' [ ] [ ) [ )
Wl hiomedicines
(<o =]

Article

Patient-Specific Modeling of Diffuse Large B-Cell Lymphoma

Kirsten Thobe 1, Fabian Konrath 1%, Bjérn Chapuy 23

check for

updates
Citation: Thobe, K.; Konrath, F.;
Chapuy, B.; Wolf, ]. Patient-Specific
Modeling of Diffuse Large B-Cell
Lymphoma. Biomedicines 2021, 9, 1655.
https:/ /doi.org/10.3390/
biomedicines9111655

Academic Editor: Veronique Baud

Received: 30 September 2021
Accepted: 5 November 2021
Published: 10 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jana Wolf 14-*

Mathematical Modelling of Cellular Processes, Max Delbrtick Center for Molecular Medicine,

13125 Berlin-Buch, Germany; kirsten.thobe@mdc-berlin.de (K.T.); fabian.konrath@mdc-berlin.de (FK.)
Department of Hematology and Medical Oncology, University of Gottingen, 37075 Gottingen, Germany;
bjoern.chapuy@med.uni-goettingen.de

Department of Hematology, Oncology and Cancer Immunology, Berlin Medical Center Charité,

12203 Berlin, Germany

Department of Mathematics and Computer Science, Free University Berlin, Arnimallee 14,

14195 Berlin, Germany

*  Correspondence: jana.wolf@mdc-berlin.de

Abstract: Personalized medicine aims to tailor treatment to patients based on their individual
genetic or molecular background. Especially in diseases with a large molecular heterogeneity, such
as diffuse large B-cell lymphoma (DLBCL), personalized medicine has the potential to improve
outcome and/or to reduce resistance towards treatment. However, integration of patient-specific
information into a computational model is challenging and has not been achieved for DLBCL. Here,
we developed a computational model describing signaling pathways and expression of critical
germinal center markers. The model integrates the regulatory mechanism of the signaling and gene
expression network and covers more than 50 components, many carrying genetic lesions common in
DLBCL. Using clinical and genomic data of 164 primary DLBCL patients, we implemented mutations,
structural variants and copy number alterations as perturbations in the model using the CoLoMoTo
notebook. Leveraging patient-specific genotypes and simulation of the expression of marker genes in
specific germinal center conditions allows us to predict the consequence of the modeled pathways
for each patient. Finally, besides modeling how genetic perturbations alter physiological signaling,
we also predicted for each patient model the effect of rational inhibitors, such as Ibrutinib, that
are currently discussed as possible DLBCL treatments, showing patient-dependent variations in
effectiveness and synergies.

Keywords: cancer; patient-specific treatment; personalized medicine; logical modeling; DLBCL;
signaling networks

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoid malignancy in
adults. Despite exhibiting a large molecular heterogeneity with recognized subtypes, there
is currently a common immunochemotherapy-based treatment for all patients [1]. While
this treatment cures approx. 60-70% of patients, it leaves non-responders with relapsed or
refractory disease and limited treatment options.

DLBCL arises from antigen-exposed B-cells that are undergoing somatic hypermuta-
tions in the germinal center (GC) in order to generate highly specific antibodies towards
these antigens [2]. The genomic instability occurring in the GC requires to activate BCL6
to transiently tolerate the genotoxic stress and to physiologically initiate the dark zone
(DZ) of the germinal center [3,4]. This process is followed by a rigorous selection based
on competition for survival signals and lower proliferation rates in the light zone (LZ),
such that only B-cells with optimal antigen-antibody binding survive while the remainders
undergo apoptosis due to lack of signals [5]. The survival signals are triggered by antigen
B-cell receptor (BCR) interaction, as well as T follicular helper cell interaction with CD40
receptor and IL21/IL4 receptors [6]. The pathways transmitting signals from the receptors
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Initiation

to crucial genes for differentiation and survival encompass PI3K, MAPK, and NF-«B signal-
ing as well as JAK/STAT signaling. If a cell receives and successfully processes all of these
signals, it differentiates to a plasma cell, ensuring survival outside of the germinal center.
Notably, during malignant transformation, antigen-exposed B-cells acquire genetic lesions
within the above-described pathways (and others, see [7,8]) that ontogenically activate
pro-survival pathways for these B-cells.

Research in the last decade highlighted differentiation markers that are active during
four defined stages of the GC reaction: initiation, dark zone, light zone, and plasma cell
differentiation (Figure 1) [1]. To initiate the GC reaction, a burst in MYC expression is
essential just before entering the dark zone, where it enables the high proliferation rate of
B-cells. However, MYC expression declines constantly, which leads to the suggestion that
the MYC level acts as a timer of the DZ [9]. To date, it is only partly understood which
combination of receptor activation is necessary for the decision to transfer to a specific GC
stage [10]. For example, NF-kB controls the differentiation genes BCL6 and BLIMP1, and
cells with compromised NF-«B signaling were shown to have severely impaired GCs [11].
NF-kB can be activated by BCR and CD40 signaling, while the specific timing and interplay
of these receptors and their ligands at the different stages is incompletely understood. The
understanding of the network connecting receptors, signaling, and marker gene expression
is of high relevance, since many of the involved pathways are reported to be deregulated
in DLBCL.
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Figure 1. Overview of the germinal center reaction. The differentiation process comprises four different stages with specific
expression levels of selected marker genes (MYC, BCL6, IRF4, BLIMP1) indicated on the bottom. Adapted from Basso et al.

(2015) [1].

Based on the cell-of-origin, DLBCL have been classified into two subtypes, where
GCB-like DLBCL are similar to light zone B-cells and are described to be driven by genetic
alterations of CREBBP and EZH?2 [12]. ABC-like DLBCL present a highly active NF-xB
pathway like differentiating cells, which cannot reach the plasma or memory cell fate.
Here, the most prominent altered genes are CARD11, MYDS8S8, TNFAIP3, and CD79B [13].
Especially DLBCLs of type ABC show less responsiveness upon standard treatment and
are therefore the focus of further studies [14]. However, there are also patients with a
GCB-like profile with an unfavorable outcome, suggesting that transcriptional signatures
only partially capture the features relevant for outcome prediction [13]. More recently,
comprehensive sequencing studies of DLBCL facilitated a more refined subclassification of
the heterogeneous genomic profiles of DLBCL patients [7,8]. Here, statistical data analysis
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approaches such as clustering are applied with the aim of identifying treatment groups
and thereby improving the patient outcome. A different perspective to statistics-based
stratification gives patient-specific modeling, where genomic profiles are combined with
pathway models. These pathway models are developed from biological insights into the
functioning of the underlying molecular processes. Patient-specific modeling enables a
more detailed view on differences between patients on the molecular level in order to
improve the understanding of heterogeneity of the disease and to potentially aid optimal
treatment prediction [15-19].

Here, we develop a computational model that simulates the survival regulation of
B-cells in the GC and allows to create patient-specific models based on genome data to
study the heterogeneity of DLBCL on a mechanistic pathway level. Since the available
data is mostly of qualitative nature, we chose a qualitative modeling approach, logical
modeling. This approach has already been proven to be a powerful tool in the description
and analysis of cell fate decisions involved in development and cancer [20-23]. Based on
the genome data, we aim for constructing patient-specific models as perturbations of a
wild type B-cell model. With these models, we want to capture individual combinations of
mutations, copy-number alterations and structural variants of more than 50 components.
Moreover, we want to explore, in detail, the role of perturbations in the NF-«B pathway
on the oncogenic model behavior. Finally, by simulating the response of each model to
different drugs and drug combinations, we are able to predict patients and groups of
patients to be sensitive or resistant to a drug.

2. Materials and Methods
2.1. Logical Modeling

Logical models for biological system were first formalized by Kauffman (1969) [24],
where the topology of the system is defined as a directed graph R = (V, E, t), called inter-
action graph, with V = {1, ..., n} as nodes that represent the components of the system,
e € E C V x V as edges representing interactions between components and ¢t : E —+ N
assigning thresholds to the edges. Here, the components represent receptors, genes, and
protein complexes, whereas interactions indicate binding, transport, post-transcriptional
modifications, or expression. The components can adopt so-called activity levels, for
Boolean models either 0 or 1 is assigned to each component B = {0, 1}, indicating an
inactive or active state, respectively. The state s of a system is defined if every compo-
nent is set to an activity level, thus s : V. — {0, 1},Vv € V : s(v) € B, where the sequence
presents the same ordering as V. This formalism was extended to logical models, where
more discrete activity levels can be defined. In this model, some components are ternary,
and thus can reach an activity level of 2. The edges of the model are additionally assigned
with a threshold t, which determines at which level an edge becomes effective.

A component is regulated by its predecessor nodes, which determine when a compo-
nent becomes active. If there is more than one predecessor, the regulation can be expressed
using the logical operators V (OR), A (AND), and — (NOT) in a formula fy. The dynamic
behavior of a model results from state transitions by updating the components activity
over discrete time steps. Every generated trajectory finally reaches an attractor, which is a
set of states that the trajectory cannot leave. In case this set of states is a single state, thus
no component changes f(s) = s, a fixpoint of the system is reached. The fixpoints of a
system are conserved for all updating strategies.

Here we build a logical model for the processes in the germinal center comprising
relevant signaling pathways and gene expression processes (shown in Figure 2); biological
details will be given in Section 3.1. The model building process was done in GINsim [25].
The model is analyzed with respect to its fixpoints under different stimulations, Section 3.2,
and then specified for patient-specific data, see Sections 2.2 and 3.4.
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Figure 2. Graphical scheme of the model. The model contains four signaling pathways and a gene regulation module,

with three receptors as input nodes to the system. All components are binary except for IKKc, NF-«B, and IRF4, which are

ternary. The edges are mostly inhibiting or activating with a threshold of 1 (t:1), except the edge from IRF4 to BLIMP1 with
a threshold of 2 and the edge from IRF4 to BCL6, which is activating if IRF4 = 1 and inhibiting if IRF4 = 2.

2.2. Patient-Specific Models Derived from Clinical Data

Our analysis is based on a recently published, comprehensive data set that genetically
characterized 304 primary DLBCL patients [7]. Notably, 85% of patients in this cohort
were uniformly treated with state-of-the-art therapy (rituximab-containing CHOP-like).
Samples of newly diagnosed patients were used to perform whole-exome sequencing that
were analyzed for copy number (CN) alterations, somatic variants, and mutations. The
significance of these were evaluated (for details see [7]) and categorized for mutations as
non-synonymous mutations, synonymous mutations, or no-mutation. For copy number
alterations, categories are high-grade CN gain, low-grade CN gain, CN neutral as well as
low-grade CN loss, and high-grade CN loss [7].

Based on the general model of the molecular processes of the GC reaction, we are
generating patient-specific models by implementing the described genetic alteration types
and levels. In our analysis, we focus on strong effects and therefore only included high-
grade copy number gains and losses as well as non-synonymous mutations with an
annotated non-silent effect. Moreover, we only considered perturbations of those genes
that are associated with the components of our model. To this end, we used a manually
curated list of genes (data not shown). These genes were then queried from the published
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study with the genetic alterations for each patient and presented in an Oncoprint format
from cBioportal (https:/ /www.cbioportal.org/, accessed on 4 November 2021). [26], see
Figure A1.

For the implementation of the perturbations in patient-specific models, copy-number
alterations are interpreted as loss of function (LOF) for deletions and as gain of function
(GOF) for amplifications. Mutations and structural variants are set to GOF for oncogenes
and LOF for tumor suppressors. In case the perturbation affects a component of the model
directly, this effect is then implemented as a changed activity state of the component.
Otherwise, the effect of the perturbation is mapped onto the subsequent model component
as shown in Figure 4, taking the sign of the edge into account. Then, the implementation
into the model is done by setting the affected component to either 0 or 1, for LOF and
GOF respectively. Formally, this results in a new model for each patient (annotated by a
model ID), due to changes in the logical function of components, which was implemented
in the CoLoMoTo notebook [27]. The new models can have different attractors than
the unperturbed model. In cases the perturbation affects an input node, the number of
attractors will be reduced, since a specific input combination is not possible anymore as
indicated by “no attractor” in Figure 5.

3. Results
3.1. Computational Model of the Germinal Center Reaction

We first develop a model for GC B-cells that might serve as physiological equivalent
from which DLBCL cells arise through malignant transformation. Our basic assumption
for the behavior of a GC B-cell is that it is constantly undergoing selection pressure in the
form of competition for survival signals from T helper cells and antigens. For our model,
this implies that without activation of receptors, the cell will not express any proliferation,
survival, or differentiation markers. In contrast, activation signals from T helper cells and
antigens alone or in combination provide input combinations that are specific for individual
stages of the GC reaction and cause stage-specific expression of marker genes. In order to
describe the critical processes involved in the regulation of marker gene expression, the
model comprises PI3K, MAPK, NF-«B, and JAK/STAT signaling.

The signaling pathways are described as minimal as possible to reduce the complexity
of the model. We therefore focus on pathway components that are either targeted by genetic
lesions or affected by drug treatment. Thus, linear signaling chains such as RAS — RAF
— MEK — ERK are reduced without affecting dynamical features of the model [28]. In
Figure 2, the structure of the model is presented as a graph depicting components and
interactions of the model. Logical functions of the model are given for all components that
have more than one regulator as detailed in Table 1. In case there is only one regulator,
the activity of a component depends on the state of its predecessor and type of interaction,
i.e., activation or inhibition (for more details see Section 2.1, the full model is given in
Table Al).

Table 1. Logical functions for components with more than one regulator. The logical operators are V
(OR), A (AND), and — (NOT). If the level of the ternary components (IKKc, NF-«B and IRF4) is not
specified, it implies their activity for level 1 and 2.

Component Function Reference
PIBK SYK A BTK [29]
MYC PI3K A NF-«kB A = BLIMP1 A = BCL6 [30-32]
ERK RAF A - STAT [33,34]

IKKc:1 CBM [35]

IKKc:2 TRAF6 [36]
BCL6 IRF4:1 A = IRF4:2 A = (ERK Vv BLIMP1) [3,34,37]

BLIMP1 IRF4:2 A STAT A - BCL6 [37,38]
AID NF-«B A STAT A -~ BLIMP1 [39,40]

BCL2 (PI3K V NF-kB) A = BCL6 [41-43]
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Active BCR signaling gives the primary survival signal for a B-cell. Upon BCR
engagement by its antigen, the BCR recruits several adaptor and signaling intermediates
such as kinases, LYN, and SYK, which activate PI3K and AKT. A central component of
the BCR signaling is also BTK, which besides its canonical role in activating NF-«B, also
modulates AKT together with SYK [29]. As a consequence, in our model we included
the activation of SYK and BTK and mapped this AKT regulation by SYK and BTK on
PI3K. As indicated above, BTK activates PKCf3, which subsequently promotes both MAPK
activation via RAS and NF-«B signaling via a complex of CARD11, BCL10, and MALT1
(CBM) (see [44] and reference therein). We here include these regulations in the model in
a reduced form: BTK activates RAF as well as the CBM complex. A central role of PI3K
signaling in the GC reaction is to enable proliferation in the DZ by activating MYC.

The NF-«kB pathway becomes active after the formation of the IKK complex (IKKc)
comprising NEMO, IKK«, and IKKf. Active IKKc inhibits IkB, which in turn releases the
repression of NF-«B, leading to transcription of a wide array of target genes [45]. The IKK
complex can be activated by different upstream receptors and kinases [46]; in GC B-cells,
IKKCc is activated mainly by BCR via BTK and the CBM complex as well as by CD40 via
TRAF6 (Figure 2). Moreover, there are different modes of activity described for NF-«B
leading to varying downstream behavior, specifically for its target IRF4. IRF4 dynamics
have been shown to be essential for the decision process during differentiation, where a
low and transient transcription is essential for BCL6 activity in the DZ whereas a high and
permanent IRF4 activity is sufficient to drive B-cell differentiation to plasma cells [47]. In
order to reflect these two different dynamics in the NF-«B pathway and its target gene IRF4,
the pathway components are designed to show three different activities: no activity (0), low
and transient activity (1), and high activity (2). Here, high activity results from an activation
of CD40, since it was shown to be the essential stimulus for PC differentiation [36], which is
mediated by high levels of NF-«B [47]. We modeled BCR stimulation to cause a low NF-kB
activity, since it requires T cell help to cause PC differentiation.

T helper cells not only stimulate B-cells through the CD40 receptor, but also activate
the JAK/STAT pathway through interleukin (IL) 21 and 4. These cytokines have been
shown to be present in high levels in the DZ, where they activate STAT6 to block ERK from
phosphorylating and thereby inhibiting BCL6. This allows for rapid and reversible high
levels of BCL6 in the DZ [33,34]. STAT3 was shown to be essential for PC differentiation
by forming a complex with IRF4 [48]. Finally, STATs were also shown to induce AID
transcription together with NF-kB [39]. For our model, we summarize the IL21 and IL4
receptors to one component [L.21/4, since they were shown to have similar functions in GC
B-cells [33]. The JAK/STAT pathway is represented by the component STAT, which acts on
the targets ERK, BLIMP1, and AID.

The regulation of B-cell marker genes including BCL6, BLIMP1, IRF4, and AID has
been modeled by different groups [47,49,50]. We adapted our model from the logical model
by Mendez and Mendoza (2016) [51] and extended the upstream regulatory pathways
as described above. We added MYC and BCL2 as additional markers and reduced the
number of interactions between the marker genes. In detail, BCL6 is inhibited in the GC
by ERK and independently by BLIMP1, which is implemented as a logical OR connection.
The activation of BCL6 was shown to follow an early burst in expression of IRF4 [52],
which we implement as IRF4:1 (see Table 1). BLIMP1 is inhibited by BCL6 and requires a
complex formation of STAT with high level IRF4 to become active [38]. The DZ marker
AID is an enzyme that has a large number of regulators, however, we focus on regulations
from components in the model. STAT6 and NF-«B have been described as transcriptional
activators of AID [39], while BLIMP1 inhibits AID expression [40]. The proliferation marker
MYC is critical to enable the clonal expansion in the dark zone, and its activation requires
not only PI3K activation but also NF-«B signaling in GC cells [32], while an inhibition of
MYC by BLIMP1 was described in differentiated B-cells [30]. Additionally, BCL6 blocks
the transcription of MYC in the DZ [31], this inhibition is commonly disrupted in DLBCL.
Finally, the marker BCL2 was added as a pro-survival signal, an important read-out for
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the selection process in the germinal center, and additionally, it is a frequent oncogene in
DLBCL (see Figure Al). PI3K as well as NF-kB are described to promote survival via BCL2,
where NF-«B directly acts as a transcription factor for BCL2 [43]. PI3K promotes survival
through AKT by inhibiting the pro-apoptotic protein BAD, and thereby promotes activity
of BCL2-family members [41,42]. This regulation is implemented as activation of BCL2 by
PI3K in the model.

3.2. Attractors of the Model Reflect Germinal Center Stages

The model is used to simulate the different stages of B-cell differentiation in the GC
as attractors of the system. Since B-cells are moving through different environments and
receive specific signals to progress towards a plasma cell (Figure 1), we assume that for the
duration of a stage the marker expression of a B-cell should be robust and reproducible
from the input. Thus, the model was built to have GC stages as attractors, even though
they should not be interpreted as long-term states since the GC reaction is a dynamical
process. However, the patient-specific models are expected to be in a steady-state-like
behavior, since they represent cancer cells rather than differentiating cells.

In Figure 3a, the eight attractors of the model are listed, all of which are fixpoints and
uniquely defined by the combination of inputs. The attractors are assigned to a stage of
the GC according to the activity of the marker genes BLIMP1, MYC, BCL6, and BCL2. In
the GC reaction, the initiation stage corresponds to the fifth attractor (ID 5), called pre-GC,
which describes the process of B-cell homing to the germinal center after activation of the
BCR by an antigen. In these cells, survival signaling is active through the PI3K and NF-«xB
pathway and also MYC is strongly upregulated just before entering the GC in order to
provide metabolites for proliferation in the DZ [9]. In the DZ, BCL6 reaches a high level
due to IRF4 activity, in order to enable somatic hypermutations by the enzyme AID. In our
model, this attractor (ID 6) can only be reached if the BCR is active and additionally there
is a signal from IL21 or IL4 to activate STAT. Since T helper cells are mostly absent in the
DZ, the cytokines are assumed to be provided by the T cell zone, through which the B-cells
migrate to reach the DZ [53].

The light zone presents a very heterogeneous stage in the GC reaction. Depending on
the signals that a B-cell receives, it can have different fates, either die, called LZ1 (ID 1);
return to the dark zone, called LZ2 (ID 7); or differentiate, leading to the PC attractor (ID 8).
In case there are no input signals present, the B-cell should not express any survival or
differentiation markers (ID 1). For the dark zone return, an upregulation of MYC is required
to allow for proliferation, where MYC activation results from BCR and CD40 input [32].
Only a fraction of cells in the germinal center differentiate into plasma cells (ID 8), where
high IRF4 levels are required in combination with STAT3 to induce the transcription of
the B-cell marker BLIMP1. BLIMP1 is a transcription factor itself that promotes plasma
cell genes, therefore, its upregulation marks a point of no return [54]. In the model, cells
that receive BCR, CD40, and additionally IL21/4 signals are able to express BLIMP1 and
become plasma cells.

There are three input combinations that lead to attractors in the model that we consider
non-physiological (ID 2, 3, 4). Input combinations with active CD40 and/or IL21/4 but
inactive BCR are considered non-physiological, since binding of an antigen by the BCR is
necessary for the B-cell to process and present the antigen to a T cell. This presentation in
turn activates the T cell and finally signals back to the B-cell via CD40 or IL21/4 (or both).
As a consequence, those attractor combinations are not considered for the analysis.
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Figure 3. Attractors of the GC model and associated germinal center stage. (a) List of all attractors of the model, where each
row represents an attractor reached from an input combination of BCR, CD40, and IL21/4. Activity levels of components
are 0 (white), 1 (light grey) or 2 (dark grey). Stages are assigned according to the expression of marker genes BCL6, BLIMP1,
MYC, and BCL2 (last columns: Marker). Attractors are given an ID (first column) and a stage name (second column). Color
coding of the marker expression (beige: no markers active, orange: MYC and BCL2 active, blue: BCL6 active, green: BLIMP1
and BCL2 active) is used for further analysis as shown in (b,¢). Non-physiological stages are marked as “n.phys.” and blank
boxes, see IDs 2, 3, 4. (b) Analysis of individual model perturbations on the attractors. For comparison, the WT scenario
from (a) is summarized in the first row. Perturbations of the model, specifically ERK ectopic expression (ect) and MYC
ectopic expression, are given in two lines below. For MYC, ect-modified attractors occur in DZ, LZ1, and PC that present
different marker combinations than the WT, indicated by new colors (legend can be found in Figure 5). (c) Detailed view on

perturbed attractors, showing the aberrantly active components in red.

3.3. Simulating the Effect of Genetic Lesions and Drug Treatment

Having established the model that describes the different GC stages as attractors, we
next used the model to simulate the effect of perturbations and predict the impact of in-
hibitors. For this aim, a copy-number loss or ectopic expression of a gene was implemented
into the model by decreasing or increasing the activity level of an affected component [55]
(Section 2.2). For example, we can simulate an ectopic expression of ERK by substituting
the function from ERK = RAF A — STAT to ERK = 1. Consequently, ERK is always active
and independent from the inputs and the edges from RAF and STAT. This new model has
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different attractors than the unperturbed model, which indicates abnormal behavior of a
cell carrying such a perturbation. Figure 3b visualizes this change in attractors for the GC
stages, where the activity pattern of the marker genes is color coded. In the example of an
ectopic expression of ERK, the only attractor that changes is the DZ attractor (see Figure 3b,
second line), which now shows MYC and BCL2 activity instead of BCL6 (Figure 3c). How-
ever, if MYC is perturbed, which is often the case in DLBCL, the behavior of the model
differs in three out of five attractors, shown in the second line of Figure 3b and in detail in
Figure 3c. Again, the DZ attractor changes, but to a qualitatively different attractor than
present in the wild type, since MYC and BCL6 are both active. This combination can be
interpreted as a possible oncogenic state, since BCL6 no longer inhibits MYC to limit the
proliferation while undergoing somatic hyper mutations. The simulation shows that a cell
carrying a genetic lesion has the risk to transform into a cancer cell, in this case, in a specific
environment with active BCR and IL.21/4.

Our model describes signaling and gene regulatory processes that are important for
B-cell development and therefore already contain a number of components that are known
oncogenes or tumor suppressors in DLBCL, such as BCL6 or BCL2. In order to cover
more patients, we expand the coverage for genetic lesions that can be implemented in
the model. For this aim, the involved pathways are extended and regulators of central
genes are added that are present as genetic lesions in patients of the data set [7]. We found
54 genes that were either part of a modeled pathway or a direct regulator of a marker gene,
as shown in Figure 4. In the figure, a few components are lumped, e.g., STAT maps STAT1,
STAT3, STATS, and STAT6, while IxkB and NF-kB cover all members of the respective family.
Perturbations in nodes that are not in the model are mapped to the corresponding model
component (details Section 2.2). For example, an amplification in the oncogene HRAS
was mapped as a constant activation to the downstream kinase RAF. A LOF mutation
in the gene TNFAIP3, encoding for A20, is implemented as GOF in IKKc, since A20 is a
tumor suppressor connected by a negative edge to IKKc. This perturbation was shown
experimentally to cause a constitutively active NF-kB pathway [56]. Other examples are
IRF8 and MEF2B, which are known to activate BCL6 and have been reported as oncogenes
in DLBCL; however, their upstream regulation is not well described [3]. Therefore, we
included them by mapping their perturbations directly to BCL6. Moreover, functionally
similar components were mapped on one representative node. This was done for the BCL2
family, where pro-survival factors BCL2, BCLXL, and MCL1 have a comparable molecular
effect and are therefore represented by BCL2. Lastly, we implemented the effect of four
different drugs by decreasing the activity of their targets, where Ibrutinib inhibits BTK,
Copanlisib inhibits PI3K, Bortezomib inhibits NF-kB, and Venetoclax inhibits BCL2. All
these perturbations can be simulated separately or in every combination. Each combination
creates a new model that can be simulated and analyzed.

3.4. Patient-Specific Models Often Present a Shift in Attractors

After mapping individual genetic lesions as perturbations to the model, we can include
the specific combination of perturbations for each patient. From the 304 patients in the data
set of Chapuy et al. (2018) [7], 164 patients carried at least one genetic lesion in a gene that
was covered in our model. Overall, we found 1-10 perturbations per patient. The Oncoprint
in Figure A1 shows that these patients have BCL2 as the most frequent lesion, which is
reported to be the most common genetic lesion in DLBCL. BCL2 is altered very distinctly
in ABCs and GCBs, with ABCs having gene amplification and GCBs mutations [57], which
is clearly reflected in Figure Al. In the frequency of mapped perturbations per patient,
there is no prevalence in GCBs or ABCs.
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Figure 4. Extended graph of the model including additional components with mapped genetic lesions and simulated drugs.

Additional nodes are indicated by light grey color and inhibitors are shown in dark grey boxes. The components CARD11,

BCL10, and MALT1 that form the CBM complex are shown separately here, but are mapped on the component CBM in

the model. Please note that an activation in the model in Figure 2 might be based on two consecutive inhibitions in the
extended model version, e.g., IKKc activation of NF-«B.

For the analysis, a patient-specific set of genetic lesions was implemented in the model
using the CoLoMoTo notebook [27], resulting in a specific model for each patient. The
attractors for each GC stage are given and color-coded according to the combinations of
expressed marker genes. This allows not only to identify qualitatively abnormal attractors,
which is marker gene combinations that are not present in the wild type, but also to observe
markers in the wrong stage of the germinal center.

In Figure 5, the attractors for a selection of patients (58 out of 164 for better visibility)
are shown. The respective components carrying an alteration are given on the left hand
side. In the first row, the WT behavior from Figure 3 is depicted for comparison. Some
patient-specific models show a very similar behavior to the WT, while other models differ
in one up to every attractor. We here discuss a few examples in more detail: For the patient
model 131, only a CD79B alteration was found resulting in a constitutively active BCR (see
Figure 4). The attractors Pre-GC, DZ, LZ2, and PC all have active BCR as input (Figure 3a),
thus they appear unperturbed compared to the WT (Figure 5). However, the LZ1 attractor
requires an inactive BCR, which does not exist anymore for this model, because of the
CD79B alteration. As a result, the LZ1 attractor is lost. Patient model 73 has an alteration
in MCL1, which is mapped as a GOF to BCL2, resulting in two changed attractors. The
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LZ1 attractor is changed from no active markers to active BCL2, resulting in a potential
escape of the selection process. Moreover, the DZ attractor normally has active BCL6,
which inhibits BCL2, but due to the genetic lesion in BCL2 this inhibition is lost, leading to
BCL6 and BCL2 being active together.

Generally, the more alterations per patient are mapped, the stronger is the difference
in the model behavior, with exceptions. Patient 29 has alterations in BCL2 and STAT as
well as EZH2, which is mapped to BLIMP1. Here, all but one of the attractors are different
to the wild type, showing BCL6 and BCL2 active together in DZ and Pre-GC, a loss of the
attractor in LZ1 and loss of the PC stage. Models 47 and 34 also show differences to the WT,
where model 47 has a constantly strong (level 2) activity of NF-kB caused by a perturbation
in TLR2. Together with a PTEN LOF resulting in constitutively active PI3K, MYC is always
active unless IL21/4 drives the cell towards BLIMP1 expression (Figure 5). In model 34,
there is a medium level of constitutive NF-«B (level 1) due to a perturbation in CARD11
as well as an amplification in MYC and BCL2 leading to aberrant marker combinations
in the DZ and LZ1 with BCL6, MYC, and BCL2 activity. Moreover, the PC stage has a
non-physiological combination of BLIMP1 with BCL2 and MYC active (Figure 5).

All the aforementioned patient-specific models still show a sensitivity to the input,
meaning that the marker gene expression depends on the stage and therefore the environ-
ment of the cell. For other models, e.g., 27, 60, and 85, this is lost completely, implying
a similar marker gene activity in every GC stage. In these examples, the key feature is
a constitutive BCL6 activity, e.g., for model 60, this is caused by a mutation in MEF2B.
Although this patient also has an additional mutation in TLR2, leading to a high NF-«B
level, this has no effect on the marker genes in the model. This is due to the central role
and dominant effect of BCL6, which inhibits all of the other three marker genes. As soon
as BCLS6 is active, it inhibits MYC, BLIMP1, and BCL2, unless there are perturbations
directly in these genes causing a disruption of the inhibition. This can be observed in
model 85, which has a constitutive BCL2 activation in addition to a BCL6 perturbation
via EP300 (see Figure 5). Finally, model 27 has what is described as a very aggressive
combination of genetic lesions with constitutively active BCL6, BCL2, and MYC. In this
patient, BCL2 and MYC are directly altered, EZH2 activation inhibits BLIMP1, and MEF2B
as well as CREBBP cause active BCL6. While the perturbation in PTEN mutation leads to
permanently active PI3K, the marker gene activity is unchanged in our model, since all
PI3K targets are perturbed and therefore disconnected from upstream signals.

Finally, model 92 is one of a few models with a LOF in NF-«kB due to an amplifica-
tion in IkBe (Figure 5). The model still responds to inputs via PI3K signaling, leading to
BCL2 activity, but MYC and BCL6 cannot be active anymore. Since the next downstream
component of NF-«kB signaling, IRF4, is also perturbed as GOF, BLIMP1 can still be ac-
tivated. Here none of the expected oncogenes are active, but the model clearly shows
abnormal attractors.

3.5. Oncogenic Attractors Are Quite Heterogenous

The patient-specific models showed a variety of new attractors with variable marker
gene expression. We then analyzed which of these attractors have to be considered as
oncogenic. Based on literature information, oncogenic states are defined as abnormal
marker combinations, e.g., expression of BCL6 in combination with BCL2 and/or MYC is
an aggressive cancer state. Another possibility is a marker gene expression at the wrong
stage, e.g., expression of BCL6 outside of DZ or MYC expression outside of Pre-GC and
LZ2. In detail, the activity of BCL6 as a DNA damage response inhibitor should be limited
to the DZ and is especially problematic when combined with MYC as a proliferation driver
and BCL2 as an anti-apoptotic regulator. Both of these components are normally inhibited
by BCL6 and are well described to escape this inhibition in DLBCL through structural
variants, with even poorer prognosis in double or triple hit patients [58,59]. In Figure 5,
darker colors are used to visualize multiple marker gene activities. Finally, a loss of specific
attractors can mark an oncogenic state; important examples are the loss of the PC attractor
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and the loss of the LZ1 attractor. The PC attractor represents the exit of the GC, whose
avoidance is described in the literature as one feature of DLBCL, either by genetic lesions
of BLIMP1 or its regulators [1]. The loss of the LZ1 attractor as the potential apoptotic
state in the model is of special interest, too. The LZ1 attractor represents the state, where
the cell does not receive any input from the receptors and therefore does not express any
marker genes. The LZ1 attractor is lost for the majority of models, that is for 154 out of
164 patients. Overall, 157 patient-specific models show an oncogenic behavior in their
attractors according to the discussed criteria.
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Figure 5. Patient-specific models show large heterogeneity in attractor patterns. A selection of patient-specific models is
shown where the model ID and the perturbed genes are given on the left, ordered by model ID. The attractors are color
coded for their marker gene activity, as well as the COO status.
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The cancer type DLBCL, especially ABCs, is often described to be driven by or addicted
to NF-«B signaling [60], and many mutations occur in the regulation of this pathway. We
next wanted to stratify patients based on the influence of NF-«B signaling on the markers.
In detail, we determined the dependency of the attractors on NF-«B activity for all patient
models. We were able to identify five different classes, where four are NF-«kB dependent:
NF-«B unperturbed, NF-«B level 1, NF-«B level 2, and inactive NF-«kB, and the last class is
NF-«B independent (Figure 6).

Most patient-specific models have NF-kB-dependent marker gene expression, where
we distinguish between models without perturbations in the NF-«B pathway and those
having gain- or loss-of-functions. The NF-«B unperturbed models have no genetic lesions
in NF-«B and its regulators. Generally, we observe in this group a very low number
of implemented genetic lesions, which are in the MAPK, PI3K, or STAT pathways. The
number of changed attractors in these models is low (Figure 6a, first block).

A large group of patient-specific models has a perturbation that causes a constitutive
activation of NF-«kB. This activation can be due to genetic lesions in the receptors such as
TLR2, but also CBM complex component mutations or amplifications directly in NF-«B
family members, such as in cREL. As a result, all of these patient models show a loss of
the LZ1 attractor. Since our model distinguishes between two different activity modes of
NF-«B signaling, reaching either a level 1 by BCR signaling or a level 2 by CD40 activation,
alterations can cause level 1 or 2 activity of NF-«kB as well. In Figure 6 (first block), we can
observe that the marker gene expression of the patient-specific models is mostly similar
within the NF-«B level 1 and level 2 group, but is more distinct between these groups. The
NEF-«B level 1 group shows an increase in attractors with BCL6 activity in LZ1 (Figure 6).
For level 2 models, BCL6 generally cannot be active anymore, since it requires an IRF4
activity of level 1 and therefore an NF-kB activity of level 1 (see Table 1). Instead there is a
PC-like attractor with active BLIMP1 in the DZ stage or active MYC in the DZ and PC.

There is a group of patient-specific models with perturbations in the targets of NF-xB
causing an NF-kB independency (Figure 6, ‘NF-«B independent’). Here, the state of NF-«B
does not affect the marker gene activity. This group makes up for approximately a third of
the 164 patients and interestingly shows a similar prevalence for ABC and GCB DLBCL.
The largest sub group of patients in this class harbors a BCL6 perturbation (Figure 6e).
A smaller group of patient models is MYC driven (Figure 6d), with four patient models
showing both MYC and BCL6 perturbations.

Finally, the group ‘inactive NF-«B’ (in. N.) encompasses a small number of patients with
inactivating perturbations in NF-«B, for example by amplification of the NF-kB inhibitor
IkBe. These models express very few marker genes in their attractors (see Discussion).

3.6. Drug Simulation Shows Resistance for BCL6 Perturbed Samples

Finally, we used the patient-specific models to investigate the effect of inhibitors, with
a focus on inhibitors that interfere with the signaling pathways covered by our modeling
approach. Therefore, we perturbed each patient-specific model by single inhibitors or
selected inhibitor combinations. The results are shown in Figure 6 (second to seventh
block), demonstrating that each inhibitor strategy yields a new set of attractors per patient.
The aim of drug treatment is to drive a cancer cell into apoptosis. Since this cell fate is
not explicitly represented in our model, the state ‘no marker’, where BCL2 and all other
marker genes are inactive, is taken as a surrogate for a state where pro-survival signaling is
lowered and therefore apoptosis is more likely. The challenge is to identify an inhibitor
that shifts as many attractors as possible to the ‘no marker’ state.

In Figure 6, we can observe that the NF-kB-independent class either does not respond
to any inhibitor at all, such as BCL6-driven patient models, or the inhibitor does not have
enough impact to reach the ‘no marker’ state (Figure 6e). Here, impact means the capacity
to turn off as many marker genes as possible. For the BCL6-driven samples, the inhibitors
for BTK, NF-«B, and PI3K all act upstream of BCL6 and therefore have no effect on the
marker gene activity. Only the BCL2 inhibitor blocks BCL2 in models that have a GOF in
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this gene (Figure 6f), but since BCL6 stays active it is still categorized as oncogenic. For
patient models with activated MYC (Figure 6d), inhibition of BTK, NF-«B, and BCL2 can
show a small effect (blocks 2, 3, 5), and the combination of NF-kB and BCL2 inhibitors in
Figure 6 (block 7) has the strongest impact. However, in these models, MYC always stays
active independent of inputs and inhibitors.

)
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Figure 6. Patient-specific models show differences in sensitivity towards drugs in attractor behavior.
Attractors of all 164 patient-specific models are grouped in five classes: NF-kB unperturbed (‘NF-«B
unpert.’), NF-«kB level 1, NF-«B level 2, NF-«B independent, and inactive NF-kB (‘in.N.”). The first
block shows attractors in the different GC stages without a drug (‘no inh’), while the other blocks
have an additional perturbation simulating the effect of different individual and combined inhibitors,
e.g., BTK inhibitor (block 2) or PI3K and BCL2 inhibitors (block 6). Letters a—f indicate groups
discussed in the text. Additional information is provided in Figure A2.
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The patient models in the other groups (Figure 6; NF-«B unpert., NF-«B level 1, NF-
kB level 2) are to some extent sensitive to the inhibitors. The inhibitor BTK (block 2) is
generally able to block NF-kB, MAPK, and PI3K pathway activation after BCR activation
and can therefore efficiently block survival signaling. This effect can be observed in the
NEF-«B unperturbed group (Figure 6a, block 2) and models in the NF-«B level 1 group with
perturbations in the BCR (Figure 6b, block 2). The models of these patients show a ‘no
marker’ attractor for Pre-GC, DZ, and LZ1, but not for LZ2 and PC where CD40 is active.
The BTK inhibitor has a larger impact than NF-«B, PI3K, or BCL2 inhibitors that show
fewer ‘no marker” attractors for these models. However, this benefit changes for NF-«B
level 1 models with perturbations in the CBM complex (Figure 6c, block 2). Here, BCL6 is
active in the DZ and LZ1, where inhibiting BTK leads to an additional activation of BCL6
in the Pre-GC setting. This is due to the fact that ERK is normally repressing BCL6 upon
BCR activation. In this case, BTK cannot block NF-«B signaling since the perturbation is
downstream of BTK, but it still blocks ERK, allowing for BCL6 activity. For these patient
models, an NF-«B inhibitor is a better choice, since it can block all marker gene activity
except BCL2 (Figure 6¢ block 3), in which case a combination of NF-kB and BCL2 inhibitors
is the most effective (Figure 6¢ block 7).

For models with NF-«B level 2 perturbations, BTK, NF-«B, and PI3K inhibitors all stop
MYC activity, with one exception. One patient has a PTEN and TLR2 perturbation that
causes BTK inhibitors to have no effect, since both PI3K and NF-«B signaling are driven
by perturbations independent of BTK. Moreover, all patient models that show BLIMP1
activity benefit from NF-«B inhibitors (Figure 6, block 3), while BTK and PI3K inhibitors do
not affect BLIMP1 activity. The opposite is true for the few patients with no NF-«B activity
(Figure 6 in.N.), where only BTK and PI3K inhibitors show a beneficial effect.

The single BCL2 inhibition also has a limited impact, see Figure 6 (block 5). However,
for BCL2 inhibition in combination with BTK, PI3K, or NF-kB inhibitors, the attractors of
many patient models can be shifted to the ‘no marker’ state. In particular, the combination
of NF-«kB and BCL2 inhibitors can shift all attractors of all patient models in the NF-«B
unperturbed, NF-kB level 1 and level 2 to the ‘no marker” attractors (Figure 6 block 7),
suggesting that this combination can be beneficial for a large group of patients.

4. Discussion

In this paper, we develop the first patient-specific models for DLBCL by combining a
mechanistic description of critical processes in B-cell development in the GC with published
data of genetic lesions from individual patients. The approach demonstrates a heterogeneity
of attractors in the individual patient-specific models. For the description of the behavior of
a model, we specifically did not summarize the attractors of the patient-specific models but
investigated the effect of perturbations on the full physiological attractor list. This provides
critical detail for the simulation of inhibitor effects, where we observed model-specific
sensitivity even within patient model groups with similar pathway perturbations, e.g.,
NF-«B level 1 models.

In general, by applying our modeling framework, we were able to develop models for
more than half of the patients from the Chapuy et al. study [7] (164 out of 304), indicating
that we capture many of the relevant processes with our underlying model. However,
there are also patients that have no perturbations in the 54 genes covered by the model and
several patient models showed a non-oncogenic behavior by either presenting the wild
type attractor pattern or attractors that did not have any of the known marker genes active.
For all these cases, we expect that the genetic lesions driving DLBCL are not captured in
our current model. An important example is the p53 pathway, with p53 as a common
driver of DLBCL that is not yet included into the model but could be subject to future
extensions based on existing models [61,62]. Given the importance of the NF-«B pathway,
more details of the pathway can be included, e.g., regulatory feedbacks, processes of the
non-canonical pathway, and distinct roles of NF-«B subunits [50,63-65]. In addition, it
would be advantageous to expand the description of survival and apoptosis processes to
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obtain a more direct read-out for cancer development. Here, crosstalk between pathways
will be of specific interest, e.g., the STAT pathway is also involved in apoptosis regulation
in the GC by upregulating the expression of the pro-apoptotic factor BIM [66].

Moreover, additional investigations of receptor stimulation experiments would allow
to add more detail to the model. Specifically, testing which receptor activation is sufficient
and necessary to trigger the dark zone expression program or to decide if a B-cell develops
into a plasma cell instead of returning to the dark zone. For example, whether CD40
is critically necessary for PC differentiation is controversial. There have been in vitro
experiments showing that strong BCR and IL21 stimuli can cause PC differentiation [48].
However, some studies suggest that this is not physiological in the LZ since the cells mostly
have an internalized BCR. In our model, we inferred the receptor activity from the known
marker gene states and their connection via signaling pathways. Thereby, we can show
that IL.21/4 is required in the DZ to suppress ERK, otherwise BCL6 could not be active.
Also, it is not clear if the BCR stimulus alone is sufficient for B-cell entry into dark zone
or an additional CD40 stimulus is required. In our model, the combined BCR and CD40
activation leads to the same marker expression as BCR stimulation alone. Therefore, both
inputs could be necessary for DZ return as well as initial entry into the GC (Pre-GC) as
described by Schwickert et al. [53]. There is a lack of experimental data exploring the
behavior of a GC B-cell after stimulation of individual receptors as well as combinations at
a specific time point.

We found a larger number of patient models that still show the plasma cell attractor,
which a cancer cell never reaches. This is due to the implementation of perturbations for
the NF-«B pathway, where perturbed components adopt the highest value possible. For
perturbations in the ternary components IKKc, NF-«B, and IRF4, this means that they
automatically adopt the value 2. Here, quantitative information for different mutations
would be valuable to test whether this is necessarily true, or if these perturbations could
cause an NF-kB activity of level 1.

In general, there are different strategies for patient stratification and different types of
models can be employed. For example, statistical models are used to classify patients into
groups based on genomic, transcriptomic, and/or clinical data to create prognostic scores
for DLBCL patients [7,8,67,68]. On the other hand, mechanistic models of pathways allow
to simulate the effect of perturbations on a molecular level. For that aim, several computa-
tional models for B-cell development have been created, including logical models as well
as ordinary differential equation (ODE) models. Sciammas et al. (2011) [47] concentrated
on the kinetic regulation of the marker genes and Rodriguez Martinez et al. (2012) [49]
investigated the effect of perturbations of specific marker interactions in lymphomagenesis.
Roy et al. (2019) [50] focused on B-cell differentiation processes downstream of NF-«B
signaling in a population-based model, with a prediction for the role of RELA and cREL in
DLBCL. Du et al. (2017) [69] modeled the upstream regulation of NF-«kB by BCR signaling
in DLBCL using ODEs. The model was fitted to DLBCL cell line data and used to predict
drug sensitivity and synergies for this cell line.

In our model, we combined the upstream regulation of NF-«B by BCR and CD40
with the regulation of marker genes for B-cell differentiation. In order to include the
signaling connection between BCR and NF-«B via the CBM complex, which is critical to
describe the effect of genetic alterations in the BCR signaling, we extended the model of
Mendez and Mendoza (2016) [51]. Thereby we are able include patient-specific genetic
alterations within the modeled pathways in a more comprehensive way. Recently, several
patient-specific modeling approaches have been developed using logical-based ODEs or
stochastic logical models [16,70], showing promising results for melanomas, leukemia, or
breast cancer [15,17,19]. However, those approaches require additional quantitative data
for each patient such as expression or proteomic data to train the models.



Biomedicines 2021, 9, 1655

17 of 22

Overall, we could demonstrate that using our model approach allows to integrate
mechanistic pathway knowledge and genome-scale characterization of patients. It shows
that the development of individual patient-specific models delivers a differential picture
that can be beneficial, especially for drug predictions.
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Appendix A

Table Al. Logical functions for all model components in Figure 2. If the level of a ternary component
(IKKc, NF-«B, IRF4) is not specified, it implies activity for level 1 and 2.

Component Function Reference

BCR Input

IL.21/4 Input

CD40 Input
SYK BCR [29]
BTK SYK [29]
RAF BTK [44]
CBM BTK [44]

TRAF6 CD40 [36]
STAT IL21/4 [38]
PI3K SYK A BTK [29]
MYC PIBK A NF-«kB A = BLIMP1 A - BCL6 [30-32]
ERK RAF A -~ STAT [33,34]

IKKc:1 CBM [35]

IKKc:2 TRAF6 [36]
NF-«B IKKc [71]
IRF4 NF-«B [47]
BCL6 IRF4:1 A = ERK A = BLIMP1 A — IRF4:2 [3,34,37]

BLIMP1 IRF4:2 A STAT A = BCL6 [37,38]
AID NF-«B A STAT A — BLIMP1 [39,40]

BCL2 (PI3K V NF-kB) A = BCL6 [41-43]
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Figure A1l. Visualization of the genetic alterations included in our analysis as Oncoprint from cBioportal [26,72]. The plot
shows the 42 perturbed out of 54 covered genes as rows color coded for their alteration in the 164 patients as columns. CN
deletions are shown as a blue bar, CN amplifications as a red bar. Mutations are shown as boxes, where green shows a
missense mutation, brown for inframe, and pink for other mutations. On the top, the COO type for the patients are given,
blue for ABC, yellow for GCB, red for unclassified, and grey if no information was available.
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Figure A2. Patient model-specific attractors for individual and combined inhibitors. On the y axis the genes that are
perturbed for each patient are given, where only those genes that are mapped to our model are shown. On the x axis, the
five stages of the germinal center reaction from Figure 1 are given for each inhibitor or inhibitor combination described on
the top. The color code indicates the activity of markers in each attractor. The column to the right side shows the COO type
of the patients according to Chapuy et al. (2018) [7], where ABCs are shown in black, GCBs in red, unclassified in grey, and
white shows no information available.



Biomedicines 2021, 9, 1655 20 of 22

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Basso, K.; Dalla-Favera, R. Germinal centres and B cell lymphomagenesis. Nat. Rev. Immunol. 2015, 15, 172-184. [CrossRef]
MacLennan, I.C.M. Germinal centers. Annu. Rev. Immunol. 1994, 12, 117-139. [CrossRef]

Hatzi, K.; Melnick, A. Breaking bad in the germinal center: How deregulation of BCL6 contributes to lymphomagenesis. Trends
Mol. Med. 2014, 20, 343-352. [CrossRef]

Basso, K.; Saito, M.; Sumazin, P.; Margolin, A.A.; Wang, K.; Lim, W.K,; Kitagawa, Y.; Schneider, C.; Alvarez, M.].; Califano, A.;
et al. Integrated biochemical and computational approach identifies BCL6 direct target genes controlling multiple pathways in
normal germinal center B cells. Blood 2010, 115, 975-984. [CrossRef]

Anderson, S.M.; Khalil, A.; Uduman, M.; Hershberg, U.; Louzoun, Y.; Haberman, A.M.; Kleinstein, S.H.; Shlomchik, M.]. Taking
Advantage: High-Affinity B Cells in the Germinal Center Have Lower Death Rates, but Similar Rates of Division, Compared to
Low-Affinity Cells. J. Immunol. 2009, 183, 7314-7325. [CrossRef]

De Silva, N.S.; Klein, U. Dynamics of B cells in germinal centres. Nat. Rev. Immunol. 2015, 15, 137-148. [CrossRef]

Chapuy, B.; Stewart, C.; Dunford, A.J.; Kim, J.; Kamburov, A.; Redd, R.A.; Lawrence, M.S.; Roemer, M.G.M.; Li, A ].; Ziepert, M.;
et al. Molecular subtypes of diffuse large B cell lymphoma are associated with distinct pathogenic mechanisms and outcomes.
Nat. Med. 2018, 24, 679-690. [CrossRef]

Schmitz, R.; Wright, G.W.; Huang, D.W.; Johnson, C.A.; Phelan, J.D.; Wang, J.Q.; Roulland, S.; Kasbekar, M.; Young, R.M.;
Shaffer, A.L.; et al. Genetics and Pathogenesis of Diffuse Large B-Cell Lymphoma. N. Engl. ]. Med. 2018, 378, 1396-1407.
[CrossRef] [PubMed]

Finkin, S.; Hartweger, H.; Oliveira, T.Y.; Kara, E.E.; Nussenzweig, M.C. Protein Amounts of the MYC Transcription Factor
Determine Germinal Center B Cell Division Capacity. Immunity 2019, 51, 324-336. [CrossRef] [PubMed]

Shlomchik, M.J.; Luo, W.; Weisel, F. Linking signaling and selection in the germinal center. Immunol. Rev. 2019, 288, 49-63.
[CrossRef] [PubMed]

Heise, N.; de Silva, N.S,; Silva, K.; Carette, A.; Simonetti, G.; Pasparakis, M.; Klein, U. Germinal center B cell maintenance and
differentiation are controlled by distinct NF-«B transcription factor subunits. J. Exp. Med. 2014, 211, 2103-2118. [CrossRef]
Alizadeh, A.A.; Elsen, M.B.; Davis, R.E.; Ma, C.L.; Lossos, 1.S.; Rosenwald, A.; Boldrick, J.C.; Sabet, H.; Tran, T.; Yu, X.; et al.
Distinct types of diffuse large B-cell lymphoma identified by gene expression profiling. Nature 2000, 403, 503-511. [CrossRef]
Minderman, M.; Pals, S.T. Towards genomic-based prognostication and precision therapy for diffuse large B-cell lymphoma.
Haematologica 2020, 105, 2194. [CrossRef]

Fontan Gabas, L.; Goldstein, R.L.; Casalena, G.; Durant, M.; Teater, M.R.; Wilson, J.; Phillip, ].M.; Xia, M.; Shah, S.; Us, I.; et al.
Identification of MALT1 Feedback Mechanisms Enables Rational Design of Potent Anti-Lymphoma Regimens for ABC-DLBCL.
Blood 2020, 137, 788-800. [CrossRef]

Tognetti, M.; Gabor, A.; Yang, M.; Cappelletti, V.; Windhager, J.; Rueda, O.M.; Charmpi, K.; Esmaeilishirazifard, E.; Bruna, A.;
de Souza, N.; et al. Deciphering the signaling network of breast cancer improves drug sensitivity prediction. Cell Syst. 2021, 12,
401-418.e12. [CrossRef]

Eduati, F; Jaaks, P.; Wappler, J.; Cramer, T.; Merten, C.A.; Garnett, M.].; Saez-Rodriguez, J. Patient-specific logic models of
signaling pathways from screenings on cancer biopsies to prioritize personalized combination therapies. Mol. Syst. Biol. 2020,
16, e8664. [CrossRef]

Béal, J.; Pantolini, L.; Noél, V.; Barillot, E.; Calzone, L. Personalized logical models to investigate cancer response to BRAF
treatments in melanomas and colorectal cancers. PLoS Comput. Biol. 2021, 17, €1007900. [CrossRef]

Saez-Rodriguez, J.; Bliithgen, N. Personalized signaling models for personalized treatments. Mol. Syst. Biol. 2020, 16, €9042.
[CrossRef]

Palma, A.; Iannuccelli, M.; Rozzo, I.; Licata, L.; Perfetto, L.; Massacci, G.; Castagnoli, L.; Cesareni, G.; Sacco, F. Integrating
Patient-Specific Information into Logic Models of Complex Diseases: Application to Acute Myeloid Leukemia. J. Pers. Med. 2021,
11, 117. [CrossRef]

Cacace, E.; Collombet, S.; Thieffry, D. Logical modeling of cell fate specification—Application to T cell commitment. Curr. Top.
Dev. Biol. 2020, 139, 205-238. [CrossRef]

Flobak, A.; Baudot, A.; Remy, E.; Thommesen, L.; Thieffry, D.; Kuiper, M.; Laegreid, A. Discovery of Drug Synergies in Gastric
Cancer Cells Predicted by Logical Modeling. PLoS Comput. Biol. 2015, 11, €1004426. [CrossRef] [PubMed]

Ye, J.; Chen, Q.; Wang, R. Logical modeling of thymus and natural killer lymphocyte differentiation. J. Biol. Phys. 2021, 47, 31-47.
[CrossRef] [PubMed]

Remy, E.; Rebouissou, S.; Chaouiya, C.; Zinovyev, A.; Radvanyi, F.; Calzone, L. A modeling approach to explain mutually
exclusive and co-occurring genetic alterations in bladder tumorigenesis. Cancer Res. 2015, 75, 4042—4052. [CrossRef]

Kauffman, S.A. Metabolic stability and epigenesis in randomly constructed genetic nets. J. Theor. Biol. 1969, 22, 437-467.
[CrossRef]

Naldi, A.; Hernandez, C.; Abou-Jaoudé, W.; Monteiro, P.T.; Chaouiya, C.; Thieffry, D. Logical modelling and analysis of cellular
regulatory networks with GINsim 3.0. Front. Physiol. 2018, 9, 646. [CrossRef] [PubMed]


http://doi.org/10.1038/nri3814
http://doi.org/10.1146/annurev.iy.12.040194.001001
http://doi.org/10.1016/j.molmed.2014.03.001
http://doi.org/10.1182/blood-2009-06-227017
http://doi.org/10.4049/jimmunol.0902452
http://doi.org/10.1038/nri3804
http://doi.org/10.1038/s41591-018-0016-8
http://doi.org/10.1056/NEJMoa1801445
http://www.ncbi.nlm.nih.gov/pubmed/29641966
http://doi.org/10.1016/j.immuni.2019.06.013
http://www.ncbi.nlm.nih.gov/pubmed/31350178
http://doi.org/10.1111/imr.12744
http://www.ncbi.nlm.nih.gov/pubmed/30874353
http://doi.org/10.1084/jem.20132613
http://doi.org/10.1038/35000501
http://doi.org/10.3324/haematol.2020.255448
http://doi.org/10.1182/blood.2019004713
http://doi.org/10.1016/j.cels.2021.04.002
http://doi.org/10.15252/msb.209690
http://doi.org/10.1371/journal.pcbi.1007900
http://doi.org/10.15252/msb.20199042
http://doi.org/10.3390/jpm11020117
http://doi.org/10.1016/bs.ctdb.2020.02.008
http://doi.org/10.1371/journal.pcbi.1004426
http://www.ncbi.nlm.nih.gov/pubmed/26317215
http://doi.org/10.1007/s10867-021-09563-y
http://www.ncbi.nlm.nih.gov/pubmed/33735399
http://doi.org/10.1158/0008-5472.CAN-15-0602
http://doi.org/10.1016/0022-5193(69)90015-0
http://doi.org/10.3389/fphys.2018.00646
http://www.ncbi.nlm.nih.gov/pubmed/29971008

Biomedicines 2021, 9, 1655 21 of 22

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.0.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]
Naldi, A.; Hernandez, C.; Levy, N.; Stoll, G.; Monteiro, P.T.; Chaouiya, C.; Helikar, T.; Zinovyev, A.; Calzone, L,;
Cohen-Boulakia, S.; et al. The CoLoMoTo interactive notebook: Accessible and reproducible computational analyses for
qualitative biological networks. Front. Physiol. 2018, 9, 680. [CrossRef]

Naldi, A.; Remy, E.; Thieffry, D.; Chaouiya, C. A reduction of logical regulatory graphs preserving essential dynamical properties.
In Lecture Notes in Computer Science (including Subseries Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics),
Proceedings of the International Conference on Computational Methods in Systems Biology, Williamsburg, VA, USA, 5-10 July 2009;
Springer: Berlin/Heidelberg, Germany, 2009; Volume 5688 LNBI, pp. 266-280. [CrossRef]

Craxton, A.; Jiang, A.; Kurosaki, T.; Clark, E.A. Syk and Bruton’s tyrosine kinase are required for B cell antigen receptor-mediated
activation of the kinase Akt. J. Biol. Chem. 1999, 274, 30644-30650. [CrossRef]

Lin, Y.; Wong, K.K.; Calame, K. Repression of c-myc transcription by Blimp-1, an inducer of terminal B cell differentiation. Science
1997, 276, 596-599. [CrossRef]

Calado, D.P; Sasaki, Y.; Godinho, S.A.; Pellerin, A.; Kochert, K.; Sleckman, B.P.; De Alboran, L. M.; Janz, M.; Rodig, S.; Rajewsky,
K. The cell-cycle regulator c-Myc is essential for the formation and maintenance of germinal centers. Nat. Immunol. 2012, 13,
1092-1100. [CrossRef]

Luo, W.; Weisel, F.; Shlomchik, M.]. B Cell Receptor and CD40 Signaling Are Rewired for Synergistic Induction of the c-Myc
Transcription Factor in Germinal Center B Cells. Immunity 2018, 48, 313-326. [CrossRef] [PubMed]

Chevrier, S.; Kratina, T.; Emslie, D.; Tarlinton, D.M.; Corcoran, L.M. IL4 and IL21 cooperate to induce the high Bcl6 protein level
required for germinal center formation. Immunol. Cell Biol. 2017, 95, 925-932. [CrossRef]

Niu, H.; Ye, B.H.; Dalla-Favera, R. Antigen receptor signaling induces MAP kinase-mediated phosphorylation and degradation of
the BCL-6 transcription factor. Genes Dev. 1998, 12, 1953-1961. [CrossRef] [PubMed]

Lamason, R.; McCully, R.; Lew, S.; Pomerantz, J. Oncogenic CARD11 mutations induce hyperactive signaling by disrupting
autoinhibition by the PKC-responsive inhibitory domain. Biochemistry 2010, 49, 8240-8250. [CrossRef]

Ahonen, C.L.; Manning, E.M.; Erickson, L.D.; O’Connor, B.P; Lind, E.F; Pullen, S.S.; Kehry, M.R.; Noelle, R.J. The CD40-TRAF6
axis controls affinity maturation and the generation of long-lived plasma cells. Nat. Immunol. 2002, 3, 451-456. [CrossRef]
[PubMed]

Ochiai, K.; Muto, A.; Tanaka, H.; Takahashi, S.; Igarashi, K. Regulation of the plasma cell transcription factor Blimp-1 gene by
Bach2 and Bcl6. Int. [nmunol. 2008, 20, 453—460. [CrossRef]

Kwon, H.; Thierry-Mieg, D.; Thierry-Mieg, J.; Kim, H.P,; Oh, J.; Tunyaplin, C.; Carotta, S.; Donovan, C.E.; Goldman, M.L,;
Tailor, P; et al. Analysis of Interleukin-21-Induced Prdm1 Gene Regulation Reveals Functional Cooperation of STAT3 and IRF4
Transcription Factors. Immunity 2009, 31, 941-952. [CrossRef] [PubMed]

Zan, H.; Casali, P. Regulation of Aicda expression and AID activity. Autoimmunity 2013, 46, 83-101. [CrossRef]

Shaffer, A.L.; Lin, K.I; Kuo, T.C.; Yu, X.; Hurt, EM.; Rosenwald, A.; Giltnane, ].M.; Yang, L.; Zhao, H.; Calame, K,; et al. Blimp-1
orchestrates plasma cell differentiation by extinguishing the mature B cell gene expression program. Immunity 2002, 17, 51-62.
[CrossRef]

Srinivasan, L.; Sasaki, Y.; Calado, D.; Zhang, B.; Paik, J.; DePinho, R.; Kutok, J.; Kearney, J.; Otipoby, K.; Rajewsky, K. PI3 kinase
signals BCR-dependent mature B cell survival. Cell 2009, 139, 573-586. [CrossRef]

Miao, Y.; Medeiros, L.J.; Xu-Monette, Z.Y.; Li, J.; Young, K.H. Dysregulation of cell survival in diffuse large B cell lymphoma:
Mechanisms and therapeutic targets. Front. Oncol. 2019, 9, 107. [CrossRef]

Grossmann, M.; O'Reilly, L.A.; Gugasyan, R.; Strasser, A.; Adams, ].M.; Gerondakis, S. The anti-apoptotic activities of Rel and
RelA required during B-cell maturation involve the regulation of Bcl-2 expression. EMBO J. 2000, 19, 6351-6360. [CrossRef]
[PubMed]

Pal Singh, S.; Dammeijer, F.; Hendriks, R.W. Role of Bruton’s tyrosine kinase in B cells and malignancies. Mol. Cancer 2018, 17, 57.
[CrossRef]

Mitchell, S.; Vargas, J.; Hoffmann, A. Signaling via the NF«B system. Wiley Interdiscip. Rev. Syst. Biol. Med. 2016, 8, 227-241.
[CrossRef]

Wertz, LE.; Dixit, V.M. Signaling to NF-kappaB: Regulation by ubiquitination. Cold Spring Harb. Perspect. Biol. 2010, 2, a003350.
[CrossRef] [PubMed]

Sciammas, R.; Li, Y.; Warmflash, A.; Song, Y.; Dinner, A.R.; Singh, H. An incoherent regulatory network architecture that
orchestrates B cell diversification in response to antigen signaling. Mol. Syst. Biol. 2011, 7, 495. [CrossRef] [PubMed]

Spolski, R.; Leonard, W.J. Interleukin-21: A double-edged sword with therapeutic potential. Nat. Rev. Drug Discov. 2014, 13,
379-395. [CrossRef] [PubMed]

Martinez, M.R.; Corradin, A.; Klein, U.; Alvarez, M.J.; Toffolo, G.M.; Di Camillo, B.; Califano, A.; Stolovitzky, G.A. Quantitative
modeling of the terminal differentiation of B cells and mechanisms of lymphomagenesis. Proc. Natl. Acad. Sci. USA 2012, 109,
2672-2677. [CrossRef] [PubMed]

Roy, K.; Mitchell, S.; Liu, Y.; Ohta, S.; Lin, Y.S.; Metzig, M.O.; Nutt, S.L.; Hoffmann, A. A Regulatory Circuit Controlling
the Dynamics of NF«B cRel Transitions B Cells from Proliferation to Plasma Cell Differentiation. Immunity 2019, 50, 616—628.
[CrossRef]


http://doi.org/10.1126/scisignal.2004088
http://doi.org/10.3389/fphys.2018.00680
http://doi.org/10.1007/978-3-642-03845-7_18
http://doi.org/10.1074/jbc.274.43.30644
http://doi.org/10.1126/science.276.5312.596
http://doi.org/10.1038/ni.2418
http://doi.org/10.1016/j.immuni.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29396161
http://doi.org/10.1038/icb.2017.71
http://doi.org/10.1101/gad.12.13.1953
http://www.ncbi.nlm.nih.gov/pubmed/9649500
http://doi.org/10.1021/bi101052d
http://doi.org/10.1038/ni792
http://www.ncbi.nlm.nih.gov/pubmed/11967542
http://doi.org/10.1093/intimm/dxn005
http://doi.org/10.1016/j.immuni.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20064451
http://doi.org/10.3109/08916934.2012.749244
http://doi.org/10.1016/S1074-7613(02)00335-7
http://doi.org/10.1016/j.cell.2009.08.041
http://doi.org/10.3389/fonc.2019.00107
http://doi.org/10.1093/emboj/19.23.6351
http://www.ncbi.nlm.nih.gov/pubmed/11101508
http://doi.org/10.1186/s12943-018-0779-z
http://doi.org/10.1002/wsbm.1331
http://doi.org/10.1101/cshperspect.a003350
http://www.ncbi.nlm.nih.gov/pubmed/20300215
http://doi.org/10.1038/msb.2011.25
http://www.ncbi.nlm.nih.gov/pubmed/21613984
http://doi.org/10.1038/nrd4296
http://www.ncbi.nlm.nih.gov/pubmed/24751819
http://doi.org/10.1073/pnas.1113019109
http://www.ncbi.nlm.nih.gov/pubmed/22308355
http://doi.org/10.1016/j.immuni.2019.02.004

Biomedicines 2021, 9, 1655 22 of 22

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

Meéndez, A.; Mendoza, L. A Network Model to Describe the Terminal Differentiation of B Cells. PLoS Comput. Biol. 2016,
12, €1004696. [CrossRef]

Ochiai, K.; Maienschein-Cline, M.; Simonetti, G.; Chen, J.; Rosenthal, R.; Brink, R.; Chong, A.S.; Klein, U.; Dinner, A.R; Singh, H.;
et al. Transcriptional Regulation of Germinal Center B and Plasma Cell Fates by Dynamical Control of IRF4. Immunity 2013, 38,
918-929. [CrossRef]

Schwickert, T.A.; Victora, G.D.; Fooksman, D.R.; Kamphorst, A.O.; Mugnier, M.R.; Gitlin, A.D.; Dustin, M.L.; Nussenzweig, M.C.
A dynamic T cell-limited checkpoint regulates affinity-dependent B cell entry into the germinal center. J. Exp. Med. 2011, 208,
1243-1252. [CrossRef] [PubMed]

Ise, W.; Kurosaki, T. Plasma cell differentiation during the germinal center reaction. Immunol. Rev. 2019, 288, 64-74. [CrossRef]
[PubMed]

Thobe, K.; Kuznia, C.; Sers, C.; Siebert, H. Evaluating Uncertainty in Signaling Networks Using Logical Modeling. Front. Physiol.
2018, 9, 1335. [CrossRef]

Compagno, M.; Lim, WK,; Grunn, A.; Nandula, S.V.; Brahmachary, M.; Shen, Q.; Bertoni, F; Ponzoni, M.; Scandurra, M.;
Califano, A.; et al. Mutations of multiple genes cause deregulation of NF-B in diffuse large B-cell lymphoma. Nature 2009, 459,
717-721. [CrossRef]

Schuetz, ].M.; Johnson, N.A.; Morin, R.D.; Scott, D.W.; Tan, K.; Ben-Nierah, S.; Boyle, M.; Slack, G.W.; Marra, M.A.; Connors, ].M.;
et al. BCL2 mutations in diffuse large B-cell lymphoma. Leukemia 2012, 26, 1383-1390. [CrossRef] [PubMed]

Horn, H.; Ziepert, M.; Becher, C.; Barth, T.EE.; Bernd, H.-W,; Feller, A.C.; Klapper, W.; Hummel, M.; Stein, H.; Hansmann, M.-L.;
et al. MYC status in concert with BCL2 and BCL6 expression predicts outcome in diffuse large B-cell lymphoma. Blood 2013, 121,
2253-2263. [CrossRef]

Krull, J.E.; Wenzl, K.; Hartert, K.T.; Manske, M.K.; Sarangi, V.; Maurer, M.].; Larson, M.C.; Nowakowski, G.S.; Ansell, S.M.;
McPhail, E.; et al. Somatic copy number gains in MYC, BCL2, and BCL6 identifies a subset of aggressive alternative-DH/TH
DLBCL patients. Blood Cancer J. 2020, 10, 117. [CrossRef]

Thys, A.; Douanne, T.; Bidere, N. Post-translational Modifications of the CARMA1-BCL10-MALT1 Complex in Lymphocytes and
Activated B-Cell Like Subtype of Diffuse Large B-Cell Lymphoma. Front. Oncol. 2018, 8, 498. [CrossRef]

Poltz, R.; Naumann, M. Dynamics of p53 and NF-kB regulation in response to DNA damage and identification of target proteins
suitable for therapeutic intervention. BMC Syst. Biol. 2012, 6, 125. [CrossRef]

Konrath, F; Mittermeier, A.; Cristiano, E.; Wolf, J.; Loewer, A. A systematic approach to decipher crosstalk in the p53 signaling
pathway using single cell dynamics. PLOS Comput. Biol. 2020, 16, €1007901. [CrossRef] [PubMed]

Mothes, J.; Ipenberg, 1.; Arslan, S.C.; Benary, U.; Scheidereit, C.; Wolf, ]. A Quantitative Modular Modeling Approach Reveals the
Effects of Different A20 Feedback Implementations for the NF-kB Signaling Dynamics. Front. Physiol. 2020, 11, 896. [CrossRef]
Yilmaz, Z.B.; Kofahl, B.; Beaudette, P.; Baum, K.; Ipenberg, I.; Weih, F; Wolf, J.; Dittmar, G.; Scheidereit, C. Quantitative Dissection
and Modeling of the NF-«B p100-p105 Module Reveals Interdependent Precursor Proteolysis. Cell Rep. 2014, 9, 1756-1769.
[CrossRef] [PubMed]

Pone, EJ.; Zhang, J.; Mai, T.; White, C.A ; Li, G.; Sakakura, ] K.; Patel, PJ.; Al-Qahtani, A.; Zan, H.; Xu, Z.; et al. BCR-signalling
synergizes with TLR-signalling for induction of AID and immunoglobulin class-switching through the non-canonical NF-«B
pathway. Nat. Commun. 2012, 3, 767. [CrossRef] [PubMed]

Jin, H.; Carrio, R.; Yu, A.; Malek, T. Distinct activation signals determine whether IL-21 induces B cell costimulation, growth
arrest, or Bim-dependent apoptosis. J. Immunol. 2004, 173, 657-665. [CrossRef]

Saez, A.lL; Saez, A.].; Artiga, M.].; Pérez-Rosado, A.; Camacho, E1; Diez, A.; Garcia, J.F,; Fraga, M.; Bosch, R.; Rodriguez-Pinilla,
S.M.; et al. Building an Outcome Predictor Model for Diffuse Large B-Cell Lymphoma. Am. ]. Pathol. 2004, 164, 613-622.
[CrossRef]

Caglayan, C.; Goldstein, ]J.S.; Ayer, T.; Rai, A.; Flowers, C.R. A population-based multistate model for diffuse large B-cell
lymphoma-specific mortality in older patients. Cancer 2019, 125, 1837-1847. [CrossRef]

Du, W.; Goldstein, R.; Jiang, Y.; Aly, O.; Cerchietti, L.; Melnick, A.; Elemento, O. Effective combination therapies for B-cell
lymphoma predicted by a virtual disease model. Cancer Res. 2017, 77, 1818-1830. [CrossRef]

Béal, J.; Montagud, A.; Traynard, P; Barillot, E.; Calzone, L. Personalization of Logical Models With Multi-Omics Data Allows
Clinical Stratification of Patients. Front. Physiol. 2019, 9, 1965. [CrossRef]

Karin, M. The Beginning of the End: IkB Kinase (IKK) and NF-«B Activation®. . Biol. Chem. 1999, 274, 27339-27342. [CrossRef]
Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.0.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data. Cancer Discov.
2012, 2, 401-404. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pcbi.1004696
http://doi.org/10.1016/j.immuni.2013.04.009
http://doi.org/10.1084/jem.20102477
http://www.ncbi.nlm.nih.gov/pubmed/21576382
http://doi.org/10.1111/imr.12751
http://www.ncbi.nlm.nih.gov/pubmed/30874351
http://doi.org/10.3389/fphys.2018.01335
http://doi.org/10.1038/nature07968
http://doi.org/10.1038/leu.2011.378
http://www.ncbi.nlm.nih.gov/pubmed/22189900
http://doi.org/10.1182/blood-2012-06-435842
http://doi.org/10.1038/s41408-020-00382-3
http://doi.org/10.3389/fonc.2018.00498
http://doi.org/10.1186/1752-0509-6-125
http://doi.org/10.1371/journal.pcbi.1007901
http://www.ncbi.nlm.nih.gov/pubmed/32589666
http://doi.org/10.3389/fphys.2020.00896
http://doi.org/10.1016/j.celrep.2014.11.014
http://www.ncbi.nlm.nih.gov/pubmed/25482563
http://doi.org/10.1038/ncomms1769
http://www.ncbi.nlm.nih.gov/pubmed/22473011
http://doi.org/10.4049/jimmunol.173.1.657
http://doi.org/10.1016/S0002-9440(10)63150-1
http://doi.org/10.1002/cncr.31981
http://doi.org/10.1158/0008-5472.CAN-16-0476
http://doi.org/10.3389/fphys.2018.01965
http://doi.org/10.1074/jbc.274.39.27339
http://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877

	Introduction 
	Materials and Methods 
	Logical Modeling 
	Patient-Specific Models Derived from Clinical Data 

	Results 
	Computational Model of the Germinal Center Reaction 
	Attractors of the Model Reflect Germinal Center Stages 
	Simulating the Effect of Genetic Lesions and Drug Treatment 
	Patient-Specific Models Often Present a Shift in Attractors 
	Oncogenic Attractors Are Quite Heterogenous 
	Drug Simulation Shows Resistance for BCL6 Perturbed Samples 

	Discussion 
	
	References

