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Diffuse large B-cell lymphoma is the most common subtype of non-Hodgkin’s lymphoma.
It is a germinal center (GC)–derived, aggressive, and heterogeneous disease. Several
transcription factors and signaling pathways that play a central role in the progression of
the GC reaction and B-cell differentiation have been shown to play an oncogenic role in
diffuse large B-cell lymphoma. B-cell lymphoma 6 (BCL6) is a transcriptional repressor that
induces the GC B-cell phenotype and blocks plasma cell (PC) differentiation, while
interferon regulatory factor 4 (IRF4) and B lymphocyte-induced maturation protein 1
(BLIMP1), a transcriptional promoter, both mediate PC differentiation and exit from the
GC (1). Computational models are useful alternatives to trial-and-error experimental
investigation. Ordinary differential equation (ODE) models have been used to study
different known mechanisms of lymphomagenesis and suggest candidate tumorigenic
alterations (2). Furthermore, multi-scale models (MSMs) have been used to study the role
of cellular and molecular mechanisms involved in tumor growth (3–6). In this study, we
used an existing MSM of PC differentiation in the GC to simulate eight different models with
several candidate genetic alterations of the BCL6-IRF4-BLIMP1 regulatory network that
lead to transcription factor deregulation and could explain the onset of diffuse large B-cell
lymphoma and recapitulate the GC dynamics observed in such conditions. We observed
that models with loss of BLIMP1 function (BLIMPloss and BLIMPlossIRFinc) result in an
accumulation of B cells in the GC and a block of PC differentiation and thus correctly
recapitulate the observed GC and transcription factor dynamics. Models with constitutive
activation of the nuclear factor kappa-light-chain-enhancer of activated B-cell (NF-kB)
pathway alone and in codominance or co-expression with the enforced BCL6 expression
(IRFinc and BCLincIRFinc) result in a decrease of GC B cells and unaltered PC production at
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early stages of the GC reaction, as observed experimentally. Interestingly, we also found
that in IRFinc and BCLincIRFinc models, an increase in PC production could happen at later
stages of the GC reaction. Nevertheless, models with enforced BCL6 expression (BCLauto

and BCLinc) result in an expansion of GC B cell population and a block in the PC production
that was not observed experimentally. Finally, models with loss of IRF4- and BLIMP1-
mediated silencing of BCL6 (IRFsil and BLIMPsil) did not affect GC and transcription factor
dynamics.

Keywords: diffuse large B-cell lymphoma, germinal center, plasma cell differentiation, multi-scale modeling,
tumorigenic alterations

INTRODUCTION

During affinity maturation in the GC, B cells undergo rounds of
proliferation, somatic hypermutations, and selections to produce
memory B cells (MBCs) and antibody-secreting PCs (De Silva
and Klein, 2015). The GC can be categorized into twomain zones.
A dark zone (DZ) in which B cells at a centroblast (CBs) state
rapidly proliferate and accumulate somatic hypermutations in the
genes that encode their B-cell receptor (BcR). The light zone (LZ)
is characterized by the presence of B cells at a centrocyte (CCs)
state, follicular dendritic cells (FDCs) that present the antigen
(Ag) in the form of immune complexes in their membrane (Allen
et al., 2007), and T follicular helper cells. In the DZ, suppression
of the DNA damage response and B-cell proliferation
checkpoints increases the risk of malignant transformations
that can lead to B-cell lymphomas (Mlynarczyk et al., 2019).
Diffuse large B-cell lymphoma, the most common subtype of
non-Hodgkin’s lymphoma, is a GC-derived, aggressive, and
heterogeneous disease. Genes related to different stages of GC
B-cell differentiation and activation are differentially expressed
among diffuse large B-cell lymphomas (Alizadeh et al., 2000).
Based on gene expression profiling, two subtypes have been
defined: GC B-cell and active B-cell (Hu et al., 2013). Active
B-cell subtype patients have a poorer prognosis and survival rate
than those with the GC B-cell subtype (Miyazaki, 2016).
Nevertheless, it is still unclear which genes distinguishing both
subtypes are the most important determinants of chemotherapy
responsiveness (Alizadeh et al., 2000).

Several transcription factors play a significant role in the
progression of the GC reaction. BCL6 is a transcriptional
repressor that induces the GC B-cell phenotype and is
involved in B-cell survival, proliferation, DNA damage, and
blocking PC differentiation. High expression levels of IRF4
and BLIMP1 induce PC differentiation and promote exit from
the GC (Mlynarczyk et al., 2019). These are regulated by
upstream signals emanating from the B-cell receptor (BcR)
and cluster of differentiation 40 (CD40). In particular, the NF-
kB pathway, induced by CD40, is involved in the induction of
MBC and PC differentiation in the GC light zone (LZ).

The abovementioned transcription factors have also been
shown to play an oncogenic role in diffuse large B-cell
lymphoma (Mlynarczyk et al., 2019). BCL6 chromosomal
translocations have been found more frequently in the active
B-cell subtype, leading to a constitutive BCL6 overexpression

(Zhang et al., 2015). Furthermore, a majority of active B-cell
subtypes fail to express a competent BLIMP1 despite the normal
IRF4 expression (Pasqualucci et al., 2006). The loss of IRF4- and
BLIMP1-mediated transcriptional silencing of BCL6 have been
found in a subset of diffuse large B-cell lymphomas (Saito et al.,
2007). Nevertheless, the effect on the GC B-cell dynamics and PC
production was not studied. Furthermore, to the best of our
knowledge, the effect of diffuse large B-cell lymphoma genetic
alterations on MBC production during the GC reaction has not
been studied. Signaling pathways have also been linked to diffuse
large B-cell lymphoma development, such as constitutive
activation of the NF-kB pathway, which is the essential
hallmark of the active B-cell subtype (Pasqualucci et al., 2011).
Finally, combinations of genetic alterations such as mutations in
the NF-kB pathway and BCL6 chromosomal translocations or
BLIMP1 deletion worsen diffuse large B-cell lymphoma
prognosis (Calado et al., 2010; Zhang et al., 2015).

Computational models are useful alternatives to trial-and-
error experimental studies. Martínez et al. (2012) presented an
ODE model of a gene regulatory network (GRN) that integrated
signals from BcR and CD40. They induced perturbations in the
model to study different known mechanisms of
lymphomagenesis and suggested candidate tumorigenic
alterations. Nevertheless, only the molecular level, not the
cellular dynamics, was included in this model. Furthermore,
MSMs have been used to study the role of cellular and
molecular mechanisms involved in tumor growth (Yeh et al.,
2017; Roy et al., 2019; Versypt, 2021). A recent study used the
MSM to predict the effectiveness of various therapies for diffuse
large B-cell lymphoma (Du et al., 2017). In the latter study, a
detailed kinetic model of the BcR signaling network was used.
Nevertheless, only its effect on in vitro tumor growth was
analyzed.

In this study, we used an existingMSM of PC differentiation in
the GC to simulate eight different models with candidate genetic
alterations of the BCL6-IRF4-BLIMP1 regulatory network that
could explain the onset of diffuse large B-cell lymphoma, in order
to recapitulate the GC dynamics observed in such conditions
(Merino Tejero et al., 2020). While most of the abovementioned
genetic alterations are based on the previous work carried out by
Martínez et al. (2012), our model provides additional insights by
studying the effect of these alterations at the cellular and GC level.
The main cellular processes that take place in our MSM are
simulated through agent-based modeling based on a large body of
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in vitro and in vivo experiments (Meyer-Hermann et al., 2012).
Nevertheless, only the differentiation toward PC is determined by
the GRN, which integrates signals from BcR and CD40.We found
that models with loss of BLIMP1 function (BLIMPloss and
BLIMPlossIRFinc) result in an accumulation of B cells in the
GC and a block of PC differentiation and thus correctly
recapitulate the observed GC and transcription factor
dynamics. Models with constitutive activation of the NF-kB
pathway alone and in codominance with enforced BCL6
expression (IRFinc and BCLincIRFinc) result in a decrease of
GC B cells and unaltered PC production at early stages of the
GC reaction, as observed experimentally. Interestingly, we also
found that in IRFinc and BCLincIRFinc models, an increase in PC
production could happen at later stages of the GC reaction.
Nevertheless, models with enforced BCL6 expression (BCLauto

and BCLinc) result in an overgrowth of GC B cells and a block in
the PC production that was not observed experimentally. While
no data have been found to validate models with loss of IRF4- and
BLIMP1-mediated silencing of BCL6 (IRFsil and BLIMPsil), our
findings suggest that such alterations do not affect GC and
transcription factor dynamics.

Transcription factors with restricted patterns of expression are
attractive targets for therapy. BCL6 inhibitors have been used to

block the BCL6 activity and inhibit the growth of certain diffuse
large B-cell lymphomas (Polo et al., 2007). NF-kB inhibitors have
also demonstrated to selectively target active B-cell-like diffuse
large B-cell lymphomas. Finally, small-molecule inhibitors of BcR
downstream pathways are the most promising agents in treating
diffuse large B-cell lymphomas and other malignancies
(Roschewski et al., 2012). Further identification and study of
the molecular mechanisms involved in the pathogenesis of diffuse
large B-cell lymphoma tumors are crucial for developing
treatments. However, for cancer, it is important to determine
how genetic alterations and, hence, changes in the state of
molecular pathways affect cellular events such as proliferation,
apoptosis, and differentiation. MSMs, as presented in this work,
can help determine the molecular and cellular relationships.

METHODS

Multi-Scale Model
To study the molecular mechanisms behind the development of
diffuse large B-cell lymphoma, we used an already existing MSM
of PC differentiation during the GC reaction (Merino Tejero
et al., 2020). At the cellular level, we used an agent-based model of

FIGURE 1 | (A) Overview of cellular processes in the agent-based model. In an established GC, a dark zone (DZ) and a light zone (LZ) are distinguished. CBs and
CCs prefer to move in the direction of the CXCL12 and CXCL13 chemokines produced by stromal cells and FDCs, respectively. T follicular helper cells prefer to move
toward the LZ. FDCs carry the Ag that can be captured by CCs. CCs may be positively selected through interaction with T follicular helper cells, after which they can
recycle to the DZ. In the DZ, the CB will (a)symmetrically divide. After CB division, an output cell is produced, or the cell differentiates to a CC. CCs die through
apoptosis if they do not interact with the FDC and T follicular helper cells. (B) Schematic overview of the BcR andCD40 signaling events during the GC reaction. Durations
t indicate non-fixed time intervals (cell states). At the end of each interval, the concentrations of BCL6, IRF4, and BLIMP1 are updated using the differential equations. A
CB (Ag−; blue cell) differentiates to a CC (Ag−; yellow cell) within a time duration of t0. The CC interacts with the FDC for a time duration t1, during which BcR signaling
occurs. Subsequently, CD40 signaling is active for duration t3 during B-cell and T follicular helper cell interaction. Successful interactions will result in an Ag+ B cell.
Asymmetric division occurs with a probability of 0.72. Differentiation of CB to a CC always initializes the CC to Ag−.
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the GC reaction based on an existing model (Meyer-Hermann
et al., 2012). The agent-based model runs for 21 days (504 h) at a
time resolution of 0.002 h (7.2 s) (Supplementary Table 1). Each
cell is represented in a three-dimensional space representing the
GC and undergoes different processes depending on their state.
B cells at a CB state divide, undergo somatic hypermutations, and
differentiate in the DZ, while at a CC state, they undergo selection
in the LZ Figure 1. In the LZ, CCs interact and collect Ag from
follicular dendritic cells (FDCs). CCs may further interact and
compete for T follicular helper cell signals. Both processes are
dependent on the affinity of the BcR for the Ag. Selected CCs
recycle back to the DZ as CBs that carry internalized Ag. Recycled
CBs divide in an asymmetric manner in 72% of the cases where all
Ag and transcription factors segregate toward one of the daughter
CBs. In the remaining 28% of divisions, Ag and transcription
factors are divided symmetrically (Barnett et al., 2012; Thaunat
et al., 2012). This was based on a recent study that showed
coupled Ag and transcription factor asymmetric division with a
large segregation between daughter B cells recapitulate the GC
output transition (temporal switch) fromMBCs to PCs and a DZ-
to-LZ ratio, which is the ratio of CBs to non-apoptotic CCs
present in the GC. After division, CBs may exit the GC as an
output cell or remain in the GC for further rounds of selection.

At the molecular level, we used an ODE model of a GRN
involved in PC differentiation based on an existing model
(Martínez et al., 2012). The GRN consists of three
transcription factors, i.e., BCL6 (b), BLIMP1 (p), and IRF4 (r).
These transcription factors regulate each other, and the
concentration levels depend on their dissociation constant (k),
transcription (μ), and degradation rates (λ), as shown in Eqs 1–3.
Parameter values are shown in Supplementary Table 2. Bcr0 and
cd40 parameters were calibrated using the MoonFit graphical

user interface (Robert et al., 2018). “Squares” in the equations
represent Hill coefficients representing the cooperative binding of
transcription factors. The GRN behaves as a bistable system, with
one state being the CB- and CC-like state (BCL6 high and
BLIMP1 and IRF4 low) and a second state being the PC-like
state (BLIMP1 and IRF4 high and BCL6 low). Upstream signals
may instruct the system toward one or the other state. Their effect
is integrated through BcR and CD40 parameters, as described in
Eqs 4, 5. During the CC-FDC interaction in the LZ, CCs receive
BcR-mediated signals. The maximum strength of the signal is
represented by the bcr0 parameter (Eq. 4). The transition from
CC toward the PC state is reversible when the BcR signal cessates,
bringing the B cell to its previous CC state. During CC-T follicular
helper cell interaction in the LZ, CCs receive signals through
CD40. The strength of the signal is represented by the cd40
parameter (Eq. 5). The transition from the CC to PC state is
irreversibly determined by the CD40 signal strength, which is
dependent on the affinity of the BcR for the Ag (Supplementary
Table 2).

dp
dt

� μp + σp
k2b

k2b + b2
+ σp

r2

k2r + r2
− λpp, (1)

db
dt

� μb + σb

k2p
k2p + p2

k2b
k2b + b2

k2r
k2r + r2

− (λb + BCR)b, (2)

dr
dt

� μr + σr
r2

k2r + r2
+ CD40 − λrr , (3)

BCR � bcr0
k2b

k2b + b2
, (4)

FIGURE 2 | Transcription factor dynamics of the reference model upon
binding of Ag and CD40L. Each time unit represents 4 h. The protein
concentration levels (unit = 10−8 M) of BCL6 (green), IRF4 (black), and BLIMP1
(orange) are shown on the left axes. Transcription factor levels are
followed for 52 h after the CD40 signal. The BcR signal (red) results in a slight
temporary change in transcription factor concentrations. In contrast, the
CD40 signal (blue) results in a switch of all transcription factor levels going from
a B-cell to a PC (BLIMP1+) phenotype (in approximately 31 h in this example).
The CD40 signal intensity in the MSM varies between 0 and 50 while the BcR
signal is fixed to 1 (right axes). The BLIMP1 concentration threshold for PC
differentiation is shown at 8 × 10−8 M (Dashed orange).

FIGURE 3 | Scheme of the GRN involved in PC terminal differentiation.
BCL6 (green) is inhibited upon binding of the Ag to the BcR (red). IRF4 (black)
is activated upon binding of CD40L to CD40 (blue) during T follicular helper
and B-cell interaction. Modifications in the GRN carried out to simulate
the different diffuse large B-cell lymphoma models BCLauto, BCLinc, IRFsil,
BLIMPsil, BLIMPloss, and IRFinc are indicated in gray. Gray arrows indicate
over-induction, and gray crosses indicate removal of the relation. Black, blue,
and red arrows and bar-headed lines indicate activation and inhibition,
respectively.

Frontiers in Systems Biology | www.frontiersin.org April 2022 | Volume 2 | Article 8646904

Merino Tejero et al. Multi-Scale Modelling B-Cell Lymphoma

https://www.frontiersin.org/journals/systems-biology
www.frontiersin.org
https://www.frontiersin.org/journals/systems-biology#articles


CD40 � cd40
k2b

k2b + b2
. (5)

The ODE model was adopted, as described in the simulations
section, in order to investigate the effect of different genetic
alterations in the GC dynamics.

Definition of Output Cells
The definition of output cells, either MBCs or PCs, is based on the
Ag status and levels of BLIMP1 (Merino Tejero et al., 2020).
Recycled CBs carrying Ag are considered Ag-positive (Ag+).
During asymmetric division, Ag inheriting CB is Ag+ while
the sibling is Ag-negative (Ag−). During symmetric division,
Ag is distributed symmetrically and both siblings are Ag−. This
was based on a study that recapitulated the predominant features
of Ag segregation in vitro by building a mixed model of B-cell
mitosis where 25% of the divisions were fully symmetric, and the
remaining were asymmetric (Thaunat et al., 2012). Recycled CBs
that finished dividing differentiate to PCs when BLIMP1 levels
reach the differentiation threshold (≥8.10−8 M; Figure 2)
regardless of their Ag status. Ag+ output cells with BLIMP1
levels below the threshold are considered to be MBCs. Finally,
Ag− CBs with BLIMP1 levels below the threshold stay in the GC
and recycle back to the LZ as CCs. This definition leads to a
transzone migration rate or the DZ-to-LZ ratio close to
experimental observations, as described by Victora et al.
(2010), and a temporal switch in the output cell production of
the MBC and PC dynamics, as described by Weisel et al. (2016).

Simulations
We investigated the effect of eight different diffuse large B-cell
lymphomamodels on both molecular and cellular levels. This was
performed to show how the MSM can be used to recapitulate the
GC dynamics observed in mouse diffuse large B-cell lymphoma

models (Zhang et al., 2015; Calado et al., 2010) in terms of B-cell
and PC numbers and transcription factor expression levels on day
7 of the GC reaction (day 10 post-immunization (PI); Table 2).
Most diffuse large B-cell lymphomas result in alterations, either
an increase or decrease, in GC B-cell numbers and/or PCs
produced (see Results section). Each diffuse large B-cell
lymphoma model simulates one or more genetic alteration(s)
(Figure 3). Models were simulated by modifying different ODEs
and/or parameters models, as described in Table 1. Six of the
models simulated single genetic alterations based on a previous
study by Martínez et al. (2012), that is, BCL6 autoregulatory
inactivation (BCLauto), BCL6 constitutive expression (BCLinc),
loss of IRF4-mediated BCL6 silencing (IRFsil), loss of BLIMP1-
mediated BCL6 silencing (BLIMPsil), BLIMP1 inactivation
(BLIMPloss), and constitutive activation of the NF-kB pathway
(IRFinc). The steady-state levels of BLIMP1, BCL6, and IRF4 after
CD40 signal were very close or identical to those derived by
Martínez et al. (2012) (Supplementary Table 3). One exception
was that the BCLinc model showed a clear difference in the IRF4
and BLIMP1 levels. This is caused by the fact that in our MSM
selected CC differentiation into a PC process was around 11 times
faster than in the model presented by Martínez et al. The in silico
GC B-cell dynamics were compared to data from experimental
models carried out by Zhang et al. (2015) and Calado et al. (2010).
In our IRFinc model, the perturbation applied to IRF4 was only a
2-fold increase in IRF4 transcription rates as opposed to the 10-
fold increase applied by Martínez et al. (2012). This was carried
out to obtain transcription factor levels (data not shown) that
resembled both experimental models (Zhang et al., 2015; Calado
et al., 2010). Both experimental models showed a similar increase
in the levels of BLIMP1 on day 7 of the GC reaction compared to
an experimental reference. Nevertheless, the GC B-cell dynamics
were different (Table 2). These differences observed between both
experiments were due to the NF-kB pathway was activated. In a

TABLE 1 | Eight simulated diffuse large B-cell lymphoma models. For models BCLauto, IRFsil, and BLIMPsil, the ODE equation (Eq. 2)was modified as shown in the following.
For models BLIMPloss and BLIMPlossIRFinc, the equation (Eq. 1) was modified as shown in the following. Finally, for models BCLinc, IRFinc, BCLincIRFinc, and
BLIMPlossIRFinc, the indicated ODE parameters were modified as shown in the table. The rest of the equations and parameters are kept as described in Supplementary
Table 2 and Eqs 1–5.

Model Description Modification

BCLauto Loss of BCL6 autoinhibition db
dt � μb + σb

k2p
k2p+p2

k2r
k2r +r2 − (λb + BCR)b

BCLinc 10-fold increase of BCL6 basal transcription rate μb × 10
IRFsil Loss of IRF4-mediated silencing of BCL6 db

dt � μb + σb
k2p

k2p+p2
k2b

k2b+b2 − (λb + BCR)b
BLIMPsil Loss of BLIMP1-mediated silencing of BCL6 db

dt � μb + σb
k2b

k2b+b2
k2r

k2r +r2 − (λb + BCR)b
BLIMPloss Loss of BLIMP1 function (change in time) dp

dt � 0
IRFinc 2-fold increase of IRF4 basal and maximum transcription rates μr × 2

σr × 2
BCLincIRFinc Combination of BCLinc and IRFinc μb × 10

μr × 2
σr × 2

BLIMPlossIRFinc Combination of BLIMPloss and IRFinc dp
dt � 0
μr × 2
σr × 2

Each model was repeated 10 times with different random seeds. Data were analyzed using an unpaired two-tailed Student’s t-test, and p values ≤ 0.05 were considered to be significant.

Frontiers in Systems Biology | www.frontiersin.org April 2022 | Volume 2 | Article 8646905

Merino Tejero et al. Multi-Scale Modelling B-Cell Lymphoma

https://www.frontiersin.org/journals/systems-biology
www.frontiersin.org
https://www.frontiersin.org/journals/systems-biology#articles


study by Zhang et al. (2015), constitutive induction of NF-kB-
inducing kinase restrained activation of the alternative NF-kB
pathway. In a study by Calado et al. (2010), constitutive induction
of the NF-kB-inhibiting kinase restrained activation of the
canonical NF-kB pathway. While our IRFinc model did not
explicitly include a distinction between alternative and
canonical pathways, it was able to reproduce PC dynamics
observed by Calado et al. (2010) (See below). Two additional
models were created to simulate experimental findings by
combining two of the single models, namely, BCL6
constitutive expression in codominance with constitutive
activation of the alternative NF-kB pathway (BCLincIRFinc),
based on experiments conducted by Zhang et al. (2015), and
BLIMP1 inactivation in codominance with constitutive activation
of the canonical NF-kB pathway (BLIMPlossIRFinc), based on
experiments conducted by Calado et al. (2010). We repeated all
simulations 10 times with different random seeds, which showed
that the amount of variability was low. Thus, this was sufficient to
observe significant differences between the reference and most of
the diffuse large B-cell lymphoma models when looking at the
DZ-to-LZ ratio and output cell production (data not shown).

RESULTS

The GC Dynamics (Reference)
Diffuse large B-cell lymphomas are characterized by spleen and/
or lymph node hyperplasia (Zhang et al., 2015; Calado et al.,
2010). Furthermore, the same studies showed that most diffuse
large B-cell lymphoma genetic mutations result in altered GC
dynamics, either through an increase or decrease, in GC B-cell
numbers and/or PCs produced. Thus, we wondered about the
effect of modeling eight diffuse large B-cell lymphoma models on
the GC B-cell dynamics. We performed an example simulation at
the scale of one B-cell, in which ODEs and parameters were
defined as described in Eqs 1–5 and Supplementary Table 2. The
initial state at BCL6 high and BLIMP1 and IRF4 low switched to
BLIMP1 and IRF4 high and BCL6 low, especially as a
consequence of CD40 signal induction (Figure 2). At the scale
of a full GC simulation, we found that the DZ-to-LZ ratio was
similar to the affinity-based CD40 signaling simulation (Scenario
2) of one of our previous studies (Merino Tejero et al., 2020)
(Figure 4A; Supplementary Table 4). Nevertheless, it was
slightly higher than previous experimental observations of
transzone migration rates (Victora et al., 2010). Finally, a
temporal transition from MBC to PC production was observed
in the GC output (Figure 4B).

Thus, in the reference simulation, the DZ-to-LZ ratio was
higher than previously observed transzone migration rates of
around 2 (Victora et al., 2010) and similar to the affinity-based
CD40 signaling simulation (Scenario 2) (Merino Tejero et al.,
2020). A latter large-scale study by Wittenbrink et al. (2011)
showed that the GC dynamics is highly variable. They performed
a volume-to-volume comparison of both GC zones and showed
that dividing B cells are present in both zones constantly over
time. Thus, the study did not reflect the dividing vs. non-dividing
B-cell DZ-to-LZ ratio, and their measurements are not directlyT
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comparable to those by Victora et al. (2010). Further experiments
would be required to determine the variability in DZ-to-LZ ratios
in GC responses to establish whether or not our model produces
deviating values. There was a temporal switch of the GC output
from mainly MBC production prior to the peak to mainly PC
production after the peak. Finally, there was a 42-fold higher PC
than MCB production. Studies have shown the number of PCs
andMBCs generated spleen and bone marrow during an immune
response (Kishi et al., 2010; Weisel et al., 2016; Sugimoto-Ishige
et al., 2020). Nevertheless, these numbers represent percentages of
observed PCs andMBCs from the total number of splenic or bone
marrow cells, which are not translatable to the number of output
cells from a single GC and therefore are not directly comparable
with our results.

We now compared the effect of several genetic (models
defined in Table 1, see Methods) alterations onto the GC
dynamics in order to recapitulate the observed GC phenotype
in diffuse large B-cell lymphoma. We first aimed to gain insight
into the effect of BLIMP1 suppression (BCLauto and BCLinc) or
loss of function (BLIMPloss and BLIMPlossIRFinc) on the GC
B-cell dynamics. While previous studies showed that the GC
phenotype in diffuse large B-cell lymphomas characterized by
BCLauto and BCLinc alterations had unaltered numbers of B cells
and PCs produced, they did lead to spleen and lymph node
hyperplasia (Zhang et al., 2015). Another study showed that the

GC phenotype BLIMPloss and BLIMPlossIRFinc alterations are
characterized by an accumulation of B cells, a block of PC
differentiation and spleen hyperplasia (Calado et al., 2010).

We analyzed the transcription factor dynamics and B-cell
dynamics in the aforementioned models (Table 1). The
transcription factor dynamics simulated in single cells showed
that for BCLauto and BCLinc models, the system evolved to the
BCL6 high and BLIMP1 and IRF4 low steady-state unaffected by
the CD40 signal (Figures 5A,B). The steady-state level of BCL6 in
the BCLauto model was around four times higher than in the
BCLinc model, as shown by Martínez et al. (2012), while steady-
state levels of IRF4 and BLIMP1 were similar in both models
which were not observed by Martínez et al. (2012) (see Methods
section). Thus, we found that within the timing of PC
differentiation during the GC reaction, both BCLauto and
BCLinc models had a robust BCL6 overexpression that
inhibited IRF4 and BLIMP1 expression and blocked PC
differentiation. BLIMPloss and BLIMPlossIRFinc models
switched to the BCL6 low and IRF4 high steady-state as a
result of CD40 signal. Nevertheless, they both failed to express
BLIMP1 (Figures 5C,D).

We observed BCLauto, BCLinc, BLIMPloss, and BLIMPlossIRFinc

models had a significantly increased DZ-to-LZ ratio throughout
the GC reaction, which reached up to a 25-fold increase at day 21
(Supplementary Table 4), compared to the reference model

FIGURE 4 | Overall GC dynamics of the reference model with the affinity-dependent cd40 signal. (A)Mean DZ-to-LZ ratio (dark gray) calculated from CB and CC
counts. Standard deviation of 10 different random seeds is represented in light gray. (B) Cumulative number of MBCs (blue) and PCs (red) produced during the GC
reaction represented with two lines. The histogram represents the number of MBCs (blue) and PCs (red) produced per day. The histogram scale is represented in the left
axes. The line scale (not shown) ranges between 0 and 100. Numbers show the cumulated number of MBCs (blue) and PCs (red) on day 21 of the GC reaction.
Representative of 10 simulations.
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(Figure 6A) resulting on an increased abundance of GC B cells.
All output cells were MBCs (Supplementary Table 4), and no
PCs were produced (Figure 6B). Statistical analysis of MBC
(Figure 7A) and PC (Figure 7B) counts showed a 13,000-fold
increase and 35,000-fold decrease compared to the reference.
Since BLIMP1 levels were virtually 0 in all cases, and no
significant difference in the number of MBCs and PCs was
observed between the four models. MBC affinity increased up
to its maximum as the GC reaction progressed in all models while
it remained low in the reference model (Figure 7C).

To summarize, all models lead to an accumulation of CBs in
the DZ. No PCs were generated due to the inability of recycled
CBs to express BLIMP1. There was a significant increase in the
number and affinity of MBCs. The expansion of GC B cells and
significant reduction of PCs in BCLauto and BCLinc models were
in disagreement with observations showing the BLIMP1
suppression leads to unaltered GC B-cell numbers on days 10
and 21 post-immunization and PC numbers on day 10 post-
immunization (Table 2) (Zhang et al., 2015). This could be due to
a decreased but present BLIMP1 expression in the experimental
setup, which was not the case in our model. Finally, BLIMPloss

and BLIMPlossIRFinc models were consistent with observations
showing BLIMP1 inactivation lead to GC B-cell expansion

(Table 2) and a lack of PC production on days 10 and
21 post-immunization (Calado et al., 2010). Nevertheless,
when in codominance with constitutive NF-KB pathway
activation (BLIMPlossIRFinc), on day 21 post-immunization,
experimental data showed unaltered GC B-cell numbers as
opposed to the expansion of B cells observed in our model
(Table 2).

Constitutive Activation of the NF-kB
Pathway Alone and in Codominance with
Enforced BCL6 Expression Increases PC
Differentiation at Latter Stages of the GC
Reaction (IRFinc and BCLincIRFinc)
Next, we assessed the effect of constitutive activation of the NF-
kB pathway alone (IRFinc) and in codominance with the BCL6
overexpression (BCLincIRFinc) on the overall GC dynamics
(Table 1). Previous studies showed that the GC phenotype in
diffuse large B-cell lymphomas that are driven by IRFinc and
BCLincIRFinc alterations are characterized by unaltered B-cell
numbers (Zhang et al., 2015) or slightly decreased B-cell
numbers (Calado et al., 2010), in the case of the IRFinc

alteration, on day 10 post-immunization and spleen and/or

FIGURE 5 | Transcription factor dynamics of (A) BCLauto, (B) BCLinc, (C) BLIMPloss, and (D) BLIMPlossIRFinc diffuse large B-cell lymphoma models upon binding of
Ag and CD40L. Each time unit represents 4 h. The protein concentration levels (unit = 10−8 M) of BCL6 (green), IRF4 (black), and BLIMP1 (orange) are shown on the left
axes. Transcription factor levels are followed for 52 h after CD40 signal. In BCLauto and BCLinc models, CD40 signal (blue) does not affect transcription factor levels. In
BLIMPloss and BLIMPlossIRFinc models, the CD40 signal affects BCL6 and IRF4 but not BLIMP1 levels. Thus, in all models, the CD40 signal does not result in a
switch of the B-cell to a PC (BLIMP1+) phenotype (in approximately 51 h in this example).
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lymph node hyperplasia (Calado et al., 2010; Zhang et al., 2015).
While alterations that led to the IRFinc model resulted in an
increased PC production on day 10 post-immunization according
to Zhang et al. (2015), unaltered PC numbers were observed by
Calado et al. (2010). Furthermore, alterations that led to the
BCLincIRFinc model resulted in unaltered PC production on day
10 post-immunization (Zhang et al., 2015).

The transcription factor dynamics simulated in single cells
showed that in both IRFinc and BCLincIRFinc models, there was a
switch to the BLIMP1 and IRF4 high steady-state prior to the
CD40 signal (Figure 8A). Nevertheless, only the BCLincIRFinc

model had consistently high BCL6 levels due to the effect of the
BCL6 overexpression (Figure 8B).

We observed both diffuse large B-cell lymphomamodels had a
2-to-3-fold decrease in the DZ-to-LZ ratio on day 21 of the GC
reaction (Supplementary Table 4; Figure 9A) and a slight
decrease of GC B cells (data not shown) and increase in
output cells produced on day 21 of the GC reaction
(Supplementary Table 4) compared to the reference model.
All output cells were PCs, and no MBCs were produced
(Figures 9B,C). Statistical analysis of PC counts on day 7 of
the GC reaction (Figure 10A) showed no significant difference

compared to the reference model. Interestingly, on day 21 of the
GC reaction (Figure 10B), a 1.14-fold increase in PC count
compared to the reference model was observed. Furthermore,
no significant difference in the PC count between IRFinc and
BCLincIRFinc models was observed.

To summarize, IRFinc and BCLincIRFinc models resulted in a
decreased DZ-to-LZ ratio and increased production of PCs on
day 21 of the GC reaction. No MBCs were produced due to the
fast increase of BLIMP1 independent of CD40 signaling and
B-cell affinity. On day 7 of the GC reaction, similar PC counts
were observed compared to the reference model. Our IRFinc

model was in agreement with observations showing an
unaltered number of PCs on day 10 post-immunization and
spleen hyperplasia (Calado et al., 2010). Nevertheless, the model
also showed unaltered and reduced GC B-cell numbers on days 7
and 18 of the GC reaction, while the previous study showed the
opposite trend. (Table 2) (Calado et al., 2010). Despite
reproducing the transcription factor and GC B-cell dynamics,
our PC results were in disagreement with observations showing
an increased number of PCs on day 10 post-immunization
(Table 2) (Zhang et al., 2015). This discrepancy suggested that
our model was able to recapitulate the effect of constitutive

FIGURE 6 | Overall GC dynamics with the affinity-dependent CD40 signal. (A)Mean DZ-to-LZ ratio calculated from CB and CC counts during the GC reaction for
the reference (red), BCLauto (yellow), BCLinc (green), BLIMPloss (blue), and BLIMPlossIRFinc (purple) diffuse large B-cell lymphoma models. Standard deviation of 10
different random seeds is represented in dark gray. (B) Cumulative number of MBCs produced during the GC reaction for BCLauto, BCLinc, BLIMPloss, and
BLIMPlossIRFinc models represented with a blue line. The histogram represents the number of MBCs (blue) produced per day. The histogram scale is represented in
the left axes. The line scale (not shown) ranges between 0 and 100. Number shows the cumulated number of MBCs (blue) on day 21 of the GC reaction. No PCs are
produced. Representative of 10 simulations.
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activation of the canonical but not the alternative NF-kB pathway
on PC production. Finally, the BCLincIRFinc model was in
agreement with observations shown by Zhang et al. (2015)
(Table 2). Thus, our results suggested that IRFinc and
BCLincIRFinc alterations lead to unaltered PC production on
day 7 of the GC reaction but could result in increased PC
differentiation at later stages of the GC reaction.

Loss of IRF4- and BLIMP1-Mediated
Silencing of BCL6 Does Not Affect PC
Differentiation (IRFsil and BLIMPsil)
Finally, we assessed the effect of loss of IRF4- and BLIMP1-
mediated silencing of BCL6 (IRFsil and BLIMPsil) on the overall
GC dynamics (Figure 11). For IRFsil and BLIMPsil alterations, we

did not find observations on the GC phenotype in terms of B-cell
numbers and PCs produced. Nevertheless, the transcription
factor dynamics simulated in single cells showed in both
models the system evolved to a BCL6 low, BLIMP1 and IRF4
high steady-state as a result of the CD40 signal transduction.
Similar results were observed by Martínez et al. (2012), indicating
that redundancy in the GRNmakes the system robust against loss
of the BCL6 repression by either BLIMP1 or IRF4 but not by both.
Steady-state levels of all transcription factors in the IRFsil model
reached similar concentration levels as in the reference.

We observed the IRFsil model had a similar DZ-to-LZ ratio,
GC B-cell numbers (data not shown), and output cells produced
at day 21 of the GC reaction (Supplementary Table 4) compared
to the reference model (Figure 12A). In the BLIMPsil model,
there was a slight increase in the DZ-to-LZ ratio and GC B-cell

FIGURE 7 | Statistical analysis of (A)MBC and (B) PC counts on day 21 of the GC reaction and (C)MBC affinity dynamics during the GC reaction for the reference
(red), BCLauto (yellow), BCLinc (green), BLIMPloss (blue), and BLIMPlossIRFinc (purple) diffuse large B-cell lymphomamodels. A significant difference in the number of MBCs
and PCs produced is observed between the reference and the four diffuse large B-cell lymphoma models. In the diffuse large B-cell lymphoma models, MBCs increase
their affinity over time, while in the reference model, MBCs are of low affinity. Standard deviation of 10 different random seeds is represented in dark gray. An
unpaired two-tailed Student’s t-test was used. Three asterisks (***) represent p-values ≤ 0.001, “NS.” represents not statistically significant.
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numbers (data not shown) as well as a slight decrease in output
cells produced at day 21 of the GC reaction (Supplementary
Table 4) compared to the reference model (Figures 12B,C).
Statistical analysis of the MBC count at day 21 of the GC
reaction (Figure 13A) showed no significant difference
between the reference and IRFsil. There was a significant 1.7-
fold increase in the BLIMPsil model compared to IRFsil and the
reference. This could be due to the faster increase of BLIMP1 in
BLIMPsil, indicating a greater repression effect of BLIMP1 over
BCL6 than the effect of IRF4 over BCL6. Statistical analysis of the
PC count at day 21 of the GC reaction (Figure 13B) showed no
significant difference between the reference, IRFsil, and BLIMPsil

models.

DISCUSSION

The MSM can be an effective tool to complement experimental
investigation and has been used to predict the most effective
therapies for in vitro diffuse large B-cell lymphoma cell lines (Du
et al., 2017). Targeted therapies against chronically active BcR
signaling pathways have shown to effectively decrease cell
viability, thus inhibiting the tumor growth. It is increasingly
acknowledged that the aberrant expression of key transcription
factors, namely, BCL6, IRF4, and BLIMP1, and signaling
pathways, namely, BcR and CD40, during the GC reaction
plays a central role in the development of many diffuse large
B-cell lymphomas (Martínez et al., 2012). To study the effect of
eight different genetic alterations on the B-cell dynamics in the
GC, we used an existing MSM of PC differentiation (Merino
Tejero et al., 2020). We also compared six of the eight diffuse large
B-cell lymphoma models with in vivo experiments that analyzed
transcription factor expression and GC B-cell numbers at
different stages of the GC reaction.

Four of the diffuse large B-cell lymphoma models correctly
recapitulated the observed PC and transcription factor dynamics.
BLIMPloss and BLIMPlossIRFinc models are consistent with
observations showing BLIMP1 deletion led to a GC B-cell
expansion and a block in the PC production on day 7 of the
GC reaction (Calado et al., 2010). Thus, constitutive activation of
the NF-kB pathway could not override the effect of BLIMP1
deletion. Furthermore, the BLIMPloss model was consistent with
observations showing GC B-cell expansion also on day 21 post-
immunization. Nevertheless, the BLIMPlossIRFinc model also
showed a GC B-cell expansion on day 21 of the GC reaction,
which was not observed experimentally. This could be due to the
fact that our MSM does not account for the anti-proliferative and
anti-apoptotic effect of BLIMP1. IRFinc, and BCLincIRFinc models
are also consistent with observations showing that constitutive
activation of the NF-kB pathway alone (Calado et al., 2010) and in
codominance with enforced BCL6 expression (Zhang et al., 2015)
lead to unaltered PC production on day 7 of the GC reaction.
Nevertheless, there is a discrepancy in the number of PCs
produced on day 10 post-immunization when comparing
constitutive activation of the NF-kB pathway in both
experimental studies. While studies conducted by Zhang et al.
(2015) showed an increase in PC production, studies conducted
by Calado et al. (2010) showed unaltered PC numbers on day
10 post-immunization. This is likely due to the difference in NF-
kB pathways that were activated, namely, alternative or canonical
pathways studied. Despite the fact that our IRFinc model
resembles BLIMP1 levels shown by both studies, the number
of PCs produced in our model indicates that it represents the
effect of constitutive activation of the canonical NF-kB pathway
on PC production. It also shows that the increase of PC
production on day 7 of the GC reaction during the
constitutive alternative NF-kB pathway is not due to the
observed increased pro-differentiation effect of BLIMP1 levels.

FIGURE 8 | Transcription factor dynamics of (A) IRFinc and (B) BCLincIRFinc diffuse large B-cell lymphoma models upon binding of Ag and CD40L. Each time unit
represents 4 h. The protein concentration levels (unit = 10−8 M) of BCL6 (green), IRF4 (black), and BLIMP1 (orange) are shown on the left axes. Transcription factor levels
are followed for 52 h after the CD40 signal. In IRFinc and BCLincIRFinc models, the CD40 signal (blue) affects transcription factor levels resulting in a switch of the B-cell to a
PC (BLIMP1+) phenotype (in approximately 8 and 12 h, respectively, in this example).
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To this end, in vitro experiments showed that such an increase in
PCs could be linked to an increased proliferative state and/or a
decreased apoptotic state. To better represent this in our MSM, a
distinction between alternative and canonical pathways should be
introduced by including the different NF-kB subunits regulation
of IRF4 and BLIMP1 and have an antagonistic function
promoting and inhibiting PC differentiation (Roy et al., 2019).
Furthermore, c-MYC could be included as part of our GRN,
which is a critical mediator of B-cell proliferation (Dominguez-
Sola et al., 2012; Shlomchik et al., 2019). Finally, our IRFinc and
BCLincIRFinc models suggested that an increase in PC production
could happen at later stages of the GC reaction. Measurement of
PC numbers produced on day 21 of the GC reaction could be used
to validate this finding. This finding could explain the
pathogenesis of constitutive activation of the NF-kB pathway
through the induction of the pro-differentiation effect of BLIMP1

and suggests this pathway is a possible candidate for targeted
therapy.

Two of the diffuse large B-cell lymphoma models did not
correctly recapitulate the observed GC and transcription factor
dynamics. BCLauto and BCLinc models result in an expansion of
GC B cells and a block in the PC production that was not
observed experimentally (Zhang et al., 2015). This could be
due to the fact that in our MSM, the anti-proliferative and
anti-apoptotic effect of BLIMP1 was not included. The
connection of other processes such as cell division, or
apoptosis with the underlying GRN could potentially result in
a better representation of the in vivo experiments. To this end,
previous studies have shown that BCL6 may have a role as a
promoter or inhibitor of apoptosis depending on the cellular
context and the experimental approach (Bai et al., 2003). In the
same study, it was hypothesized that the increased BCL6

FIGURE 9 | Overall GC dynamics with the affinity-dependent CD40 signal. (A)Mean DZ-to-LZ ratio calculated from CB and CC counts during the GC reaction for
the reference (red), BCLincIRFinc (green), and IRFinc (blue) diffuse large B-cell lymphoma models. Standard deviation of 10 different random seeds is represented in light
gray. There is a 2-fold increase in the DZ-to-LZ ratio of the reference model compared to the diffuse large B-cell lymphoma models. (B) Cumulative number of PCs
produced during the GC reaction for IRFinc and (C) BCLincIRFinc models represented with a red line. The histogram represents the number of PCs (red) produced
per day. The histogram scale is represented in the left axes. The line scale (not shown) ranges between 0 and 100. The number shows the cumulated number of PCs (red)
on day 21 of the GC reaction. No MBCs are produced. Representative of 10 simulations.
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expression could induce apoptosis in diffuse large B-cell
lymphoma cell lines due to downregulation of B-cell
lymphoma 2. To include this mechanism in our model,
further studies are required to elucidate the relation between
BCL6, B-cell lymphoma 2, and apoptosis in diffuse large B-cell
lymphoma.

No data has been found to validate IRFsil and BLIMPsil models.
Our findings suggested that loss of IRF4- or BLIMP1-mediated
silencing of BCL6 does not affect PC differentiation. This

robustness in the GRN could be necessary to compensate for
the high incidence of mutations targeting the regulatory elements
in the BCL6 promoter (Saito et al., 2007; Martínez et al., 2012).

MBC dynamics is affected in six of the eight diffuse large B-cell
lymphoma models. Models with insufficient BLIMP1 expression
(BCLauto, BCLinc, BLIMPloss, and BLIMPlossIRFinc) induce MBC
production. Models with constitutive activation of the NF-kB
pathway alone and those in codominance with the BCL6
overexpression (IRFinc, BCLincIRFinc) block MBC production.

FIGURE 10 | Statistical analysis of PC counts (A) on day 7 of the GC reaction and (B) on day 21 of the GC reaction for the reference (red), BCLincIRFinc (green), IRFinc

(blue), and BLIMPlossIRFinc (purple) diffuse large B-cell lymphoma models. No statistically significant difference in the number of PCs produced on day 7 is observed
between the reference and the two diffuse large B-cell lymphomamodels. On day 10, there is a statistically significant difference in the number of PCs produced between
the reference and the two diffuse large B-cell lymphomamodels. An unpaired two-tailed Student’s t-test was used. Three asterisks (***) represent p-values ≤ 0.001,
“NS.” represents not statistically significant.

FIGURE 11 | Transcription factor dynamics of (A) IRFsil and (B) BLIMPsil diffuse large B-cell lymphoma models upon binding of Ag and CD40L. Each time unit
represents 4 h. The protein concentration levels (unit = 10−8 M) of BCL6 (green), IRF4 (black), and BLIMP1 (orange) are shown on the left axes. Transcription factor levels
are followed for 52 h after the CD40 signal. In IRFsil and BLIMPsil models, CD40 signal (blue) affects transcription factor levels resulting in a switch of the B-cell to a PC
(BLIMP1+) phenotype (in approximately 20 and 24 h, respectively, in this example).
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This observation remains to be experimentally validated.
Furthermore, while our MBC definition correctly recapitulated
the observation of a temporal switch from low affinity and
BLIMP1 MBCs to higher affinity and BLIMP1 PC production,
it also implied that the Ag status (Ag+) is one of the determinants
in MBC differentiation, and MBCs leave the GC through the DZ.
This definition remains to be validated. Nevertheless, a recent
study showed that post-GC extranodal mutations targeting a
regulator of the molecular switch BCL6 to the broad complex-
tramtrack-bric-a-brac and cap“n”collar homology 2 (BACH2)
transcription factor lead to an expansion of MBC population and
diminished GC B-cell and PC production by hindering BCL6
function and inducing BACH2 (Venturutti et al., 2020). This
observation may indicate that certain active B-cell subtype-like
mutations can skew GC output toward MBC production as well

as the role of BACH2 in promoting MBC differentiation by
opposing BCL6. Hence, the inclusion of BACH2 in the GRN
could provide a better understanding ofMBC dynamics in the GC
and its deregulation in diffuse large B-cell lymphomas.

Overall, our model provides a tool to study the effect of genetic
alterations on the cellular level by targeting a GRN with five
critical players in the development of diffuse large B-cell
lymphomas and can open the way for new therapeutic
strategies. In particular, it suggested BLIMP1 regulatory
elements could be better candidates for targeted therapy than
those regulating BCL6. Furthermore, the extension of our core
GRN with other elements, such as PAX5 (Balasenthil et al., 2007),
BACH2 (Ichikawa et al., 2014), T follicular helper secreted
cytokines such as IL2, IL4, and IL21 (Bhatt et al., 2017), and
metabolic pathways (Calvo-Vidal et al., 2021) could allow for a

FIGURE 12 |Overall GC dynamics with the affinity-dependent CD40 signal. (A)Mean DZ-to-LZ ratio calculated from CB and CC counts during the GC reaction for
the reference (red), IRFsil (green), and BLIMPsil (blue) diffuse large B-cell lymphoma models. Standard deviation of 10 different random seeds is represented in light gray.
There is a similar DZ-to-LZ ratio in the reference and the diffuse large B-cell lymphomamodels. (B)Cumulative number of PCs and MBCs, represented with red and blue
lines, respectively, produced during the GC reaction for IRFsil and (C) BLIMPsil models. The histogram represents the number of PCs (red) and MBCs (blue)
produced per day. The histogram scale is represented in the left axes. The line scale (not shown) ranges between 0 and 100. The number shows the cumulated number
of PCs (red) and MBCs (blue) on day 21 of the GC reaction. Representative of 10 simulations.
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better approximation of the mechanisms underlying diffuse large
B-cell lymphomas and other cancers, which may result in new
diagnostic markers or therapeutic targets. However, this requires
that we have sufficient mechanistic information or hypotheses
about these mechanisms to include them in the model for further
testing. Although the current literature provides many pointers to
make such an extension, this will also introduce (many) new
parameters in the model for which values need to be estimated
from experimental (time series) data. Unfortunately, such data
are not generally available. We attempted to extend the GRN
model with FOXO1 and c-Myc, following new insights about the
synergistic induction of c-Myc by BcR and CD40 signaling (Luo
et al., 2018), but due to lack of experimental data, we terminated
this effort at this time.
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