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Abstract
Aberrant mutations of centrocytes in germinal centers (GC) can generate two completely different
diseases: B-cell lymphomas and monoclonal gammopathy of undetermined significance (MGUS).
In this article we use computational models to examine the evolutionary dynamics by which initial
adaptation to survival in the GC allows naïve MGUS cells to proliferate in the bone marrow and
initiate the evolutionary process that will lead to aggressive multiple myeloma (MM).

Our simulations show that MGUS cells may generate bone marrow tumors ranging from indolent
to aggressive, depending on the original adaptation in the GC. All these tumors, however, are
limited to approximately 15% of the marrow cellularity due to hypoxia-induced quiescence (this
correlates with the cellularity that separates MGUS and MM, ~10%). Resistance to hypoxia-
induced quiescence and cell death was one of the two major bone marrow adaptations that allowed
continued tumor growth and establishment of paracrine cytokine loops, known to increase MM
cell replication and de novo multidrug resistance. The second major adaptation was an increase in
IL-6-independent growth rate, which correlates with the mutations observed in advanced stage
patients. Even though there was an increase in the microvessel density in all simulations, the
“angiogenic switch” was not due to a MM angiogenic phenotype, but rather the response of MM
cells to the regional hypoxia caused by the increased tumor burden.

These results indicate that treatments targeting the adaptation to survival and proliferation in
hypoxia, in conjunction with currently available therapies, may have synergistic effects, by
delaying tumor growth and reducing cytokine paracrine loops mediated by angiogenic factors.
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INTRODUCTION
Multiple myeloma (MM) and B-cell lymphomas are two forms of cancer that emerge from
the same hematopoietic cell lineage, B cells, which have undergone the process of somatic
hyper mutation in germinal centers (GC). While MM cells grow in the bone marrow (BM),
lymphoma cells grow mainly in lymph nodes, and in later stages in both diseases, the cancer
cells can become intravascular and metastasize to other organs.

In this article we examine the evolutionary dynamics that promote adaptation to escape
programmed cell death in the GC and subsequent adaptations of BM plasma cells that
culminate with the development of MM.

MM is caused by malignant plasma cells that proliferate uncontrollably in the BM. Healthy
plasma cells respond to inflammatory cytokines by secreting antibodies (immunoglobulin,
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Ig) to help the immune response 1-3. MM cells respond to inflammatory cytokines, such as
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SUPPORTING INFORMATION:
Appendix A: Algorithm of Germinal Center Model

1. For this article, the following parameters were used:

1.1 Number of days needed for a centrocyte to cross the light region of the germinal center, also the number of
“compartments” of the light region of the germinal center: nD=5;

1.2 Number of cells that can leave the germinal center per day: nOUT=200;

1.3 Number of cells produced in the dark region of the germinal center and enter the light region per day:
nIN=2,000;

1.4 Maximum number of cells in each compartment of the light region of the germinal center: nMAX=2,000;

1.5 Probability of survival of a centrocyte crossing the light zone of the germinal center: pSURV=1%;

1.6 Initial number of centrocytes with aberrant translocation which enter the light zone of the germinal center:
nMUT=10;

1.7 Duration of a simulation step: 1 day;

1.8 Number of simulations steps: 10 days;

1.9 Doubling time of aberrant centrocytes: 2 days ≤ Dt ≤ 30 days;

2. For each simulation step, perform the tasks below:

2.1 For each compartment in the GC light zone, do:

2.1.1 If this is the last compartment, do:

2.1.1.1 Number of cells to leave the germinal center = Min(nOUT,
number of cells in the last compartment of the germinal
center);

2.1.1.2 Subtract from the last compartment the number of cells that
leave the germinal center and update the number of cells
produced by the GC;

2.1.2 Else (this is not the last compartment) do:

2.1.2.1 Number of cells to move to the next compartment =
Min(number of cells in this compartment, nMAX-number of
cells in the next compartment);

2.1.2.2 Transfer the number of cells from the current compartment to
the next;

2.1.3 If this is the first compartment, do:

2.1.3.1 Number of new cells to enter this compartment = Min(nIN,
nMAX-number of cells in this compartment);

2.1.3.2 Transfer the number of new cells to this compartment;

2.1.4 For each cell in the compartment do:

2.1.4.1 Test if cell dies:

2.1.4.1.1

;

2.1.4.1.2 If cell dies, remove it from
the compartment;

2.1.4.2 Test if cell replicates:

2.1.4.2.1

;

2.1.4.2.2 If replication test is
successful, test if there is
available space for a new
cell in the current
compartment or in the two
adjacent ones;

2.1.4.2.3 If there is available space,
create a copy of the
original cell in the
corresponding
compartment, if not, the
cell does not replicate;

Appendix B: Algorithm of Bone Marrow Model

1. For this article, the following parameters were used in the model:

1.1 Maximum number of cells in the BM niche simulated: nMAX=40,000;

1.2 Number of stromal cells in the BM niche simulated: nFib=500;

1.3 Number of hematopoietic cells and adipocytes: nHSC + nAdip=4,500;

1.4 Initial number of MM cells: varies with the number of MM cells produced in the germinal center in each
scenario, 275≤ nMM ≤582;

1.5 Initial oxygen partial pressure (p0O2): 5%;

1.6 Initial parameters for MM population:

1.6.1 Minimum doubling time: cDt=2 days;

1.6.2 Maximum VEGF production rate: aVEGF=0.1;

1.6.3 Hypoxia threshold for VEGF production: bVEGF=2% pO2;

1.6.4 Oxygen concentration that induces 50% of probability of quiescence: bO2=2%;

1.6.5 Oxygen concentration that induces 6.25% of probability of cell death: aO2=1%;

1.7 Parameters for stroma population:

1.7.1 Maximum production rate of IL6: aIL6=1;

1.7.2 Slope between IL6 production and VEGF concentration: bIL6=9;

1.7.3 Minimum VEGF threshold for induction of IL6 production: cIL6=0.001;

1.8 Duration of a simulation step: 1 day;

1.9 Number of steps simulated: 1,000 (~2 years and 9 months);

1.10 Mutation rate in simulations where mutation was allowed: μ=0.1;

1.11 Maximum microvessel density: MVDMAX=2x initial microvessel density;

1.12 Doubling time of microvessel density at VEGF concentration of 1: dMVD_Dt=5 days;

2. Create two data structures, one for MM cells, the other for stromal cells;

3. Populate the data structure of MM cells with the number of cells with aberrant translocations produced in the GC, with the
corresponding vales for the parameters aDt and bDt;

4. For each simulation step do:

4.1 Compute oxygen partial pressure (pO2) in the niche, which is a function of the microvessel density (MVD),
the oxygen pressure at the nearest blood vessel (p0O2), and the number of cells consuming oxygen in this
niche.

4.1.1

4.2 For each MM cell in the niche, compute the VEGF production as a function of pO2 and the parameters
aVEGF and bVEGF;

4.3 Compute total concentration of VEGF by summing the production from each MM cell and dividing by the
total number of cells in the niche;

4.4 For each stromal cell in the niche, compute the IL6 production as a function of extracellular VEGF
concentration and the parameters aIL6, bIL6 and cIL6;

4.5 Compute the total IL6 concentration by summing the production from each stromal cell and dividing by the
total number of cells in the niche;

4.6 For each MM cell in the niche, compute its fate:

4.6.1 Test if cell dies, in this model, cell death is caused by hypoxia:

4.6.1.1

Probability of cell death: 

4.6.1.2 If cell is dead, remove it from the data structure;

4.6.2 Test if cell is quiescent, which is also induced by hypoxia:

4.6.2.1 Probability of cell becoming quiescent:

4.6.3 If cell is not quiescent, test if it may replicate:

4.6.3.1 The probability of duplication is a function of the
extracellular IL6 concentration and the two parameters, aDt
and bDt;

4.6.3.2 Computer the cell doubling time based on aDt, bDt and [IL6];

4.6.3.3
Probability of replication: 

4.6.4 If the cell succeeded in the replication test, verify if there is enough space for the daughter
cell.

4.6.4.1 Probability of available space for replication:

4.6.5 If there is available space create a copy of the original cell and place it in the MM data
structure;

4.6.6 If the mutation rate is not zero, test if mutation occurs:

4.6.6.1 Probability of mutation: pMut=μ;

4.6.6.2 If mutation occurred, update the phenotypes of the daughter
cell. For each parameter, do:

4.6.6.2.1 New value=Old value ×
(1+randGauss() ×μ),
where randGauss() is a
function that generates
random numbers following
a Gaussian distribution
with average 0 and
standard deviation 1;

4.6.7 Update the microvessel density:

4.6.7.1

This information is available free of charge via the Internet at http://pubs.acs.org/.
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IL-6, by proliferating faster without significantly increasing their level of secretion of
antibodies 1. Nevertheless, one of the greatest morbidities from this disease is renal failure
caused by the excess of antibody proteins secreted to the bloodstream by the staggering
tumor burden, which may reach up to 90% of the marrow cellularity 4.

In some patients, MM is detected at the MGUS (monoclonal gammopathy of undetermined
significance) stage, when the malignant plasma cells (<10% of the marrow) rarely replicate
(~0.2%-0.5% labeling index, L.I.). Unfortunately, even these patients progresses to an
aggressive disease at a rate of 1% per year 5, 6. MM is known for its broad genetic
heterogeneity, with many genetic events (deletions, translocations, and aneuploidy) present
in small fractions of the patient population, which makes it difficult to design drugs specific
for this disease, and at the same time comprehensive for all observed genotypes 6.

We propose that although these diverse genetic events are important for the progression of
MGUS to aggressive MM, they generate a smaller subset of phenotypes, which are the
required adaptations for these malignant cells to survive the selection forces in the germinal
center (GC) and BM. We propose that in order to understand the mechanisms behind the
genetic events observed in MM, it is necessary to identify the environmental barriers to
survival and proliferation imposed by these two organs and the phenotypic adaptations
required to overcome these barriers.

The germinal centers (GC) of peripheral lymphoid organs are the main source of memory B
cells and plasma cells that produce high-affinity antibodies, which are necessary to protect
against invading microorganisms 7. The precursors of healthy plasma cells (centrocytes)
mature and survive in the GC before they return to the BM. In the GC they must escape an
antibody-affinity selection process, which induces apoptosis in cells that are auto-reactive or
produce non-functional antibodies 7-10 (figure 1).

Healthy centrocytes producing functional antibodies are rescued from death in the GC by
adhesion to follicular dendritic cells (FDC) 11. Centrocytes produce antibodies when
stimulated by cytokines, such as IL6 and IL10 12, 13.

B-cell lymphomas are tumors in which malignant centroblasts or centrocytes proliferate
uncontrollably in the lymphoid organs due to aberrant genetic events during the somatic
hypermutation process or class-switch recombination in the GC. In many cases this is
caused by a chromosomal translocation that binds an immunoglobulin enhancer to an
oncogene (IgH + Bcl2 = Follicular lymphoma, IgH + Myc = Burkitt lymphoma, IgH +
PAX5 = lymphoplasmacytoid lymphoma, etc.) 7.

Such translocations are also observed in 40-50% of MGUS/MM patients6, however, MM
cells only demonstrate their malignant phenotype when they return to the bone marrow and
undergo a series of further genetic events that render them more aggressive.

In this work we propose that the primary chromosomal translocation normally found in
MGUS and smoldering MM 14-17, serves not only to rescue MM cells from GC selection,
but also confers a minimum proliferative potential in the BM required for them to adapt to
and shape the microenvironment in their favor (figure 3).

These primary translocations have in common the promoters/enhancers of two antibody
producing genes that respond to inflammatory cytokines, which are present both at the
germinal center and in the bone marrow 1. MM cells with these translocations will respond
to inflammatory cytokines by over-expressing the translocated oncogene, instead of
increasing their antibody production. The presence of these translocations in half of the
MGUS/MM patients is a strong indicator that they contribute to the survival of these
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malignant cells and happen at an early stage of the malignancy, although not the only one.
The monoclonal nature of MGUS/MM also indicates that the event that triggered
malignancy in these cells must have happened during or after the somatic hypermutation
process. When healthy terminally differentiated B cells return to the bone marrow, they may
survive from months to years without proliferating6, what makes the rapid proliferating,
genetically unstable period in the germinal center a more suggestive moment for occurrence
of this initiation event than in the bone marrow.

In this work we use multiple compartment models to represent the GC and the BM. The first
consists of an environment where immature centrocytes suffer somatic hyper mutation with
a small probability of suffering a translocation, mutation or any form of aneuploidy that
increases their proliferative potential in response to inflammatory cytokines. The BM model
consists of MM cells, stromal cells, and endothelium, and was used to study whether the
initial adaptation to the GC would allow MM cells any advantage in proliferating in the BM
as well.

A recent theoretical evolutionary model 18 described how epithelial surfaces, more
specifically colon crypts, are composed of at least two different microenvironments, each
requiring a different phenotype for maximum fitness. Stem cells, maintained in a niche at
the bottom of the crypt, are exposed to growth factors secreted from myoepithelial cells,
while more differentiated daughter cells on the rest of the crypt are exposed to a different
microenvironment, with growth factors produced by mesenchymal cells. For a cancer to
develop in such a structure, at least two adaptations are required, one for each of these
microenvironments: cancer cells born and adapted only to the stem cells niche would remain
trapped there while those that become malignant and adapted to the upper sections of the
lumen would eventually be pushed out of the crypt.

The model described in our current work proposes that the selection that occurs in the GC,
before the plasma cells move back to the marrow, is responsible for creating a pre-malignant
cell that abandons its original function of antibody secretion in favor of proliferation in
response to inflammatory signals. These pre-malignant cells will then be selected by the
bone marrow microenvironment to establish paracrine loops with the stromal cells in
different niches, increasing proliferation. The side effects of this process are the symptoms
of multiple myeloma (bone lesions, reduced hematopoiesis, renal failure and deficient
immune system) and the environmentally-mediated resistance to therapy.

So, similar to the colon crypt model, cancer must adapt to two different microenvironments,
however, unlike the colon crypt model, the adaptation to survival on the first
microenvironment (GC) would confer a head start for proliferation in the secondary
microenvironment, the bone marrow.

MATERIALS AND METHODS
In this work we built two computational models, one for the germinal center and the other
for the bone marrow. The germinal center model consists of five compartments,
corresponding to the volume of the light zone and the exit of the GC. A maximum number
of centrocytes is allowed in this space, and they migrate from the first compartment to the
exit at a speed of one compartment a day.

In the GC, centrocytes are rescued from apoptosis by affinity of their antibodies to antigens
presented by follicular dendritic cells (FDC), in this model the rate of apoptosis in the light
zone of the GC was estimated at 99% 19.
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The details of the algorithm implementation are in the Appendix A, and a schematic
description of the model is depicted in figure 1. In this model centrocytes are continuously
produced in the dark region and selected in the light region of the GC. At a certain moment,
a number of centrocytes with an aberrant translocation enter the light region. These aberrant
centrocytes are resistant to apoptosis and replicate in response to inflammatory cytokines as
described in figures 2 and figure 5.

The BM model (figure 2) consists of MM cells, endothelial cells and bone marrow stromal
cells (BMSC). MM cells originating from germinal centers increase their replication rate in
response to the inflammatory cytokine IL-6. Inflammatory cytokines are secreted by stromal
cells in response to VEGF and other angiogenic cytokines 20. MM cells secrete angiogenic
cytokines in hypoxia, which results from the growth of the MM population 21.

In this model MM cells become quiescent in hypoxia and die when this condition reaches
more severe levels. The model used here is a simplified version of the one published by
Alarcon et al. 22.

Each cell in the BM model is an independent agent, with its own values for the phenotypic
parameters described in figure 2. In the simulations where no mutations are allowed (figures
6 and 7) all MM cells from a same simulation share the same phenotypic values. However,
when mutations are allowed (figures 8 and 9) every MM cells mutates independently, so that
the final MM population is phenotypically heterogeneous.

In this BM model, as is often observed in patients at advanced stages of the disease, a
vicious cycle of tumor growth ⇒ hypoxia ⇒ angiogenic cytokines ⇒ inflammatory
cytokines ⇒ further tumor growth, may lead to a paracrine loop that accelerates the MM
burden growth, and eventually lead to evolution of more aggressive MM cells (figure 3).
This vicious cycle, however, only occurs under specific conditions, as will be further
described in this article.

RESULTS
Germinal Center model

Our simulations show that the development of B-cell lymphoma in Germinal Centers
requires a minimum replication rate of centrocytes in the light zone in response to
inflammatory cytokines, so that a critical mass of cancer cells will be produced and
accumulate in the GC. The aberrant translocations that do not meet this requirement can still
lead to multiple myeloma when these cells return to the bone marrow. Two parameters
determine the transition between MM and lymphoma: the doubling time of cells in absence
of inflammatory cytokines, and the cytokine levels that saturate the doubling rate of these
cells (figure 4).

According to the parameters used in our model, the translocations that lead to a doubling
time DtLymph of 3.62 days or less, at the GC cytokine concentration levels, will lead to B-
cell lymphoma. This doubling time leads to an accumulation of malignant centrocytes at the
exit of the GC, eventually leading to an expansion back to the light/dark zone frontier.

The geometric place of this transition is better depicted in figure 5, with the different forms
of B-cell lymphoma developing when the IL-6 response curve crosses the vertical axis at the
GC IL-6 concentration below the threshold value DtLymph.

The translocations that do not lead to B-cell lymphoma, but still produce malignant cells,
have an upper and lower limit, which will produce aggressive or indolent forms of multiple
myeloma. Those cells with high sensitivity and high dependence on IL6 will produce
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MGUS or indolent forms of myeloma (gray dashed line in figure 5). Cells with low
dependence but also low sensitivity to IL6 will produce more aggressive forms of MGUS
(dashed-dotted black line in figure 5).

Bone Marrow model
To understand how MM cells originated by the primary translocation in the GC will behave
in the bone marrow, we simulated the growth of different subpopulations in the BM model
described earlier in this article. The populations chosen for our simulations were those
formed by the clockwise rotation of the black dash-dotted line and counterclockwise of the
gray dashed line from figure 5. Both groups have phenotypes with a gradual transition from
benign to malignant in the germinal center but, as will be further explained, this gradual
transition is not equally reflected in the bone marrow.

When these cells are transported to the bone marrow model, the simulations with IL-6-
insensitive MM cells (clockwise rotation of the black dash-dotted line) show that the
doubling time in absence of cytokines is the main factor determining if the disease will be an
indolent or aggressive form of MM. Figure 6 depicts how MM cells with high doubling time
(32 days, aDt=30) produce slow growing tumors, while those with shorter doubling time (11
days, aDt=9) produce fast growing tumors. Even these, however, eventually plateau at ~15%
of the total marrow population.

These simulations show that even though these tumors grow quicker than indolent forms of
the disease, they cannot grow beyond a threshold, which is caused by quiescence-induced
hypoxia.

Simulations with IL-6-dependent MM cells (counter-clockwise rotation of the gray dashed
line) do not show any significant difference between IL-6-responsive or irresponsive cells,
with all populations producing indolent forms of the disease (figure 7). This observation
reflects the need of these cells to receive proliferation signals from the extracellular
environment, and that the levels of inflammatory cytokines in the BM at low tumor burden
levels are not sufficient to fuel the growth of these cells. As the results with high mutation
rates will further detail, inflammatory cytokine levels will one contribute to tumor growth
once the tumor burden grows enough to induce hypoxia and secretion of angiogenic
cytokines by MM cells, initiating the vicious cycle depicted in figure 3.

The results from these two sets of simulations show that before patients develop aggressive
MM, either the translocations in the GC must allow cytokine-independent growth, or a
second evolutionary step is required during the progression of the disease in the bone
marrow. Even in the case of cytokine-independent MM cells, a maximum tumor burden is
imposed by hypoxia.

Our next goal was to identify which would be the second adaptive step that would finally
allow this population of MM cells to initiate a cytokine paracrine loop, and reach tumor
burdens of the order of 80-90%. We repeated our simulations with a high mutation rate
(10%) for the following phenotypes: IL-6-independent doubling time (aDt), doubling time
response to IL-6 (bDt), maximum production of angiogenic factors (aVEGF), hypoxia
dependence of secretion of angiogenic factors (bVEGF), hypoxia induced death (aO2) and
quiescence thresholds (bO2). These simulations showed that, given enough time, all patients
will evolve to an aggressive form of the disease, with increased microvessel density, a low
labeling index (1-2%) limited by the diffusion of MM cells, regional hypoxia (pO2~2%),
and 75-80% of the marrow occupied by MM cells.
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Figure 8 depicts the different growth curves of the subpopulations from figure 6, but with a
high mutation rate. Even though the more aggressive cells show an initial faster growth,
eventually the more indolent populations adapt to the bone marrow and “catch up” with the
rest. All populations reach approximately 80% of the marrow cellularity.

Figure 9 depicts the evolution of the populations from figure 7 if a high mutation rate is
allowed. The initial indolent disease remains dormant for many months before an adaptation
allows these cells to grow uncontrollably in approximately one year. This recapitulates the
transition between MGUS and MM, whose underlying mechanisms are still poorly
understood 5. The model, however, consists of a small volume of the marrow (~15,000 cells
or 0.3uL) and the actual transition from MGUS to MM in the whole marrow population will
depend on the migration of these cells to other regions of the bone and other bones in the
body.

Figure 10 exemplifies what we observed in all simulations: the MM population converges to
the same set of phenotypes, which is accelerated IL-6 independent-growth, increase in IL-6
response, resistance to hypoxia-induced cell death and quiescence.

The cytokine levels for both VEGF and IL-6 increase in all simulations, reinforcing tumor
growth, angiogenesis and paving the way towards IL-6-mediated de novo drug resistance 23.
This is in part due to mutations that increase VEGF secretion by MM cells, but mainly due
to hypoxia, which induces MM cells to secrete more angiogenic factors.

Despite the simplicity of the model implemented in this article, these phenotypes are similar
to the ones observed in patient samples, or the more aggressive human MM cell lines
(HMCL) in vitro 24, 25. Previous experiments have shown that in average the addition of
IL-6 to the growth media doubles (S.I. =1.7) the growth rate of MM cells and cell lines. In
the 11 scenarios depicted in figures 8 and 9, the replication rate in presence of IL-6 was in
average 1.8-fold faster (minimum of 1.45 and maximum of 2.8) than in absence of it.

DISCUSSION
Multiple myeloma is a complex disease. The observed genetic heterogeneity in MM cells
limits separation of genetic events that are important (i.e. drive mutations) for disease
progression from those that are not (i.e. passenger mutations). Furthermore, disease
progression is dependent on a wide range of tumor-stroma interactions in the bone marrow.
These dynamics will be difficult to understand or predict based on genetic analysis of the
MM cells.

Our results show that the primary chromosomal translocation involving an oncogene and
immunoglobulin enhancer, or equivalent genetic event conferring increased survival, in the
GC creates a bimodal landscape, with an abrupt transition between MGUS and B-cell
lymphomas. MGUS cells will create tumors ranging from indolent to aggressive, depending
on the phenotype conferred by the GC translocation, but all eventually reach a maximum
share of 15% of the bone marrow. This plateau is caused by hypoxia-induced quiescence
and death. When mutations in the BM were allowed, the simulations showed that two
adaptations emerge: (1) Survival and proliferation in hypoxia, and (2) IL6-independent
proliferation. Given a high enough mutation rate and time, even the most indolent tumors
became aggressive. This means that, even though the primary translocation in the GC is
required for initiation of the disease, further adaptations to the BM microenvironment are
the limiting factor in progression to aggressive MM. We did not observe adaptations to
constitutive production of angiogenic factors by MM cells, what indicates that the
“angiogenic switch” observed in patients 26, animal models 27, 28, and our simulations, is
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due to the “natural” angiogenic response of MM cells to the increasingly hypoxic bone
marrow 29.

In this work we propose an evolutionary model that describes the environmental barriers
imposed by the germinal center and bone marrow during the different stages of maturation
and progression of B cells. Here we propose that these cells can give rise to B-cell
lymphoma or multiple myeloma depending on the intensity of the enhancer/oncogene
combination of aberrant translocations.

It is interesting to notice that the transition from B-cell lymphoma to MGUS is
discontinuous, with the limiting factor being that lymphoma cells must replicate fast enough
in the germinal center to block their own exit. This cell “jamming” eventually leads to the
accumulation of B-cell lymphoma cells in the GC and onset of the disease. When the
lymphoma tumors overgrow and disrupt the GC, they will be faced with a different
microenvironment, to which they need to adapt as well. The initial translocation/mutation/
deletion confers these cells different capabilities to adapt to this new microenvironment and
determine their different growth rates and therapy resistance.

The primary enhancer/oncogene translocation is the necessary triggering event of indolent
MGUS, but is not sufficient. Even the most aggressive forms of MGUS cells originated
from the GC will eventually plateau at approximately 15% of the marrow population. A
second set of adaptations is thus required for MGUS to become an aggressive disease.

These adaptations to the bone marrow are: (1) lower dependence on IL-6 for replication -
while still responding to this cytokine with increased replicative rate-, and (2) increase in
survival and proliferative potential in hypoxia. When MM cells acquire these phenotypes,
they are capable of colonizing the bone marrow and establish paracrine loops with stromal
cells that reinforce tumor growth and eventually cytokine-mediated drug resistance.

It is well known that patients at aggressive stages of MM carry activating mutations in RAS
(NRAS and KRAS2) and FGFR3 genes that confer IL-6 independent growth 6. Not much,
however, is known about the hypoxia adaptation of MM cells. The techniques currently
available to measure pO2 in the bone marrow across the different niches are still not as well
developed in patients as the ones available for animal models 21, and thus there is still much
controversy about the existence hypoxia in patients’ marrows.

The in vitro adaptation of other cell lines to hypoxia have pointed different gene candidates,
such as Bcl-XL 30, HIF1α and NF-κB 31, while other groups suggested more complex
genetic signatures 32, 33. It is possible that the adaptation of MM cells to hypoxia be reached
by such a complex genetic signature, what would make it even more difficult to detect this
adaptation in vivo using genomic approaches. The selection of human MM cell lines
(HMCL) in hypoxia in vitro would be an important first step in this direction.

One of the major events that mark the transition from MGUS to MM, in patients and in our
simulations, is the increase in the microvessel density. A study of immunohistochemistry of
BM biopsies from 106 MM patients showed that 40% had increased Hif1α, VEGF levels,
and angiogenesis 34. Data from animal models 27, 28 and patient specimens 26 suggested an
“angiogenic switch”, an adaptation that would increase the angiogenic potential of MM cells
and be responsible for the transition from indolent to aggressive MM.

ELISA in vitro studies with HMCL showed that these cells produce VEGF and bFGF 35, 36,
and can induce in vitro angiogenesis 37, 38. In all these studies, however, MM cells were
cultured at high density (>106 cells/mL). Under these conditions hypoxia is established after
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a few hours, with levels of HIF1α noticeably higher after 2 hours of culture (Turner et al.,
unpublished studies).

In our simulations we did not observe a consistent selection for increased angiogenic
potential on MM cells, nor evolution towards constitutive secretion of VEGF. Angiogenesis
mainly occurred due to increased hypoxic conditions. A possible explanation is that cells
that secrete angiogenic factors must share the benefits (increased oxygen levels and
inflammatory cytokines) with their neighbors. Cells with this “altruistic” adaptation do not
increase their share in the population, and thus are not fitter. Hence the preference for the
more “selfish” adaptation of hypoxia resistance.

Taken together with the results from our simulations, we believe that the increased
angiogenesis in advanced MM patients is a side-effect of the vicious paracrine cycle
between MM and stromal cells, rather than a requirement for the progression of the disease.
The angiogenic switch 39 would be in fact a result of hypoxia-induced VEGF secretion by
hypoxia-resistant cells, rather than a constitutive expression. This hypothesis is reinforced
by immunohistochemistry analyses showing that VEGF levels were higher in biopsies from
patients with advanced stages of MM, when compared with MGUS, but the in vitro
production of VEGF and bFGF of cells from these patients were not significantly different
from the one of healthy plasma cells 40, 41. The main consequence of this conclusion is that
the reduction of hypoxia in the myelomatous marrow (either by normalization of blood
vessels or reduction of tumor burden) should decrease the VEGF/IL6 loop between MM and
stroma, thus sensitizing these cells to therapy.

Our simulations show that at sufficiently high mutation rates, even the least aggressive
forms of indolent MGUS will progress and catch up with de novo MM. This conclusion
suggests that (1) treating MGUS and smoldering MM patients with therapies that increase
mutation rate, like Melphalan or Doxorubicin, may have the disadvantage of accelerating
progression to aggressive MM, and (2) treating MM patients with pro-drugs that focus on
cells in hypoxic regions, previous to standard chemotherapy, will reduce the levels of
angiogenic and inflammatory cytokines, decreasing cytokine-mediated drug resistance and
sensitize these cells to conventional chemotherapy. These results are supported by recent
work in animal models 42 in which the pro-drug TH302 was used in the MM animal model
5T33MM. This drug, which only is active in hypoxia (<1%) caused reduction of the tumor
burden (32%-77%) and of microvessel density (19%-26%), even though it only targeted the
hypoxic niche of MM cells.

Evolution selects phenotypes, not genotypes so that evolutionary adaptive strategies
supervenes the underlying genetic. In other words, multiple genes typically govern a much
smaller subset of phenotypic properties. This mapping of genes to a much smaller number of
phenotypic properties explains the wide genetic heterogeneity observed in MM 43. The
study of the environmental barriers that shape the evolution of multiple myeloma during
“natural” progression allows the observed genetic changes to be organized into phenotypic
strategies to overcome these barriers.

The results from this article suggest that the secondary genetic events (post-GC) in MM are
adaptations to survival and growth in hypoxia and towards independence (but not
insensitivity) to IL-6. These results suggest that the considerable genetic heterogeneity
observed in MM patients is, in part, the result of the large number of genes that allow these
adaptations through different mechanisms. In other words, the phenotypic adaptations that
permit MM cells to survive in the GC and then the BM are governed by a wide range of
pathways and, as a result, a large number of different mutations can confer a proliferative
advantage. Thus, the low frequency genes that are not linked to these adaptations are
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probably passenger mutations, while those linked to these adaptations are strong candidates
for a therapy aiming to reduce the fitness of MM cells, and slow the progression of the
aggressive disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The germinal center model implemented in this article. When the B cell precursors enter the
“light region” of the germinal center, they are called centrocytes and are capable of
producing and presenting antibodies. At this stage these cells have survival signals (such as
BCL-2) turned off, and can only survive if rescued by the interaction mediated by antibody-
antigen affinity, or by an aberrant translocation, as is the case in many B-cell lymphomas. In
this model the light region of the germinal center is divided in five compartments that the
centrocytes cross during the five days of their journey outwards the germinal center.
Centrocytes may move from one compartment to the next, replicate if they carry an aberrant
translocation, or die.
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Figure 2.
Implementation of the bone marrow model, with (top left) the dependence of MM cells on
inflammatory cytokines (IL-6) for replication; (top right) the production of IL-6 by stromal
cells in response to angiogenic cytokines; (bottom left) production of angiogenic cytokines
by MM cells in response to hypoxia; (bottom right) the probability of MM cells of becoming
quiescent or dying in hypoxia.
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Figure 3.
Vicious cycle in multiple myeloma. As the MM cell population grows, the oxygen levels
decrease, inducing MM cells to secrete angiogenic cytokines (VEGF, bFGF). At long term,
these cytokines increase the microvessel density, in the short term they induce secretion of
inflammatory cytokines (IL-6) by stromal cells. IL-6 induces antibody production in normal
plasma cells but promotes replication of MM cells. As this cycle progresses, cells with
increased resistance to hypoxia and increased proliferative potential are selected, and the
disease transitions from indolent to aggressive.
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Figure 4.
The transition between B-cell lymphoma and multiple myeloma is a discontinuity, the
geometric place defined by the combination of the two model parameters which give a
doubling time of 3.62 days in the germinal center. Among the non-lymphoma scenarios, the
number of malignant cells produced before their migration to the bone marrow varies from 0
until approximately 600.
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Figure 5.
Dynamics of the interface between lymphoma and multiple myeloma. The figure above
describes how the doubling time of a centrocyte with an aberrant translocation changes in
response to the inflammatory cytokine IL-6, whose concentration in the light region of the
germinal center is used as reference. Different combinations of the two parameters (aDt,
doubling time in absence of IL-6, and bDt, minimum doubling time in presence of IL-6)
create different curves; those with a doubling time lower than DtLymph for the germinal
center IL-6 concentration will give rise to lymphomas. From this pivotal point (1, DtLymph)
rotations clockwise will give rise to indolent forms of multiple myeloma, while rotations
counter-clockwise will give rise to de novo multiple myeloma (see doubling time at lower
IL-6 concentrations, in the bone marrow).
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Figure 6.
Growth rate of multiple myeloma in the bone marrow, effect of IL-6-independent replication
rate. The figure above describes the growth rate of an initial MM tumor in the bone marrow
for different values of doubling time in absence of IL-6 (11-32 days). The simulations show
that germinal center translocations that lead to IL-6-independent cells generate tumors that
grow much faster than those that are IL-6-dependent. Eventually the most aggressive tumors
plateau due to hypoxia-induced quiescence, even though their growth continues to other
niches of the marrow, there is an upper limit to the share of the marrow they may occupy
(~15% for the parameters simulated).
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Figure 7.
Growth rate of multiple myeloma in the bone marrow, effect of maximum replication rate.
The figure above describes the growth rate of MM tumors that have a high doubling time in
absence of IL-6 (32 days) but a variable level of response to IL-6, from least (bDt=2.5) to
most responsive (bDt=1.22). The simulations show no significant difference among these
different populations, indicating that the most important adaptation to growth in the bone
marrow at this initial stage is not to IL-6-mediated growth.
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Figure 8.
Growth rate of multiple myeloma in the bone marrow, effect of mutations in subpopulations
of IL6 irresponsive cells. The simulation results depicted above indicate that the initial
germinal center translocation determines the initial growth of the disease, but eventually all
subpopulations adapt to the environmental barriers of the bone marrow and all transition to
an aggressive form of the disease, with ~80% of the marrow occupied by MM cells.
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Figure 9.
Growth rate of multiple myeloma in the bone marrow, effect of mutations in subpopulations
of IL6-dependent cells. The figure above shows how at first all subpopulations have a
modest growth, but as they adapt to the conditions of the bone marrow, they all transition to
aggressive MM.
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Figure 10.
Adaptations required for MM growth in the bone marrow. The charts above describe the
evolution of two different simulations (aggressive de novo MM on the left, indolent MGUS
on the right) when mutations occur at a high rate. The top panels show how the share of
replicating cells (labeling index, LI) decreases as the oxygen levels are reduced by the
growing tumor burden. On de novo MM, hypoxia and angiogenesis (increase in microvessel
density, MVD) occur much faster than in MGUS. The middle panel describes how the
simulation parameters (described in figure 2) change as the MM population adapts to the
bone marrow: cells become more IL-6-independent (aDt decreases), and resistant to
hypoxia-induced cell death (aO2 decreases) and quiescence (bO2 decreases). The bottom
panel shows the changes in the levels of VEGF and IL-6, showing how the IL-6 peak
induced by angiogenic factors coincides with the acceleration in both growth and evolution
in the two populations simulated.
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