].

Of note, a population sharing the immuophenotypic features of pre-PC has also been
identified in peripheral blood (PB) of normal donors[43, 47] suggesting that the myeloma
clonotypic cellular architecture emulates that of normal late B cell development.

Evidence of MMPA in xenograft models. The MMPA of clonotypic B cells, myeloma PC and
more recently of pre-PC has been extensively tested in vivo in xenograft models of
immunodeficient mice, in some cases grafted with human fetal or rabbit bones[48-51] [52]
(Table 1). It should be noted here that because myeloma is by and large a slow proliferative
tumour (no more than <4% of PC are in cycle at any time[53]), use of the highly proliferative
myeloma cell lines for assessment of MMPA is not appropriate and thus relevant work is not
discussed here.

Despite controversy regarding the in vivo potential of memory B cells to propagate
myeloma[54-57], the weight of earlier and more recent evidence strongly supports the notion



that clonotypic B cells are devoid of MMPA in animal models[43, 48, 50, 51]. However, all
xenograft models have their shortcomings and in particular they have limited ability to
support survival of mature human B cells. Perhaps new generations of humanised models
such as the HLA-DR4.RagKO.IL2RycKO.NOD (DRAG) mice[58] which allow expansion of
mature B and T cells would provide a more appropriate context to definitively address the
MMPA of clonotypic B cells. By contrast, the evidence showing that the bulk of CD138+
myeloma PC can propagate myeloma in vivo is strong and can be regarded definitive [43, 48,
50, 51, 59]. Secondary and tertiary engraftment experiments also allude to self-renewing
ability of cells with MMPA present in the myeloma PC [43, 50, 51]. However, exact
quantitative analysis by limiting dilution of the MMPC in MM has not been performed, largely
because of the generally low rates and levels of engraftment of primary myeloma PC.

Detailed ex vivo analysis of the myeloma BM clonotypic hierarchy that included the pre-PC
prompted application of mathematical modeling which sought to fit the observed frequencies
of clonotypic, myeloma-related populations[43]. This theoretical approach suggested a
bidirectional transition between pre-PC and PC that did not involve the clonotypic B cell
fraction. The predictions of the model were confirmed in xenograft assays in which both
highly purified PC and Pre-PC myeloma populations engrafted in immunosuppressed mice and
importantly both recreated the pre-PC-PC hierarchy seen in the patient BM. Such transitions
are highly suggestive of epigenetic plasticity, a notion further supported by the identification
in pre-PC of a transcriptional signature enriched in chromatin binding proteins and modifiers
including members of the Polycomb complex. Deciphering the exact underpinning epigenetic
mechanisms may provide opportunities to therapeutically target the pre-PC-PC transition
using the increasingly enriched armamentarium of epigenetic therapies such as Polycomb and
BET protein inhibitors[60, 61]. In support of the MMPA activity of pre-PC, Hosen and
colleagues had already shown the ability of CD138- as well as of CD138+ PC to engraft
myeloma in a rab-SCID model[50].

Clonotypic hierarchy and the origins of the primary and driver genetic events in
myeloma

For a clonotypic population to be ascribed with MMPA it would be expected to harbour driver
genetic events as well as the specific myeloma initiating event(s) that are present in the
myeloma PC. Primary genetic events such as t(11;14) are easily identified by FISH in pre-PC
and CD19+ plasmablasts. Aberrant oncogenic transcripts of MMSET and CCND1 as well as
IGH-MMSET hybrid transcripts have also been reported in CD19+ memory B cells using cell
limiting dilution analysis and translocation-specific RT-PCR[62].

Structural analysis of myeloma-associated translocations has shown that in some cases of
t(11;14), breakpoints may be found within the D-J gene regions consistent with the
translocation arising in progenitor cells (i.e., when D-J recombination takes place during
normal B cell development) rather than post-GC B cells[63]. This finding, if experimentally
proven, would suggest that B cells carrying oncogenic translocations retain their ability to
undergo GC selection. However, even in such a scenario, it is clear from the genetic analysis
of the IgH CDR3 region and CSR events, myelomatous transformation is a germinal/post-
germinal centre event and MMPA can only be ascribed to clonotypic post-GC cells. These
would be expected to carry at least some of the driver mutational events that are present in
the myeloma PC themselves. Whether this is the case has not been systematically addressed.
The study mentioned above which clearly demonstrated myeloma-associated primary
oncogene expression in memory B cells, failed to show presence of oncogenic K-RAS in highly
purified memory B cells of 7 patients in whom mutated K-RAS had been identified as a driver
genetic event in the myeloma PC[62].

Correlation of MMPA with drug resistance in vivo and with myeloma relapse
Ultimately, the biological properties of myeloma clonotypic hierarchy and MMPC will have to
be viewed from a clinical perspective, hamely whether they are relevant to drug resistance
and disease relapse. Although drug resistant cells would be expected to overlap with MMPC,
this shouldn’t necessarily be always the case.



Current therapeutic approaches in myeloma can induce deep remissions, even complete
molecular responses in up to 30% of patients. Yet, nearly all patients eventually experience
relapse. Genetic analysis of relapse myeloma samples reveals driver genetic events that often
pre-existed and were selected by treatment[19, 20, 23, 24]. It would be logical therefore to
assume that the pool of myeloma clonotypic cells persisting after therapy, no matter how
small, is highly enriched in both drug resistant cells and cells with MMPA and these will be the
origin of disease relapse. Recent work has shed some light in the relationship between MM
propagating and drug-resistant clonotypic cells.

Chaidos and colleagues studied prospectively 8 patients before treatment and at remission.
Independent of treatment type and genetic profile, they found the expected precipitous
decrease of the myeloma BM PC at remission[43]. However, this decrease was considerably
less pronounced in the pre-PC and clonotypic B cell compartments, thus identifying these
populations as relative more drug resistant than myeloma PC. The relative quiescent status of
pre-PC might account for their drug resistance while their ability to differentiate to myeloma
PC in vivo strongly suggests that these cells are likely to be an additional source of relapse in
vivo. Pertinently, in animal models, pre-PC appear to be the dominant population identified in
extramedullary sites such as the spleen and liver[43] raising the prospect that drug-resistant
cells are favoured by particular types of microenvironment.

Further advances were described in an interesting study in which Leung-Hagesteijn et al
found that in some patients, resistance to the proteasome inhibitor (PI) Bortezomib is linked
to cells with the pre-PC or plasmablast phenotype sharing the same primary genetic events
with the myeloma PC[64]. Mechanistically, bortezomib resistance was due to a lower activity
of the IRE-XBP1s axis in pre-PC/plasmablasts reflecting a lower ER stress burden than in
mature myeloma PC and thus lower vulnerability to ER stress-induced cell death triggered by
bortezomib-mediated UPS inhibition. Strikingly, analysis of BM from some patients in
remission following PI treatment or progression while on PI treatment showed selective
presence of the myeloma-related pre-PC and plasmablast populations supporting the notion
that these populations, like conventional myeloma PC are harbingers of drug resistance and
relapse[64].

Highlighting a further level of complexity, a more recent study demonstrated in 30% of MM
patients further phenotypic and genetic heterogeneity within the CD138+ myeloma PC linked
to differential chemoresistance and in vitro clonogenic capacity[65].

Integrating cellular and genetic approaches to identify and characterise MMPC
and drug resistance in MM

Complete remissions in myeloma are associated with improved progression free survival and
eventually are likely to lead to improved overall survival[66, 67]. While new drugs and their
combinations increasingly achieve this, the focus should shift on maintaining remissions by
targeting residual disease which as outlined above is likely to be enriched in drug resistant
cells and cells with MMPA driving relapse. While current therapeutic strategies increasingly
incorporate long-term maintenance following remission with drugs such as bortezomib and
lenalidomide[68, 69], this is not informed by the biological profile of residual myeloma-related
cell populations. Therefore, we propose that detailed, multi-dimensional characterisation of
residual myeloma cells should provide insights into the biology of drug resistance and MMPA
would allow use of patient-specific therapeutic approaches. This approach is increasingly
feasible with the advent of the new high throughput technologies in the fields of genomics
and phenomics[70] which allow high resolution interrogation of the genetic make up,
epigenome, transcriptome and immunophenotype of cancers cells at the population and
single cell level. However, this will not be sufficient; it will require to be complemented by
data integration and interpretation by means of systems biology and modelling to identify
genes and gene regulatory networks that underpin the functional basis of drug resistance and
MMPA within the myeloma clonotypic architecture in individual patients and with reference to
the non-malignant cellular counterparts. This could inform novel clinical approaches and



guide further experimental work which will include the use of improved xenograft assays in
increasingly humanised models.

Another important parameter in this approach would be the ability to interrogate more than
one clinical sample in a temporal and spatial manner. Tumour diversification proceeds in 3
dimensions[71, 72] i.e., in time, (diagnosis vs remission/relapse); space (bone marrow vs
distant disease) and within the cell architectural space of the tumour itself. Capturing and
documenting genetic and functional heterogeneity in myeloma, especially at the stage of
post-treatment remission will require sampling of BM from more than one anatomical site and
also study of circulating myeloma PC and other clonotypic subsets (these can be readily
identified even when the BM appears to be in complete molecular remission[43]).
Additionally, facilitated by recent advances in clinical imaging technologies[73],
extramedullary disease is becoming increasingly more accessible and safer to sample. If such
bold and invasive approaches that exceed current clinical practices were to be adopted they
would require not just a clear scientific vision and specific objectives but also a robust
partnership between investigators and patients themselves.

Concluding remarks

While MMPA and the closed linked issues of drug resistance and disease relapse are features
of myeloma PC, highly analytical approaches have demonstrated the potential of upstream
clonotypic populations to contribute to MMPA and drug resistance. These populations
comprise a phenotypic and functional hierarchy which mirrors that of the late B cell
development and entail important implications for how minimal residual disease (MRD) is
assessed in MM[74, 75] and how certain therapeutic approaches might promote their
persistence. For example flow-cytometric analysis of MRD status post-treatment may
underestimate disease burden if pre-PC cells are not assessed and a therapeutic mAb against
CD138 would be predicted to select for the potentially drug-resistant CD138- pre-PC
population. By contrast, targeting of the surface molecules CD319 (SLAM7) and CD38 which
are stably expressed across the whole myeloma clonotypic hierarchy[43] would be expected
to have a significant impact on depth and length of remission after treatment with suitably
active mAb that are currently in clinical development[76, 77]. More importantly, the objective
of improving further overall survival of patients with MM through a rational use of current and
novel therapeutic agents, calls for a detailed, integrated and multidimensional approach in
the analysis of the immunophenotypic, genetic, epigenetic and transcriptome profiles of
MMPC.
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Table 1. Phenoytpes of bone marrow cells with in vivo myeloma propagating
activity

Immunophenotype MMPA Mouse Ref
(bone marrow) Model
CD38"CD45~ PC Yes SCID-hu 48, 49
CD34+CD45l0CD19- Yes NOD/SCID 37
CD138+ PC Yes SCID-rab 52
CD20*CD27*CD34°CD138~ Yes NOD/SCID 54, 56
CD20*CD27*CD34°CD138* No
CD19-CD45°"~CD38""CD138* Yes RAG2-/gc- 51
CD19+ No or NSG-hu
CD19°CD38*CD138" Yes SCID-rab 10
CD19-CD38*CD138 Yes
CD19*CD34 No
Lin'CD19°CD4°°""CD38"9"CD138" Yes NSG 43
LinCD19°CD45°/-CD38"I"CD138"* Yes
CD19*CD34 No
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Figure legend

Figure 1. Integrated view of myeloma clonotypic hierarchy in relation to MM
propagating activity and drug resistance. The myeloma clonotypic cellular constituents
arise from post-germinal centre mature B cells, having experienced somatic hypermutation
(SMH) and class-switch recombination (CSR). Primary genetic events, namely IGH gene
rearrangements and/or hyperdiploidy, are thought to occur during SMH and CSR, when cells
are more permissive to genetic damage. Genetic analysis suggests that this could also occur
at earlier developmental stages-however, it remains to be addressed directly. Secondary
driver genetic events, involving Myc, RAS, p53, NFkB pathway genes and copy-number
variations become evident at later stages of the disease but whether they can arise upstream
of the pre-PC level would require further investigation. CD138+ plasma cells (PC) comprise
the bulk of myeloma clone, possess myeloma propagating activity (MMPA) and exist in an
equilibrium of bi-directional transition, likely directed by epigenetic mechanisms, with the
rarer, immunophenotypically and morphologically distinct CD19-CD138- Pre-PC. Although Pre-
PC demonstrate MMPA as well, they are more quiescent and relatively more drug resistant
compared to PC. CD19+CD38-/CD38+ cells (i.e., memory B cells and plasmablasts) are at the
apex of the myeloma clonotypic hierarchy. Along with Pre-PC, they show lower IRE-XPB1s
activity than PC, they are less vulnerable to ER stress and proteasome inhibition (PI), which
may result in failure to eradicate the disease and thus lead to relapse.
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