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General Introduction

Chapter 1

The first drugs were discovered from natural plant extracts and found mainly thanks to
serendipity such as aspirin that was found by ancient Greeks (1). The beginning of the 1900s
brought advances in chemical synthesis, which gave rise to the birth of a pharmaceutical
industry (2). Current drug design is a time-consuming and costly process. It has been
estimated that it takes approximately 12-15 years to develop and market a drug, and recent
estimates show that the development of a single drug can cost up to 2.6 billion US$ (3, 4).
Here, we present key steps of the drug discovery and development pipeline.
Target identification and validation
A drug discovery pipeline (figure 1) begins with the identification and validation of a target
that plays a pivotal role in the pathogenic mechanism of a given disease. A good target is
typically a pivotal protein causally related to disease state and of which the activity can be
modulated. Additionally, the target has to be “druggable” which means that it has to be capable
of binding modulators, such as small molecules. In the last decade target discovery was
documented with omics techniques such as proteomics, transcription profiling, and
metabolomics (5). Clinical attrition rates are still relatively high and drug discovery projects
are often stopped only at a late stage of development, mostly due to unforeseen side effects.
Unsafe drug profile is often caused by a lack of specificity and modulation of more proteins
involved in a biological pathways, so called off-targets (6). Thus, recently, a lot of effort has
been put into developing methods that will predict off-targets (7–9).
Current therapeutic targets can be divided into the classes: receptors, enzymes, hormones and
factors, ion channels, nuclear receptors, and nucleic acids (10). These target classes can be also
classified by gene families: G Protein-Coupled Receptors (GPCRs), serine/threonine and
tyrosine protein kinases, zinc metallopeptidases, serine proteases, nuclear hormone receptors,
and phosphodiesterases (11). In recent years, larger surface and discontinuous protein protein interactions (PPIs) became a new class of therapeutical targets (12).
Lead identification
Drug discovery process continues with identification of compounds that bind to the target
and modulate its activity, so called hits. Compounds used for lead identification are filtered
according to ADME/tox properties (adsorption, distribution, metabolism, excretion, and
toxicity). These properties are described by the so-called Lipinski rule of five and state that
orally available drugs should have a molecular weight below 500 Da, a logP below 5, a number
of hydrogen bond acceptors below 10, and a number of hydrogen bond donors below 5 (10).

Figure 1. Drug research and development pipeline.
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The most commonly used method for hit identification is high-throughput screening (HTS).
In HTS, researchers test the activity of a collection of compounds against a given biomolecular
target through in vitro analysis. Additionally, virtual ligand screening (VLS) computational
method, aimed at prioritizing large sets of small molecules through in silico screening, is now
also widely applied. VLS significantly improve hit ratios, which are estimated between 0.01 %
and 0.14 % for HTS, and between 1 % and 40 % for VLS (13).
Lead optimization
The most potent initial hits usually require further optimization to achieve improved druglike properties such as potency, selectivity, stability, and oral bioavailability. Further, hits are
optimized for synthesis routes, metabolic, pharmacodynamic, and pharmacokinetic (DMPK)
properties. DMPK studies include solubility, lipophilicity, permeability, and other physicochemical properties (14).
Pre-clinical development
In the pre-clinical stage, a lead is tested in animal models that can be used to study the targeted
disease. In this phase, a new lead is checked not only for in vivo efficacy, but also for safety
profile and possible side-effects.
Previously, early stage drug development was mainly performed by the pharmaceutical
industry. However, in the recent years, we observe a paradigm shift. This stage of the drug
discovery is nowadays also performed in academia, or in joined projects with industry (15).
The combined industrial/academic model of early stage drug discovery has proven to be very
successful in finding leads (15). Resultantly, a recent hype in early stage drug discovery is the
establishment of small knowledge-based companies that collaborate with both academia and
big pharmaceutical companies. They focus on the delivery of a validated lead, which can be
further licensed or sold to big companies that can afford and facilitate clinical trials. One of
the examples are Heptares Therapeutics Ltd, and Griffin Discoveries BV that specializes in
drug candidates targeting GPCRs (16–18).
Development stage
Clinical development, Registration, and Marketing & Sales
Clinical development begins with Phase I clinical trials. During this phase, the safety profile
of drug candidates is tested in humans. It typically involves approximately 20-80 healthy
people and lasts 1-2 years. Only if phase I was sucesful, drug candidate enter Phase II clinical
trials in which efficacy and safety is tested in a population of approximately 100-300 patients
for 1-2 years. In the final Phase III clinical trials, efficacy and safety is tested in a group of
approximately 1000-3000 patients. During clinical development, trial protocols and the
recording of clinical findings are carefully administrated under strict regulation and control
to provide maximal protection of human volunteers and achieve optimal drug safety. After
successful clinical trials, a drug candidate undergoes inspection by the European Medicines
11
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Agency (EMA) within Europe or by the Food and Drug Administration (FDA) within US.
Approved drug candidate is brought to the market (19).
Protein - protein interactions (PPIs), as a new drug target
Protein - protein interactions (PPIs) are of vital importance to biological processes in all living
organisms. The complete protein interaction network has been estimated to contain from
130,000 (20) to 650,000 (21) interactions in all living organisms, and 370,000 PPIs have been
predicted in humans (22). Thus, modulation of PPIs might give new opportunities for
therapeutical interventions.
A PPI interface typically is very large and generally range from ~1,500 to 3,000 Å2. PPI
interfaces are more flat and more hydrophobic than other drug target sites such as active sites
in enzymes (23, 24). Additionally, many PPIs do not have well-defined druggable cavities
(25), but instead appear to possess small pockets located in the surrounding of the interaction
interface (26). This characteristic, which is very distinct from the other and well-described
classes of drug targets, considered PPIs as “undruggable”. However, PPI interfaces have one
important feature; they possess hot spots, these are residues that contribute most to the
binding energy of the interaction. Thus, by disrupting interactions with hot spots, it is possible
to inhibit protein - protein complexes (12). Additionally, recent success stories showed that,
even though, PPIs are considered to be challenging targets, they can be modulated (27, 28).
Inhibitors of protein - protein interactions (iPPIs) are collected in databases such as iPPI-DB
(29), 2P2IDB (30), and Timbal (31). The iPPI-DB database contains 1650 compounds for 13
protein families and gave rise to analysis of the chemical space of iPPIs. The analysis of the
physico-chemical properties of iPPIs revealed that their average molecular weight (MW) and
hydrophobicity are higher than for conventional drugs, 421 Da versus 341 Da and 3.58 versus
2.61, respectively. Additionally, the number of rings, benzene-like rings, and aromatic bonds
are also significantly higher in comparison with conventional drugs (32, 33). Three
dimensional shape of a molecule is another feature that plays an important role in proteinligand interaction. 3D characteristics of iPPIs showed that an ideal iPPIs candidate should be
globular, have a high capacity to bind hydrophobic patches, have a low proportion of exposed
polar groups, and should have exposed polar groups sequestered at one end of the molecule
(34). Modulations of the PPI complexes can be achieved in different ways. These modulation
can occur via competitive inhibition, where a small molecule binds to the interface of one
protein partner and prevents binding of the “natural” ligand, or via allosteric modulation,
where binding of a iPPI alters the binding properties for the “natural” ligand through binding
at a site that is distant from the protein - protein interaction surface. Another way of PPIs
modulation is by stabilization of the PPIs complex, where a small molecule binds to both
protein partners, working as a molecular glue (35) (figure 2). This concept, despite being
relatively new, has already been successful in a number of cases (36–38). However, detailed
analyses of the chemical space of PPI stabilizers are sparse.
12
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Figure 2. Protein - protein interactions and their modulations.

CD40-TRAFs interactions in inflammatory diseases
CD40 ligand (CD40L, CD154, gp139) is a 261 amino acid, type II transmembrane protein
from the tumour necrosis factor (TNF) family. It is constitutively expressed on T-cells and
platelets. Upon activation, it is also expressed on B-cells, monocytes/macrophages, dendritic
cells, and on non-hematopoietic cells such as endothelial cells, smooth muscle cells, fibroblasts,
epithelial cells (39). CD40L is present in the transmembrane form in T-cells and platelets.
CD40L can be cleaved by the proteinases ADAM10 and ADAM17, which results in the
formation of extracellular soluble CD40L (sCD40L) that consists of the 215 C-terminal amino
acids (40). Native sCD40L is present in a trimeric form (41), thus it was suggested that binding
of CD40L to its receptor leads to trimerization of the CD40 receptor (42).
CD40 is a 277 amino acid, transmembrane protein receptor from the tumour necrosis factor
receptor (TNFR) family. It is a co-stimulatory protein constitutively expressed on antigen
presenting cells (APC) such as B-cells and dendritic cells. Upon activation, it is also expressed
on T-cells, monocytes/macrophages, and non-hematopoietic cells such as platelets and
smooth muscle cells (42). CD40 lacks intrinsic activity and has to recruit an adaptor protein
from the TNF receptor associated factor (TRAF) family that binds to the intracellular domain
of CD40 receptor (43).
The TRAF family consists of seven members. However, only TRAF2, 3, 5 and 6 can bind to
the intracellular part of CD40. CD40 has two binding sites, one for TRAF6 only, and a second
for TRAF2, 3 and 5 (43). TRAF2, 3, 5, and 6 share a high sequence identity in their C-domains.
However, they significantly differ in the CD40 peptide binding groove (44). TRAF6 protein
recognizes a Pro-X-Glu-X-X (X stands for aromatic or acidic residue) binding motif present
on the CD40 receptor (44), whereas TRAF2 recognizes the Ser-X-X-Glu binding motif
13
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present on the CD40 receptor (45).
Binding of TRAF proteins to the intracellular part of CD40 activates signaling pathways such
as NFκB, C-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein (MAP) kinase
(43). Activation of individual pathways depends on which TRAF protein is recruited to the
CD40 receptor and on the cell-type in which activation takes place. An overview of the
CD40L-CD40-TRAF protein interactions is presented in figure 3.
CD40 signaling leads to several immune responses, which may display pro-inflammatory or
anti-inflammatory activity. CD40 signaling plays a crucial role in the development of (chronic)
inflammatory diseases such as atherosclerosis, obesity, and multiple sclerosis. Interaction of
CD40 with TRAF6, but not with TRAF2, 3, and 5 is involved in the development of

Figure 3. Schematic representation of the CD40 ligand-CD40 receptor-TRAFs interaction. View from
the top of the following X-ray structures: CD40 receptor-CD40 ligand complex (PDB ID: 3QD6,
trimeric CD40 receptor was modelled), TRAF6-CD40 receptor (PDB ID: 1LB6; trimer modelled
based on TRAF2 template), TRAF2-CD40 receptor (PDB ID: 1QSC).
14

atherosclerosis (46) and obesity-associated insulin resistance (Chapter 7; (47)). In addition,
CD40-TRAF2, 3, and 5 interaction protect against metabolic dysfunction and inflammation
associated with obesity (Chapter 7; (47)). Previous modulation of the CD40L-CD40
interaction showed beneficial effects; however it resulted in severe side-effects such as
immunosuppression. Since the CD40-TRAFs interaction is located more downstream the
CD40 signaling pathway, this protein - protein interaction was deemed to have a high potential
as a target for the development of (chronic) anti-inflammatory drugs.
Outline of the thesis
The aim of this thesis was to investigate the modulation, both inhibition and stabilization, of
protein - protein interactions. We specifically addressed the interactions between CD40 and
TRAF proteins, which are known to be of relevance for a number of (chronic) inflammatory
diseases such as peritonitis, sepsis, atherosclerosis, diet-induced obesity, and multiple
sclerosis.
In chapter 2 we describe proteins that play a pivotal role in the adaptive immune system. We
access their role as potential targets for the treatment of chronic inflammatory diseases such
as atherosclerosis, with a special focus on CD40-TRAF6 interaction.
Modulation of protein - protein interaction can be achieved via either stabilization or
inhibition (48). In the first part of the thesis, we focus on stabilizers of PPIs. In chapter 3 we
suggest a classification of PPIs based on their mode of binding and architecture of complexes.
We present a conceptual decision tree that aims at assisting in the design of stabilizers. Further,
in chapter 4 we characterize the chemical space of a set of stabilizers and compared them with
inhibitors of PPIs and conventional drugs.
In the second part of the thesis, we focus on inhibitors of PPIs. In chapter 5 we present the
drug discovery pipeline that resulted in CD40-TRAF6 inhibitors, validated in an in vitro cellbased assay and finally in an in vivo mouse model of acute inflammation including peritonitisand sepsis-models. In chapter 6 we present the application of our CD40-TRAF6 inhibitors in
other (chronic) inflammatory disease such as atherosclerosis. In chapter 7 we discuss the
therapeutical potential of our inhibitors in diet-induced obesity. Finally, chapter 8 consists of
a general discussion that describes the most important results obtained in this thesis and puts
them in a future perspective.

15
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Abstract
Atherosclerosis is a lipid-driven chronic inflammatory disease of the arterial wall. Current
treatment of atherosclerosis is focused on limiting its risk factors such as hyperlipidemia or
hypertension. However, treatments that target the inflammatory nature of atherosclerosis are
still under development. Discovery of novel targets involved in the inflammation of the
arterial wall creates opportunities to design new therapeutics that successfully modulate
atherosclerosis. Here, we review drug targets that have proven to play pivotal roles in the
adaptive immune system in atherosclerosis, and we discuss their potential as novel
therapeutics.

20

Introduction
Atherosclerosis is a lipid-driven chronic inflammatory disease of the arterial wall. In
hypercholesterolemic conditions, low-density lipoproteins (LDL) become oxidized (oxLDL)
and accumulate in the arterial intima, causing an inflammatory trigger. Monocytes are
recruited to the site of inflammation and upon migration into the intima, differentiate into
macrophages and initiate an immune response (1). Macrophages can polarized into classical
pro-atherogenic M1 macrophages, and more inflammation and atherosclerosis-regulating
M2 macrophages (2). In concord, other immune cells including neutrophils, mast-cells,
dendritic cells, T- and B-lymphocytes are also recruited. This results in the formation of
atherosclerotic lesions that consist of inflammatory cells, necrotic cores, calcifications and
fibrous caps. Rupture of atherosclerotic plaques can result in the formation of (occluding)
thrombi that can cause myocardial infarction or ischemic stroke (1).
For a long time, atherosclerosis was considered solely as a lipid-driven disease. Thus, current
therapies such as statins were supposed to focus on prevention of risk factors such as
hyperlipidemia or hypertension only. Even though the inflammatory nature of atherosclerosis
was hypothesized by Rudolf Virchow already in 1856 (3), this hypothesis was not commonly
accepted at that time. Only three decades ago, it was acknowledged that the immune system
and inflammatory processes play a pivotal role in the development and progression of
atherosclerosis (4). Recent advances in the role of immunity in atherosclerosis confirm their
inevitable importance (5). Currently, it is known that statins also have anti-inflammatory
effects on atherogenesis (6) and contribute to the treatment of cardiovascular diseases (7).
However, treatment targeting the inflammatory nature of atherosclerosis is still very limited
and deserves further attention to fight atherosclerosis successfully (8). Interestingly, the first
clinical trial, that utilizes an anti-IL-1β antibody to treat atherosclerosis, is ongoing (9).
In the last years, a growing the number of new targets, derived from players in innate and
adaptive immune reactions, have been discovered and validated for their capacity to modulate
atherogenesis. In this review, we will discuss novel targets that have emerged to play a central
role in modulating atherosclerosis via the adaptive immune system, and their potential to
evolve into therapeutics. Although we consider the innate immune system and its immune
cell subtypes very important in the pathogenesis of atherosclerosis, this review will only focus
on the adaptive immune cell-types.
The knowledge that was used to compose this review is mostly derived from experimental
atherosclerosis studies that have been performed in mouse models such as the apolipoprotein
E deficient mouse (ApoE-/-) and the low-density lipoprotein receptor deficient (LDLr-/-) mouse.
Needless to say, mice are not humans, and are especially different with regards to lipid profile,
stage of the atherosclerotic disease, and incidence of plaque rupture, which is virtually absent
in mice. Although mouse models do not spontaneously have plaque rupture, they do develop
thin fibrous cap atheroma, which, upon intervention can transform into a more stable “thick”
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fibrous cap atheroma. This reflects the human disease stage of vulnerable, rupture prone
plaques, can be converted into stable plaques upon therapy. After haven taken these potential
caveats into consideration, the atherosclerotic mouse is a good model to study the pathogenesis
of atherosclerosis, and is ideal to unravel the effect of the various players of the adaptive
immune system in atherosclerosis, and test potential therapeutics (table 1).
The adaptive immune system in atherosclerosis
The adaptive immune system consists of specialized cells, and is called into play after the
innate immune system has been activated by pathogens. The adaptive immune system can act
in two different ways: by antibody responses or cell-mediated immune responses. In antibody
responses, activated B-cells secrete antibodies (immunoglobulins) that bind specifically to an
antigen, thus block their interaction with their receptor on the host cell. In the cell-mediated
immune responses, activated T-cells respond directly to antigens presented on the antigen
presenting cells (APC). Activated T-cells secrete signal molecules that activate neutrophils
and macrophages for the fight with pathogens. After exposure to a specific pathogen, the
adaptive immune system generates highly specific immune memory that can provide longterm protection. Atherosclerotic lesions consist of self-antigens, which are binding the
epitopes of the components of (oxidized) LDL ((ox)LDL). This response of the immune
system considers atherosclerosis as an autoimmune disease (10). Thus, such a process
constitutes the basis of vaccination (11). The key components of adaptive immune system are
T-cells, B-cells, and the antigen presenting dendritic cells (figure 1).
The newest advances in experimental studies of adaptive immune system and their effect on
atherogenesis give an opportunity for new therapies (12). The extrapolation of these
experimental data to clinical applicability is still a long way to go (13). However, a correlation
between activation of the adaptive immune system has already been observed in several
clinical studies (14–17). The immune-based treatment might compromise entire host defense
system, which is essential for survival. Therefore, it is suggested that this treatment should be
either applied to selected group of patients, or modified to target atherosclerosis-associated
immune reactions more selectively. For treatments affecting the function of the adaptive
immune system, people with impaired tumor surveillance and increased susceptibility to
infections are needed to be excluded. The challenge in the targeting inflammatory nature of
atherosclerosis is to find a target that will modulate it without suppressing entire host defense
system. Treatment with such a modulator would not demand preselection of patients (16).
Dendritic cells
Dendritic cells (DCs) are located at the interface of innate and adaptive immune response. In
the innate response, immature DCs are located in the intima of the normal arterial walls in
the regions subjected to the development of atherosclerosis and in atherosclerotic lesions. In
the presence of oxLDL, DCs can internalize them and become foam cells (17). The innate
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Figure 1. Role of T-cells, B-cells, DCs, and their mediators in atherosclerosis. APC: antigen-presenting
cells; DC: dendritic cells; LDL: low-density lipoproteins; MHC: major histocompatibility complex;
oxLDL: oxidized low-density lipoproteins.

immune response DCs translate innate into adaptive immune response. However, in this
review we will focus on the role of DCs in the adaptive immune system.
In the adaptive response, mature DCs work as professional antigen-presenting cells. They
activate the immune response by presenting antigen on their surface to other cells, e.g. naïve
T-cells. Thus, DCs contribute to ongoing inflammation (18) and are present in both murine
(19), and human atherosclerotic lesions (20). Accumulation of DCs was detected in an
ApoE-/- mouse model in the intima and adventitia of atherosclerotic arteries (19). In humans,
DCs were identified in the intima and adventitia of both healthy and atherosclerotic arteries
(20). DCs can be divided into two subtypes: conventional DCs (cDCs) and plasmacytoid DCs
(pDCs). It was suggested that cDCs play a pro-atherogenic role, whereas pDCs play an antiatherogenic role. Thus, inhibition of cDCs would lead to inhibition of atherosclerosis (21).
However, recent studies showed pro-atherogenic role of pDCs in the mouse model of
atherosclerosis, suggesting that pDCs might be also a target in the treatment of atherosclerosis
(22).
T-cells
T-cells play a pivotal role in immune responses, and are found in atherosclerotic lesions (23).
T-cells have an ability to differentiate into different subtypes of helper T-cells such as Th1, Th2,
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Th17, and Treg (24). Th1 cells are clearly pro-atherogenic, whereas Treg cells are athero-protective.
The role of Th2 and Th17 cells in atherosclerosis is still not clear. Besides helper-T-cells, CD8+
cytotoxic T-cells are also present in both murine and human atherosclerotic lesions, and these
are considered disease-promoting (25). In the murine models, CD4+ T-cells are the most
abundant type of T-cells present in atherosclerotic plaque (26). However, in in human plaque,
CD8+ T-cells, but not CD4+ T-cells are predominant and clinical evidences show correlation
of CD8+ T-cells with increased risk of myocardial infarction (27). The gd T-cells are another
subgroup of T-cells present in human arterial lesions (28), and have been shown to promote
plaque progression during the early development stage in ApoE-/- mice (29). However, their
role in human atherosclerosis needs to be evaluated.
B-cells
Initially, the presence and role of B-cells in atherosclerosis was neglected. However, although,
in small amounts, B-cells are present and can appear individually or as aggregates in
atherosclerotic plaques (30, 31). B-cells are divided into two subsets: the B1 cells, that produce
natural polyspecific antibodies, predominantly of the IgM subtype, and that are protective
against atherosclerosis (32); and B2 cells that predominantly produce highly specific IgG
antibodies and promote atherosclerosis (33). B1 cells have three different subtypes: B1a, B1b,
and Innate Response Activator (IRA). B1a cells produce natural specific antibodies,
predominantly of the IgM subtype, which are atheroprotective (34). The role of the B1b cells
in atherosclerosis remains unknown (35). Whereas, it was recently discovered that IRA
subtype play a pro-atherogenic role by promoting DCs and polarization of Th1 (36). B2 cells
have two subtypes: B2 conventional and regulatory B-cells (Bregs). B2 conventional play a proatherogenic role by taking part in CD4 T-cells activation and effector T-cell proliferation (37).
Bregs secrete IL-10 (38), thus it is suggested that they might play an atheroprotective role.
However, their direct role in the atherosclerosis have not been unraveled yet (35). B-cells have
therapeutic potential via inhibition of pro-atherogenic or boost of anti-atherogenic responses,
and may be used via B2-cells in vaccination strategies against atherosclerosis (figure 2).
In patients reduced levels of anti-oxLDL IgM antibodies are associated with an increase in
CVD (39), whereas there is no clinically significant correlation between anti-oxLDL IgG
antibodies and risk factors of both coronary artery disease and CVD. However, the predictive
association of the oxLDL IgG and CVD endpoints requires further investigation (40). Clinical
evidences show that CD19+CD86+ B-cell subset correlate with higher risk for development
of a stroke, whereas CD19+CD40+ subset does not. It suggests that different B-cells subsets
might have a different effect on CVD, thus needs further investigation (41).
Co-stimulation
T-cells play a pivotal role in the progression of atherosclerosis. To initiate inflammatory
responses, T-cells have to be activated. Activation of the T-cells is done in a two-step process.
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Figure 2. The schematic depicts production of the athero-protective antibodies as a response of autoimmune antigens. It shows a potential approach to development of vaccines against atherosclerosis.

In the first step, known as antigen-specific step, a signal from the T-cell receptor interacts with
the major histocompatibility complex (MHC) expressed on antigen presenting cells (APC). In
the second step, known as antigen nonspecific step, a co-stimulatory signal, from costimulatory molecules that are expressed on the APC, interacts with its corresponding
receptor present on T-cells (42) (figure 3a), resulting in T-cell proliferation and prevention of
T-cell anergy. Co-stimulatory molecules predominantly modulate the immune responses by
activating T- and B-cell functions, but also affect dendritic cell and macrophage functions and
play a crucial role in the progression of atherosclerosis. Thus, blocking this interaction seems
to have therapeutic potential in the treatment of atherosclerosis (figure 3b).
Targets of the adaptive immune system with great potential
In this section of the review, we summarize several therapeutic targets of the adaptive immune
system with the largest potential to result in treatment for atherosclerosis. Unfortunately, we
are not able to cover all the components/cell types of the adaptive immune system relevant for
atherosclerosis. T helper cells play an important role in the atherogenesis and were shown to
be susceptible to modulation of atherosclerosis. Here, we describe the most important
mediators of Th1 cells such as IFN-γ and IL-12, as well as of Th2 such as IL-4, IL-5, and IL-13,
which constitute promising targets for development of the treatment of atherosclerosis.
Th1 cytokines
IFN-γ
IFN-γ is a prototypic cytokine that is secreted by Th1 cells (figure 1) and is present in
atherosclerotic lesions upon activation by low-density lipoprotein (LDL) or oxidized LDL
(oxLDL) (43). Depletion of IFN-γ in either hyperlipidemic ApoE-/- or LDLr-/- mice showed
a significant reduction of atherosclerosis (44, 45). In the ApoE-/- mouse model, but not in the
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Figure 3. Co-stimulatory molecules in atherosclerosis. (a) APC (grey) derived signal promotes
T-cell (grey) activation when carried by co-stimulatory molecules (orange) such as CD154-CD40,
CD80/CD86-CD28, OX40L-OX40, CD137-CD137L. (b) T-cell (grey) activation can be inhibited by
inhibitors (red) of co-stimulatory molecules (orange).

LDLr-/- model, IFN-γ deficiency resulted in a more stable plaque phenotype (44, 46).
Concordantly, intraperitoneal injections with IFN-γ into the ApoE-/- mice resulted in a twofold increase in lesion size. Thus, this suggests that IFN-γ plays a pro-atherogenic role (47).
Treatment targeted at IFN-γ with sIFNgR gene transfer in ApoE-/- mice resulted in significant
60 % reduction of atherosclerosis (48). INF-γ is, therefore, considered a good target for the
treatment of atherosclerosis. IFN-γ and IL-6 have a common receptor, sortilin. Recently, it
was shown that sortilin plays a role in the atherogenesis. The ApoE-/- mice model with sortilin
deficiency decreased level of IFN-γ and IL-6, and resulted in a reduction of the size of
atherosclerotic lesion (49). Thus, blocking sortilin is suggested to be a promising strategy to
modulate pro-inflammatory cytokines and treat atherosclerosis.
IFN-γ is relatively small protein (146 aa) with a known 3D structure. The availability of the 3D
structure makes it a potentially attractive target for structure-based drug design so as t o
obtain orally available small molecules that can interfere with its function. However, until
now there are no small molecules directly targeting IFN-γ available. The only therapeutics
available are antibodies. Fontolizumab (also known as future trade name HuZAF) is
a humanized murine anti-IFN-γ antibody (50). The X-ray structure revealed its 3D structure
(figure 4) (51). Fontolizumab was tested in Phase II clinical trials for the treatment of
rheumatoid arthritis. However, its development was stopped because the Phase I clinical trials
did not meet the endpoint (52). Fontolizumab was also tested for treatment of psoriasis but
did not show a significant effect (53). Considering the availability of the 3D structure of
IFN-γ, it is conceivable that new antibodies, as well as small molecules, will be developed in
the coming years.
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IL-12
IL-12 plays a central role in the differentiation of the T-cells into Th1 cells (figure 1), triggers
the expression of IFN-γ and TNF-α by T-cells (54). IL-12 is abundantly expressed by
macrophages and DCs present in human and murine atherosclerotic lesions (55). IL-12
deficiency in ApoE-/- mice was able to reduce atherosclerosis by 52 % in the aortic root (56).
Administration of IL-12 significantly increased the size of atherosclerotic lesions, corroborating
with the aforementioned results (57). These data suggest that IL-12 is involved in the
development of atherosclerosis. LDLr-/- mice vaccinated against IL-12 by the IL-12-PADRE
complex induced an anti-IL-12 antibody that blocked IL-12 function and resulted in
a significant 68.5 % reduction of atherosclerotic lesion size. Moreover, the IL-12 antibody
induced a stable plaque phenotype by an increase in the content of both smooth muscle cells
and collagen (58).
In humans, the increased level of CCL19 and CCL21 is correlated with atherosclerotic carotid
plaques (59). Recent studies showed that modulation of CCL19 and CCL21 chemokines in
LDLr-/- mice model reduced the level of pro-inflammatory cytokines such as IL-12 and IFN-γ
which resulted in atherosclerotic plaque stabilization, but not the size of atherosclerotic lesion
(60).
Ustekinumab (CNTO-1275) is a new antibody against the p40 subunit of IL-12 and IL-23. It
is approved by the FDA as a drug for the treatment of Psoriatic arthritis (PsA) and moderateto-severe plaque psoriasis (61). The X-ray structure of the IL-12 in complex with Ustekinumab
showed the epitope responsible for binding the antibody (figure 5) (62). Ustekinumab was
also tested in Phase II clinical trials for other inflammatory diseases such as multiple sclerosis
(63) and sarcoidosis (64). Briakinumab (ABT-874) is another human monoclonal antibody
targeting both IL-12 and IL-23 for treatment of autoimmune diseases (65). It was tested for
the treatment of moderate to severe psoriasis, but in 2011, it was withdrawn from Phase I clinical
trials (66). The aforementioned animal models suggest that IL-12 is a good target for the

Figure 4. X-ray structure of apo-structure of Fontolizumab, light chain (orange), heavy chain (red).
(PDB ID: 1T3F).
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Figure 5. X-ray structure of IL-12 (grey) in complex with Ustekinumab Fab light chain (orange) and
heavy chain (red) (PDB ID: 3HMX).

treatment of atherosclerosis. The progress of antibody development for treatment of
inflammatory diseases provides the opportunity for anti-IL12 antibodies to be tested for the
treatment of atherosclerosis.
Th2 cytokines
Th2 cells present in atherosclerotic lesion play both athero-protective and athero-promoting
roles (figure 1). Thus, their importance as a target for the treatment of atherosclerosis remains
controversial (67). Cytokines such as IL-13, IL-5, IL-4, and IL-10 (67) play a central role in
differentiation of Th2 cells. IL-13 is a major Th2 cytokine expressed by activated T-cells (68).
IL-13 deficiency in LDLr-/- mice resulted in an increase in atherosclerosis whereas
administration of IL-13 into LDLr-/- mice reduced atherosclerotic lesion size and induced
a stable plaque phenotype, indicating its athero-protective role (69). Similarly, IL-5 deficiency
in ApoE-/- mice increased atherosclerosis by prevention of the production of anti-oxLDL
antibodies. Thus, IL-5 plays an athero-protective role (70). IL-4 is another Th2 cytokine
expressed in atherosclerotic lesions in both mice (71) and humans (72). The results from the
deficiency of IL-4 in ApoE-/- and LDLr-/-, and exogenous administration of IL-4 in ApoE-/- mice
are contradictory (56, 73, 74). The role of the IL-4 in atherogenesis remains controversial.
Thus, its therapeutical potential requires further investigation. Currently, there are several
neutralizing antibodies that block the activity of IL-4 and IL-13, and are tested in the clinical
trials for the allergic airway inflammation (asthma) (75). However, in atherosclerosis, IL-5
and IL-13 play an athero-protective role thus their activity has to be boosted for the potential
therapy of atherosclerosis. IL-33 is a cytokine that induces shift of Th1 into Th2. ApoE-/- mice
treated with recombinant IL-33 showed an increase in IL-4, IL-5, and IL-13 which resulted in
a reduction of atherosclerotic lesion (76). In humans, a reduced level of IL-33 was associated
with an increased risk of atherosclerosis. However, this small observational study requires
further investigation (77).
The availability of X-ray structures of the apo IL-4 (78), IL-5 (79) and IL-13 in complex with
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B-cells in therapy for atherosclerosis
One of the strategies to modulate B-cells and thus reduce atherosclerosis is depletion of B2
cells. Here, we describe two ways of their modulation, via depletion of CD20 antigen and via
depletion of B-cells activating factor receptor (BAFF-R).
CD20
CD20 is an antigen expressed on mature B-cells and pre-B-cells, but is absent on plasma cells
and hematopoietic stem B-cells (82). Currently, B-cell depletion therapy via anti-CD20 is in
use for the treatment of auto-immune diseases such as rheumatoid arthritis (83). In human
atherosclerotic plaques, CD20 was expressed on B-cells. Mature B-cell depletion via CD20specific monoclonal antibody therapy reduces atherosclerosis in both LDLr-/- and ApoE-/mice. B-cell depletion resulted in a reduction of the pro-atherogenic Th1 immune response
and reduced the production of IL-17. Anti-CD20 treatment did not affect the production of
anti-atherogenic anti-oxLDL IgM autoantibodies (33). Therefore, CD20 is considered as
a good target for treatment of atherosclerosis (84).
Currently, the only CD20 targeted drug approved by FDA is rituximab (RTX). RTX is a chimeric
human-mouse IgG1 antibody directed against the CD20 antigen used for treatment of
rheumatoid arthritis (RA) (85). The X-ray structure of the CD20-RTX complex unraveled the
molecular details of the recognition of CD20 by the antibody (figure 6) (86). RTX is also
tested for other inflammatory diseases. For now, small observational studies showed that RTX
treatment of RA patients with atherosclerosis have reduced progression of atherosclerotic
plaques (87). However, studies with a larger population of patients are needed.
BAFF-R (B-cell activating factor receptor)
B-cell activating factor receptor (BAFF-R) is a pivotal survival factor for peripheral B-cells. It
is expressed on mature B-cells and binds B-cell activating factor (BAFF) that is crucial for
maturation and survival of B2 cells (88). Upon BAFF binding, BAFF-R activates B-cell
development and survival (89). Depletion of BAFF-R in the ApoE-/- mice leads to a significant
reduction in mature B2 cells, but not in B1a cells (90). As B2 cells are known to play proatherogenic roles, whereas B1a cells anti-atherogenic role, BAFF-R was hypothesized to be
a good target for selective depletion of B-cells thus for treatment of atherosclerosis. The
BAFF-R knockout in both ApoE-/- and LDLr-/- mice significantly reduced atherosclerotic lesion
size and its inflammatory cells (90, 91). Anti-BAFF-R monoclonal antibody treatment in
ApoE-/- mice showed a reduction of atherosclerotic lesions in both development and
progression of inflammation (92). Aforementioned data corroborate with the previous
findings and suggest that BAFF-R is a good target for treatment of atherosclerosis.
Tabalumab, a human IgG4 monoclonal antibody for BAFF, was used in Phase II clinical trials
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Figure 6. X-ray structure of rituximab Fab light chain (orange) and heavy chain (red) in complex with
the epitope of B-cell antigen CD20 (grey), (PDB ID: 2OSL).

for patients with moderate to severe rheumatoid arthritis (RA) (93). However, it failed in
Phase III of FLEX-V study, due to lack of efficacy (94). Currently, Tabalumab is in Phase III
clinical trials for the treatment of systemic lupus erythematosus (SLE). The final results are
expected to be announced in July 2015 (95). There is no information about the influence of
the Tabalumab on atherosclerosis in patients with RA or SLE. However, the results of an ongoing SLE clinical trial (NCT01205438) might bring new insights. The anti-BAFF antibody
therapy seems to have an advantage over the anti-CD20 antibody therapy, by targeting only
pro-atherogenic B2 cells, while leaving anti-atherogenic B1a cells intact. As B-cell-mediated
immune responses are involved in both SLE and atherosclerosis, we hypothesize that an antiBAFF antibody might also be effective in the treatment of atherosclerosis. Moreover, the
X-ray structure of the BAFF/BAFF-R complex is known (96), which gives a further opportunity
for the future structure-based design of their modulators for instance by development of
small molecule or peptidic inhibitors.
CCL17
The mature subset of cDCs exclusively expresses chemokine (C-C motif) ligand 17 (CCL17)
(97). CCL17 chemokines play a pivotal role in the development of atherosclerosis. Deficiency
in CCL17 in ApoE-/- mice model resulted in a reduction of atherosclerotic plaque formation.
Moreover, atherosclerotic plaques showed a lower accumulation of both macrophages and
T-cells. In addition, it was demonstrated that CCL17 promotes atherosclerosis via regulation
of Treg homeostasis (98), an important T-cell subset which strongly modulates immune cell
activation and atherosclerosis. The anti-CCL17 specific antibody treatment of ApoE-/- mice
resulted in significant inhibition of atherosclerotic plaques (98). Thus, it demonstrated that
CCL17 chemokine is a new potential target for treatment of atherosclerosis. Targeting of
CCL17 in a selective manner seems to be a good approach for immune homeostasis
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modulation in atherosclerosis.
Till now there is no information about a small molecule or another modulator that is directly
targeted at CCL17. However, in silico virtual ligand screening against the CCR4 – receptor of
CCL17 and CCL22 resulted in in vitro validated small molecule inhibitors of the CCL17CCR4 interaction (99), suggesting that validation of CCL17 as a target to inhibit atherogenesis
is feasible. Furthermore, availability of the X-ray structure of CCL17 may, in the future,
facilitate CCL17-targeting therapy for atherosclerosis.
Intervening in immune cell interactions: co-stimulatory dyads
CD154-CD40
CD154 (CD40L) is expressed on T-cells and platelets, whereas CD40 can be predominantly
observed in B-cells, DCs and macrophages (100, 101). The pivotal role of the CD154-CD40
interaction in atherosclerosis was established in both the LDLr-/- and ApoE-/- mouse models
(102, 103). CD154 deficiency in ApoE-/- mice resulted in a 5.5 fold reduction of advanced
atherosclerosis and induced a more stable plaque phenotype (103). Anti-CD154 antibody
treatment in LDLr-/- mice significantly reduced initial atherosclerotic plaque size (102). AntiCD154 antibody treatment, of primary and advanced atherosclerotic lesion in ApoE-/- mice,
reduced the content of inflammatory cells in both early and advanced plaques, inducing a more
stable plaque phenotype (104). The anti-CD154 antibody treatment was also used in monkeys
for renal transplantation. It showed long-term acceptance of renal allografts (105, 106).
However, it also resulted in side-effects such as thrombo-embolic events (107). To unravel
binding epitopes and provide a detailed structural rationale for inhibitor binding, CD154 was
co-crystalized with one of its antibodies - 5c8 (figure 7a). CD154-CD40 interaction can be
also modulated by small molecules. Analysis of an crystal structure of the complex between
CD154 and a small molecule inhibitor showed that binding of a small molecule to a CD154
trimer changes the 3-fold symmetry and inhibits the interaction with CD40 (figure 7b). This
inhibitor had significant effects in an in vitro assay. However, there is no information about an
eventual follow-up in inflammatory in vivo models (108).
The alternative to anti-CD154 treatment could be CD40-targeted inhibition. We showed that
deficiency of CD40 in ApoE-/- mice reduced atherosclerotic plaque size and induced a stable
plaque phenotype (109). CD40 has no intrinsic signalling properties and requires recruitment
of adaptor proteins from the TNF receptor-associated factor (TRAF) family to signal. We
showed that ApoE-/- mice in which the CD40-TRAF6 binding domain was mutated via sitedirected mutagenesis were protected against atherosclerosis. Thus by blocking CD40-TRAF6,
the more downstream interaction of CD40 signaling, it is possible to overcome previously
seen side-effects (109). We have developed a small molecule inhibitor of CD40-TRAF6
interaction that improved insulin sensitivity and reduced hepatosteatosis in diet-induced
obesity mice (110). This implies that modulation of CD40-TRAF6 interactions via small
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Figure 7. X-ray structures of CD154. (a) CD154 (grey) in complex with Fab fragment of humanized
5c8 monoclonal antibody, light chain (orange), heavy chain (red), PDB ID: 1I9R. (b) CD154 (grey) in
complex with small molecule inhibitor (magenta), (PDB ID: 3LKJ).

molecule inhibitor might reduce atherosclerosis and is suggested to be a promising approach
for the treatment of atherosclerosis.
OX40L-OX40
OX40 is present on the surface of T-cells, and OX40L on APCs. Disruption of OX40L in
C57Bl/6 mice significantly reduced the size of atherosclerotic lesions, whereas overexpression
of OX40L resulted in increased development of atherosclerotic plaques in C57Bl/6 mice (111).
A polymorphism in human genes encoded for OX40 or OX40L is correlated with risk of
myocardial infarction (111–113). To assess the role of the OX40L-OX40 pathway on
development of atherosclerotic lesions, the anti-OX40L antibody (RM134) was used in the
LDLr-/- mouse model. Antibody treatment reduced progression of atherosclerotic lesions by
inhibition of IL-4 mediated Th2 isotope switching and reduction of anti-oxLDL IgM (113).
The anti-OX40L antibody treatment (RM134L) in LDLr-/- mice also reduced advanced
atherosclerotic lesions. However, regression of atherosclerotic lesions was obtained only with
a combination of anti-lipid and anti-inflammatory treatment (114). Since OX40 is only
expressed on T-cells present at the site of inflammation, it suggests that inhibition of the
OX40L-OX40 interaction will not suppress the peripheral T-cells (115). Therefore, OX40LOX40 seems to be a clinically relevant target for treatment of atherosclerosis.
CD137L-CD137
CD137 is constitutively expressed on T-cells, whereas its ligand, CD137L is constitutively
expressed on APCs such as B-cells, DCs, and monocytes/macrophages (116). However,
CD137 is also expressed on endothelial cells present in human atherosclerotic plaques (117).
It was shown that treatment of ApoE-/- mice model with a CD137 agonist - 2A significantly
increased inflammation (117). It suggested that CD137 may play an important role in the
inflammation of the arterial wall. Further, CD137 deficiency in both ApoE-/- and LDLr-/- mice
32

significantly reduced atherosclerosis by inhibition of monocyte/macrophage infiltration into
the atherosclerotic lesion (118). These data were confirmed in another research that established
a correlation between the CyPa protein and CD137L-CD137 in atherogenesis (119). These
results suggest that the CD137L-CD137 interaction plays an important role in atherogenesis.
Clinical data imply that the results from in vivo models can be relevant to the human situation.
Increased presence of CD137 in patients with acute coronary syndrome (ACS) suggests
a correlation between the CD137L-CD137 interaction and atherogenesis in human (120,
121). These data imply that CD137L-CD137 is a good target for treatment of atherosclerosis.
Currently, there is no X-ray structure that could support a structure-based drug design for
interruption of the CD137L-CD137 interaction; however, progress in this technique might
bring solutions in the coming years.
CD80/CD86-CD28-CTLA4
CD80 and CD86 (B7-1 and B7-2, respectively) are expressed on the surface of APCs and both
bind to the corresponding receptor CD28 expressed on T-cells, leading to T-cell activation
and proliferation (122). Depletion of CD80 and CD86 showed contradictory results in
different in vivo atherosclerosis models. The presence of the CD80 and CD86 receptors in
atherosclerotic plaques of ApoE-/- mice however suggested their regulatory role in atherogenesis
(123). Deficiency of CD80 and CD86 in LDLr-/- mice significantly reduced atherosclerosis. It
suggested that the CD28-CD80/CD86 pathway is a potential target for treatment of
atherosclerosis (124). However, Ait-Oufella et al. showed that LDLr-/-CD80-/-CD86-/- mice
have two-fold increase of atherosclerotic lesion, most likely due to the decreased level of Treg
(125). Thus, the role of CD80/CD86-CD28 molecules remains controversial.
Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4, CD152) is a co-inhibitory receptor for CD80
and CD86 expressed on activated T-cells and is essential for their function (126). CTLA-4
negatively regulates T-cell CD80/86-CD28 pathway, which plays an important role in the
post-intervention accelerated atherosclerosis (127). Thus, blocking CD80/CD86-CD28 costimulatory molecules by its negative regulator seems to have beneficial effects in the
inflammatory diseases.
Pharmaceutics targeting co-stimulatory pathways
Currently, several modulators, that target co-stimulatory pathways, are being used in the
clinics. Abatacept is a fusion protein of the extracellular domain of CTLA-4 and Fc fragment
of human IgG1 immunoglobulin (CTLA-4–Ig) that inhibits CD80/CD86-CD28 interaction
(128). It is an FDA-approved drug for the treatment of rheumatoid arthritis (129). Abatacept
reduced development of atherosclerotic plaques in an in vivo model of post-intervention
atherosclerosis (127). Another biological, that disrupts CD80/CD86-CD28 interactions, is
Belatacept (trade name Nulojix). It is also an FDA-approved anti-CD80 and anti-CD86 fusion
protein used as an immune suppressant after kidney transplantation (130, 131). Besides
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biologicals, there is also a small molecule inhibitor that specifically targets CD80 (RhuDex®).
It completed Phase II clinical trial for the treatment of rheumatoid arthritis (132). RhuDex®
was also tested in an ex vivo model of inflammation in human atherosclerotic lesion (133).
Thus, this interaction can be considered as a promising target for the therapy of atherosclerosis.
Additionally, the known X-ray structure of CD86 provides an opportunity for future structurebased development of new orally available therapeutics (134, 135).
The anti-OX40L antibodies or OX40 immunoglobulin fusion proteins block the OX40LOX40 interaction in several inflammatory diseases such as inflammatory bowel disease, graftversus-host disease, and rheumatoid arthritis (136). Currently, there is no structural
information about the antibody binding to the OX40L. However, a number of X-ray structures
of the OX40L-OX40 complex are available (137), which gives an opportunity for future
structure-based design of their modulators. Positive results obtained in inflammatory
diseases, suggest that anti-OX40L antibody treatment might be successful in the treatment of
atherosclerosis.
The anti-CD154 antibodies were tested in the inflammatory diseases. Ruplizumab (hu5c8) is
an anti-CD154 monoclonal antibody tested for treatment of systemic lupus erythematosus
(SLE) and inflammatory bowel disease (IBD). However, it showed severe side-effects such as
pro-thrombotic activity and thrombocytopenia (138, 139). Another anti-CD154 mAb,
ABI793 was tested for treatment of renal transplantation model in monkeys. However, its
development was halted due to the thromboembolic complications (140). Currently, there are
a few agonistic and antagonistic anti-CD40 antibodies tested in the clinical trials mainly for
the treatment of cancer. Ch5D12 is antagonistic mAb that was tested in Phase I/II clinical
trials for the treatment moderate to severe Crohn’s disease (141). However, there is no
information about the further development of this antibody. CP-870,893 is a fully human
CD40 agonistic mAb, which was tested in Phase I clinical trials for the treatment of pancreatic
ductal adenocarcinoma (PDA) and induced anti-tumor activity (142). Currently, it is
investigated in combination with other drugs in Phase I clinical trials for the treatment of
metastatic melanoma (143). CP-870,893 was a precursor for the development of Dacetuzumab
(SGN-40), a partial agonistic, humanized IgG1, and anti-CD40 mAb. It was tested in Phase II
clinical trials for the treatment of diffuse large B-cell lymphoma (DLBCL) and showed modest
activity (144). Currently, it is in combination with anti-CTLA-4 antibody, in the Phase
I clinical trials for the treatment of metastatic myeloma (145). Lucatumumab (HDC122,
CHIR-12.12) is a fully human, antagonistic, recombinant mAb. It was also tested in the Phase
I for the treatment of chronic lymphocytic leukemia (CLL) (146) and multiple myeloma
(MM) (147). In the treatment for CCL, it showed only minimal activity (146), whereas in MM
moderate activity (147). Lucatumumab was also investigated in Phase IA/II clinical trials for
the treatment of cancers such as non-Hodgkin lymphoma (NHL) and Hodgkin lymphoma
(HL). It showed modest activity in patients with advanced lymphoma (148). ChiLob 7/4 is an
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agonistic, IgG1 chimeric mAb. Currently, it is tested in Phase I clinical trials for anti-cancer
treatment (149). Treatment of the anti-CD154 antibodies in the inflammatory disease showed
side effects, however, anti-CD40 antibodies, both agonistic and antagonistic, are under the
development for inflammatory and cancer therapies. Their preliminary results imply further
exploration, especially in combination with other drugs.
Co-stimulatory molecules play a crucial role in the immune system. Some of the
aforementioned modulators are used in the treatment of inflammatory diseases without
comprise of the immune system. Thus, it is suggested that inhibition of co-stimulatory
pathway is a very promising strategy for treatment of atherosclerosis.
Athero-protective immunization
Immunomodulatory therapies, such as immunization activates responses of the adaptive
immune system. As atherosclerosis is an inflammatory disease in which adaptive immune
system plays a major role, it is believed that immunization can become a new therapy.
Passive immunization
Passive immunization is characterized by direct administration of pre-formed antibodies.
This method is commonly used in the treatment of infectious diseases (150). Nevertheless, it
is also used in the treatment of non-infectious inflammatory diseases like rheumatoid arthritis
(151).
Intravenous immunoglobulin (IVIg) is a pooled polyvalent IgG antibody that was extracted
from plasma of approximately thousand different human blood donors. It is used as plasma
protein replacement therapy (IgG) for patients with immune deficiency, especially
autoimmune and systemic inflammatory diseases (152). As atherosclerosis is associated with
immune responses, it was hypothesized that IVIg could be used for its treatment. ApoE-/- mice
treated with IVIg, showed a reduced atherosclerotic lesion by 50 %, suggesting that
immunoglobulins might be a new therapy for atherosclerosis (153).
ApoB-100
Apolipoprotein B (ApoB) is a protein component of LDL that is one of the main classes of
antigens present on oxLDL. Human IgG1 antibodies against two malondialdehyde (MDA)modified ApoB-100 peptide sequences injected in ApoE-/- mice resulted in a reduction of the
size and inflammatory content of atherosclerotic lesion (154). To induce regression of
atherosclerotic lesion, LDL-/- mice were treated with either of two recombinant human IgG1
antibodies against a malondialdehyde-modified apoB-100 peptide sequence (IEI-E3 or
2D03). Treatment resulted in significant regression of atherosclerotic lesion (155). Thus,
ApoB-100 antibodies can reduce both progression and regression of atherosclerotic plaque in
the animal model.
BI-204 is a monoclonal antibody targeting oxLDL which was subjected to the GLACIER
clinical study aiming at exploration of the anti-inflammatory effect on stable atherosclerotic
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cardiovascular disease. In July 2012 BI-204 failed in Phase II of clinical trials due to a lack of
statistically significant reduction of inflammation in the group of patients with atherosclerotic
disease in comparison with the control group (156).
Active immunization
Active immunization is characterized by delivery of antigens, in the majority as vaccines, to
stimulate a proactive response of the immune system. Vaccines are commonly used in the
treatment of infectious diseases; nevertheless, recently, there are also attempts for treatment
of non-infectious diseases like Alzheimer or rheumatoid arthritis (151). Atherosclerosis,
known as an autoimmune disease, has self-antigens that contribute to their initiation and
progression. Here, we describe antigens of oxLDL and heat shock proteins (HSPs) that upon
activation can boost the production of athero-protective antibodies and give a rise for the
development of novel vaccines against atherosclerosis.
ApoB-100
Immunization with ApoB100-pulsed DCs, in LDLr-/- mice with human ApoB-100, resulted in
70 % reduction of atherosclerotic lesion size (157). T-cells which recognize LDL/ApoB100,
express T-cells receptor with TRBV31-type β chains, thus immunization with TRBV31
peptides induced T-cells response blocking antibodies and resulted in 65 % reduction of
atherosclerotic lesion size (158).
The study done in the Nilsson group, regarding immunization with ApoB-100 peptide
sequences showed reduced atherosclerosis in ApoE-/- mice (159). Based on these results,
CardioVax has developed a lead candidate vaccine against ApoB-100 - CVX-210-H. It consists
of a fragment of human ApoB-100 (3136-3155 amino acids) that is conjugated to recombinant
human serum albumin. Administration of CVX-210-H resulted in 60 % reduction of
atherosclerotic lesion (160). CVX-210-H completed pre-clinical phase for treatment of
patients with atherosclerotic cardiovascular diseases (161). Unfortunately, information about
the progress of CVX-210-H is not yet available.
Aforementioned data suggest that ApoB-100 vaccination is a promising strategy for treatment
of atherosclerosis, and it is expected to have few side-effects, since the immune system will not
be compromised upon vaccination. However, translating the in vivo result into clinical setting
remains a challenge and pharmacological issues, such as those regarding dosing, or issues as
patient selection, are likely of influence.
Phosphatidylcholine (PC)
Phosphatidylcholine (PC) is a major phospholipid present on oxLDL, which is compatible
with PC epitopes of pathogens such as Streptococcus pneumoniae (162). Pneumococcal
vaccination of LDLr-/- mice induces an athero-protective response by an increase of antioxLDL IgM antibodies, which resulted in a reduction of atherosclerotic lesions by 32 % (162).
However, patients vaccinated with Pneumovax®, a pneumococcal polysaccharide vaccine, did
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not increase the level of anti-oxLDL IgM antibodies (163). This suggests that the translation
of pneumococcal vaccination from an in vivo mouse model to humans will be very challenging.
However, more recent studies showed an association between pneumococcal vaccination and
a protective effect on cardiovascular disease in humans (164). The abovementioned
contradictory results underscore the need for a more extensive investigation of pneumococcal
vaccination as a therapeutic approach in the treatment of atherosclerosis.
Heat shock proteins
The heat shock proteins (HSPs) form a highly conserved family of proteins expressed on the
endothelial cell surface and are found in atherosclerotic lesions (165). The HSP-60/65 are a major
autoantigen present in atherosclerotic plaques that can stimulate both anti- and proatherogenic effects (166). Therefore, much effort was invested to identify anti-atherogenic
T-cell and B-cell HSP-60 epitopes that could induce athero-protective effects. Nasal
administration of mycobacterial HSP-65 into LDLr-/- mice model reduced atherosclerotic
plaque size by 50 % (167), and in wild-type rabbits by 80 % (168). Subcutaneous immunization
of mycobacterial HSP-65 in ApoE-/- mice had a different effect on different phases of the
progression of atherosclerosis (169). Aforementioned results imply that HSP might be a good
target for treatment of atherosclerosis. However, further investigation is needed to access the
possibility of translating these findings into clinical setting.
Expert commentary & five-year view
Discovery of the inflammatory nature of atherosclerosis gave rise to new targets that can
modulate atherosclerosis via the adaptive immune system. Several in vivo studies validated
targets that play a crucial role in atherogenesis. Co-stimulatory molecules are one of the most
promising targets. Blocking their interactions in inflammatory diseases other than
atherosclerosis such as rheumatoid arthritis resulted in biologics approved by FDA (129, 131).
It is suggested that these inhibitors have a very high potential in the treatment of atherosclerosis.
However, further work is needed to assess their efficacy in inflammation of the arterial wall.
Biologics tend to be expensive, usually require injection for their administration, and can
have complex pharmacodynamics and pharmacokinetic properties. This bottleneck has been
overcome by the use of small molecule inhibitors. The successful blockade of the CD40TRAF6 and CD80/CD86-CD26 interactions by small molecules in an in vivo model of dietinduced obesity and rheumatoid arthritis provided a proof of the principle (110, 133). It
showed that these co-stimulatory molecules can be used for structure-based drug design and
that they show potential to serve as new oral drugs in the treatment of atherosclerosis.
Another promising strategy for treatment of atherosclerosis is vaccination. The main targets
for vaccination in atherosclerosis are (ox)LDL (apoB100) and HSP. There are successful
examples of vaccines against these targets in other inflammatory diseases such as rheumatoid
arthritis (151). It shows its potential as a new therapy for the treatment of atherosclerosis.
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However, atherosclerosis has a more systemic character than other inflammatory diseases,
thus, finding specific antibodies that will not compromise systemic immunity may be the next
step in the development of vaccines against atherosclerosis (173). Importantly, atherosclerosis
is a chronic disease that develops at an early age, but is mostly diagnosed only at a later age.
Current research on development of vaccines focuses on their use in the early stage of
atherosclerosis whereas treatment in the advanced stage is clinically more relevant. Therefore,
future vaccine research should be focused on the regression of existing atherosclerosis.
The challenge for therapy-development for atherosclerosis is the need for an extra-ordinary
Table 1. Summary of modulators of atherosclerosis.
Target

Treatment

Model

Effect on atherosclerosis Other disease

Ref

exogenous IFN-γ

ApoE-/-

Two fold ↑ plaque size

(47)

sIFNgR gene transfer

ApoE-/-

60 % ↓ plaque size

(48)

IL-12

IL-12 antibody

LDLr-/-

68.5 % ↓ plaque size
SMC, collagen ↑

(58)

CD20

Anti-CD20 mAb

ApoE-/-

significant ↓
plaque size

(33)

Anti-CD20 mAb

LDLr-/-

significant ↓
plaque size

(33)

IFN-γ

chimeric human-mouse
IgG1 antibody rituximab (RTX)

BAFF-R

RA

(85)

chimeric human-mouse
IgG1 antibody rituximab (RTX)

Patients with
RA

↓ plaque size

(87)

anti-BAFF mAb

ApoE-/prevention
model

25 % ↓ plaque size
36 % ↓ lipid
46 % ↓ macrophage
60 % ↓ IL-1β

(92)

anti-BAFF mAb

ApoE-/progression
model

30 % ↓ plaque size
33 % ↓ lipid
35 % ↓ macrophage

(92)

human IgG4 mAb Tabalumab

SLE

Ustekinumab

Psoriasis,
(61)
Psoriatic arthritis

(95)

CCL17

Ab

ApoE-/-

significant ↓
plaque size

(98)

CD154-CD40

anti-CD154 antibody

ApoE

↓ T-cells
↑ collagen, SMC,
myofibroblasts, fibrous
cap

(104)
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Treatment

Model

Effect on Atherosclerosis Other disease
Diet-induced
obesity

Small molecule inhibitor
OX40-OX40L

anti-OX40L Ab
(RM134L)

LDLr-/-

↓ 29 % plaque size

(114)

significant ↑ plaque size
↑ T-cells

(117)

RhuDex®small molecule ex vivo
↓ TNF-α, IFN-γ, CCL2
CD80 inhibitor
human plaque

(133)

CD137-CD137L agonist of CD137 - 2A

B-cells

(110)

inflammatory
bowel diseases,
(136)
graft-versus-host
disease, RA

OX40 immunoglobulin

CD28-CD80/
CD86

Ref

ApoE-/-

RhuDex®

RA

(170)

anti-CD80 mAbGaliximab

cancer

(171)

Belatacept

Kidney
transplant

(131)

Abatacept

RA

(129)

IVIg

ApoE-/-

50 % ↓ plaque size

(153)

2D03 Ab

LDLr-/-

>90 % ↓ plaque size

(172)

oxLDL

Streptococcus pneumoniae
LDLr-/vaccination

32 % ↓ plaque size

(162)

ApoB-100

ApoB-100 peptides
immunization

ApoE-/-

60 % ↓ plaque size

(159)

ApoB100-pulsed DCs

LDLr-/-

70 % ↓ plaque size

(157)

TRBV31 peptides

LDLr-/-

65 % ↓ plaque size

(158)

60 % ↓ plaque size

(160)
(161)

CVX-210-H vaccine
Heat shock
proteins

Chapter 2

Target

Mycobacterial HSP-65
immunization

LDLr-/-

Mycobacterial HSP-65
immunization

Rabbit model

Mycobacterial HSP-65
immunization

ApoE-/-

50 % ↓ plaque size
36 % ↓ macrophages
36 % ↓ T-cells
80 % ↓ plaque size
34 % ↓ plaque size

(167)

(168)
(169)
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safety profile. Since atherosclerosis is a chronic inflammatory disease, its treatment will
demand chronic administration. The long-term treatment is additionally exposed to sideeffects. Otherwise patients might be exposed to the infections arising from constant
interference with the immune system as it was seen in the case of treatment of other
inflammatory diseases. Thus, the development of therapy that will be highly specific can be
the only solution. Possible solution to prevent systemic side effects could be cell-specific
delivery of new inhibitors into the atherosclerotic plaque, such as nanoparticles (174).
Since atherosclerosis for a long time has been known to be only lipid-driven disease, current
therapy is limited to the treatment of it risk factors such as hyperlipidemia and hypertension.
The most known drugs are cholesterol lowering statins (175). Even though statins show antiinflammatory mechanism of action, there are not directly targeting inflammatory nature of
atherosclerosis and cannot reduce the high contribution of inflammation (176). The antiinflammatory drugs tested presently in clinical trials for the cardiovascular complications are
not yet checked for their impact on the lipids (177). However, it is suggested that a combination
of anti-lipid and anti-inflammatory treatments might be the most successful strategy towards
future therapies. Thus, possible synergistic effect of this therapy might show the future
direction for the new treatment.
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Abstract
The human interactome has been estimated to contain around 650,000 (1) protein - protein.
Stabilization of protein- protein interactions (PPIs) by small molecule binding is a promising
way to interfere with many important biological processes. Many inhibitors of PPIs have been
described, while literature on PPI stabilizers is still scarce. We review a series of small molecule
binding studies in which the biological role of PPIs were successfully stimulated or inhibited.
We suggest a scheme for the classification of PPI stabilizers based on their mode of binding
and the architecture of the complex.
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Introduction
The human interactome has been estimated to contain around 650,000 (1) protein - protein
interactions, of which only few PPIs have been used as targets for drug design. The human
interactome thus provides a huge potential for innovative therapeutic interventions. Most
small molecule medicines are so-called orthosteric binders, i.e., they bind in or near to the
active site of the molecule for which function modulation is desired. In the past decade small
molecule medicines also have been developed that function allosterically, i.e., they bind at
a distance from the active site but nevertheless modulate its function. PPIs can be modulated
in many different ways, and the complexity of the thermodynamics of this interaction makes
it complicated to describe them uniquely in terms of orthosteric and allosteric binding.
Whereas the identification of small molecule inhibitors of PPIs has witnessed an impressive
number of success stories (e.g. (2–4) and references therein), literature on PPI stabilizers is
still rare.
Recent literature brought the possibility to our attention to stabilize PPIs through binding of
small molecules, peptides, or proteins (5). A general strategy for the medicinal use of small
molecules to modulate the biological function of PPIs through Stabilization rather than
through interference, though, is still lacking.
In the literature, compounds are often described as inducing or inhibiting multimer formation.
Thermodynamically speaking, it would be more precise to actually describe the process as
stabilizing (by the law of mass action) the dimers so much that they become observable by
biophysical techniques while their multimer concentration remains below the detection limit

Figure 1. State diagram for a trimeric complex in the presence and absence of a PPI modulator. The
grey dimer (2) can bind to the green molecule in the presence (1) or absence (3) of the small red PPI
modulator. The ∆∆G of binding the small red modulator is indicated. This figure illustrates the thermodynamic concept that binding always leads to stabilization. For this hypothetical case that means
that in the presence of the small red modulator there will be more trimer present than in its absence.
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in the absence of the compound. Figure 1 shows the state function for the hypothetical
formation of a protein trimer in the presence and absence of a PPI modulator.
Interference with a PPI interface has several advantages over classical drug design in which
a small molecule binds to one target protein. Small molecule PPI stabilizers often do not need
to bind in the low nanomolar range to elicit physiological response (6); Jasmonate compounds,
for example, elicit a biological response despite binding only in the micromolar range (7)
(table 1). PPIs display greater sequence diversity than enzyme active sites, and therefore it is
easier to obtain high specificity for PPI stabilizers than for enzyme ligands (6). A study of rimexposed PPI cavities revealed that they are physico-chemically highly similar to cavities
observed in classical drug design targets (8). We believe, additionally, that stabilizers of PPIs
often will require no more than binding a small molecule anywhere (but the active site) at the
exposed rim between the PPI partner proteins, and this seems considerably easier to achieve
than binding the right molecule at the one single right position.
Inhibiting the formation of a protein complex by binding a small molecule to one of the
partners at the prospective protein - protein interface is beyond the scope of this review.
Given the advantages of therapeutic intervention by PPI stabilizers, it is not surprising that we
observe a growing interest in PPI stabilizing compounds - both natural and synthetic that are
identified through various techniques including virtual ligand screening (VLS), and high
throughput screening (HTS). In this review, we describe several targets for which such
compounds have been identified. We will discuss their modulation mechanisms, the associated
pathologies, techniques used for their discovery, and the architecture of the resulting PPImodulator complexes. We use this information to suggest a conceptual scheme for the
classification of stabilized PPI complexes that can be used as a decision support tool to assist
bioscientists working on the structure-based design of PPI stabilizers. In classical drug design,
input from many different disciplines is needed to prioritise the questions that need to be
addressed along the path towards marketing a successful medicine. We hope that this decision
tree might help to prioritize questions that have to be addressed when designing PPI stabilizers.
Description of PPI modulator complexes
PPI complexes can be heteromers, homomers, or quasi homomers. Quasi homomers are
multimers consisting of homologous monomers in which the individual proteins perform
identical or highly similar functions, like MDM2/MDMX (9), or c-Myc/Max (9). So far, all
heteromers and quasi homomers observed actually were dimers, while the homomers were
also observed with higher protein copy numbers. Our literature survey of a series of diverse
PPI targets that were successfully stabilized through the binding of small molecules revealed
several strong trends in the mode of binding of those small molecules and in the global
architecture of the resulting complexes. Indeed, the majority of PPI complexes can be
described well using simple descriptors. The main descriptor is the symmetry relation between
the associated protein partners. Homomers are mostly n-fold symmetric where n is the copy
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number of the monomer in the complex. The second descriptor is the location of the cavity in
which stabilizers can bind. Two types of locations were observed. Peripheral cavities are
located at, or in the direct vicinity of the interface, are solvent exposed, and often are formed
by two of the monomers in the complex, while enclosed cavities are completely buried in the
core of the PPI complex. The stoichiometry of the stabilizer - PPI complex is not used as
descriptor because of its unpredictability. For a significant number of complexes more than
one copy of a given stabilizer was found to bind to the protein complex. This was observed
mostly in homomers and quasi homomers. These two descriptors for stabilized PPI complexes
combined with structural data (X-ray crystallography, NMR) naturally lead to a classification
of all PPI stabilizers that exert their stabilizing effect through binding at or very near to the
PPI interface.
Figure 2 summarizes the six PPI-stabilizer classes and sub-classes that result from the analysis
of all sixteen PPI complexes with known three-dimensional structure using the aforementioned
descriptors. Class A stabilizers are associated with heteromer complexes. Class B stabilizers
are associated with homomers and quasi homomers. Class M stabilizers are oligomers of
more than two monomers. Subclasses 1 and 2 relate to the cavity type being either peripheral
or enclosed.

Figure 2. Schematic representation of classes of stabilizer - PPI complexes. Class A stabilizers bind to
heterodimers. Class B compounds binds to homodimers or quasi homodimer. Class M stabilizers
binds to homo-oligomers with more than two partners. Subclasses 1 and 2 describe the type of binding
cavity that can be peripheral or enclosed, respectively. Proteins are in grey and small molecules are in
red. The exceptional transthyretin dimer of dimers and influenza nucleoprotein trimer of dimers are
explained in the text.
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Class A – Heterodimers
At the time of this study, four complexes fell in Class A1 (the 14-3-3 proteins with four
different partners, Ubiquitin/E2 ubiquitin conjugating enzyme, ARF1/Sec7, and HDAC3/
SMRT-DAD complexes) and two in Class A2 (the plant growth hormones and SK2-CaM).
With four complexes, the 14-3-3 family was the largest of all families studied.
Subclass A1
14-3-3 protein complexes
14-3-3 proteins are a family of highly conserved adaptor proteins that bind a vast number of
different regulatory proteins involved in apoptosis, cell cycle regulation, and signal
transduction (10). The complex of 14-3-3 and plant plasma membrane ATPase 2 (PMA2) is
stabilized by natural products such as Fusicoccin (FC) and CotyleninA (CoA). These
compounds that activate the proton pump which opens a plant’s gas exchange stomatal pores
and lead to plant wilting (11, 12) are hard to synthesize in the lab. A VLS campaign has been
used to find synthetically more accessible herbicides. This work resulted in two compounds:
epibestatin and pyrrolinone1 (13). Pyrrolinone1 subsequently served as a template for
structure-based optimization that resulted in a compound with improved activity (compound
37; table 1) (14). The 14-3-3/C-RAF complex can, just as the PMA2/14-3-3 complex, be
stabilized by CoA. This complex binds to the inhibitory site of RAF thereby inhibiting proproliferation by the Ras-RAF-MEK-ERK pathway (15). Treatment with CoA in combination
with an anti-EGFR antibody suppresses both in vitro and in vivo tumour growth (15). The
14-3-3/ERα complex plays an important role in the proliferation of breast cancer cells (16).
FC inhibits interaction of ERα with chromatin, which leads to inhibition of gene expression
resulting in a significant inhibition of cell proliferation (16). The last example of a protein that
can form a complex with 14-3-3 is potassium channel TASK-3. TASK-3 is expressed in
neurons and other cell types that play a role in membrane protein trafficking (17). TASK-3
recruits 14-3-3 via a mode-III binding motif located at the C-terminus of TASK-3 (18). This
complex increases expression of TASK-3 channels (18). FC and its derivatives (table 1)
increase the stability of the TASK-3/14-3-3 complex (17). One of the derivatives, FC-THC is
selective for the mode-III motif and increases stability of the 14-3-3/TASK-3 complex by
approximately 18 fold. FC-THC increased TASK-3 channel expression in an in vitro surface
expression experiment (17).
Analysis of X-ray crystal structures revealed that the small molecules that interact with 14-33 complexes are located in binding pockets created at the interface of the 14-3-3 protein and
its binding partner (13–15, 17, 19). Although most of the binding energy comes from
interactions with the 14-3-3 protein, the small molecule cannot bind without the partner
protein (PM2, TASK-3, or ERα) being present. Rose et al (13) indicated that these pockets can
be very large and can be divided into subpockets, and they can accommodate chemically very
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Ubiquitin/E2 ubiquitin conjugating enzyme
Ubiquitin is a regulatory protein that is involved in endocytic trafficking, inflammation, and
DNA repair (20). It is responsible for protein degradation via the ubiquitin-proteasome
system (UPS). In the proteasome, ubiquitin is covalently conjugated to a lysine residue of its
substrate by E1, E2, and E3 enzymes, subsequently. The ubiquitin activating enzyme (E1)
activates the ubiquitin and creates a thioester which transfers it to the catalytic cysteine of
ubiquitin-conjugating enzyme - E2 that forms the ubiquitin thioester and interacts with
ubiquitin ligase - E3 that, in turn, conjugates ubiquitin to the substrate. Alterations in UPS
lead to dysregulation of cellular homeostasis and results in diseases such as cancer,
inflammation, or autoimmune disorders (20). CC0651 (table 1) was discovered as an allosteric
inhibitor of Cdc34A that inhibits the proliferation of human cancer cell lines (21). The X-ray
crystal structure of the ubiquitin- Cdc34A-CC0651 complex revealed that CC0651 binds to
the solvent exposed pocket created at the ubiquitin-Cdc34A interface, stabilizes this weak
interaction, and inhibits UPS activity (22). This complex therefore belongs in class A1.
Stabilization of the ubiquitin-Cdc34A complex reduces ubiquitin activity.
ARF1/Sec7
The ADP-ribosylation factor 1 (ARF1) is a member of the Ras superfamily of GTP-binding
proteins. ARF1 is activated by ARF nucleotide-binding site opener (ARNO), which is a specific
guanine nucleotide exchange factors (GEFs). The ARNO catalytic domain, Sec7, catalyses
nucleotide exchange on ARF1 and recruits proteins to the membrane of the Golgi apparatus
(23). ARF1 plays a pivotal role in the regulation of cellular trafficking in fundamental
biological processes such as endocytosis, cytokinesis, cell adhesion, and tumour-cell invasion
(24). Brefeldin A (BFA) is a macrocycle produced by the fungus Eupenicillium brefeldianum.
It stabilizes ARF1/Sec7 complex formation, deactivates ARF1, and inhibits protein secretion
(25). The ARF1/Sec7 complex can also be stabilized by the small drug-like molecule LM11
(table 1). LM11 was discovered in a VLS campaign. It inhibits the GDP/GTP exchange activity
of ARF1 and thereby impedes cellular trafficking.
The X-ray structure of the BFA-ARF1/Sec7 complex revealed that BFA binds to a solvent
exposed pocket at the ARF1/Sec7 interface. An NMR and mutagenesis study showed that
LM11 binds to the same cavity as BFA (25). These two complexes belong in class A1. Both
BFA and LM11 reduce the ARF1-dependent cellular trafficking.
HDAC3/SMRT-DAD
HDAC3 is a member of one of four histone deacetylases (HDACs) classes. These enzymes
play key roles in the regulation of gene expression in eukaryotic cells. HDAC3 recruits the
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co-repressor protein SMRT and creates a complex with the deacetylase activation domain
(DAD) of SMRT (26). Watson et al. discovered that Ins(1,4,5,6)P4 (table 1) is involved in
activation of HDAC3 (27).
The X-ray structure of the HDAC3-SMRT-DAD-Ins(1,4,5,6)P4 complex revealed that this
small molecule binds to the solvent exposed cavity at the interface of HDAC3 and SMRTDAD. It binds between the monomers where it prevents electrostatic repulsion (27). Based on
the structural information we placed this complex in class A1. The Ins(1,4,5,6)P4 activates
HDAC3, which results in repression of gene expression.
Subclass A2
Plant growth hormones
Phytohormones regulate growth and development of plants by modulation of gene expression
involved in developmental processes (28). The identification of receptors for the
phytohormones auxin, jasmonate (JA), and brassinolide (BL) led to the discovery of their
signalling mechanisms, and their role in ubiquitination (7, 29, 30). Binding of Auxin, JA, or
BL to their receptors transport inhibitor response 1 (TIR1), coronatine-insensitive 1 (COI1),
and brassinosteroid insensitive 1 (BRI1), respectively, causes recruitment of the corresponding
degradation substrates: auxin–indoleacetic acid (AUX–IAA), JA–ZIM domain (JAZ), and
somatic embryogenesis receptor kinase (SERK), respectively. These activated receptor
complexes trigger downstream events that lead to substrate degradation (7, 29, 30). The
coronatine-insensitive 1 receptor, surprisingly, also binds coronatine, a phytotoxin produced
by Pseudomonas syringae, which is chemically similar to JA isoforms, can also elicit Jasmonate
signalling (7).
The X-ray structures of the COI1-JAZ-JA, TIR1-AUX-IAA-Auxin, and BRI1-SERK-BL
complexes revealed that compounds bind in hydrophobic pockets that get enclosed by binding
of the degradation substrates (7, 29, 30). These phytohormone stabilizers were therefore
placed in class A2. The stabilization of the receptor-degradation protein complexes by
hormone binding activates phytohormone signalling.
SK2-CaM
Small conductance Ca2+-activated potassium channel 2 (SK2) plays an important role in the
regulation of membrane excitability (31). SK2 is activated by the binding of Ca2+-bound
Calmodulin (CaM) to its Calmodulin Binding Domain (CaMBD) (31). The SK2-CaM
complex activates the channel opening that plays a role in the function of cardiovascular and
central nervous systems (31). Dysfunction of this potassium channel can lead to diseases such
as atrial fibrillation (32) and several neurological disorders (33). The small molecules 1-EBIO
and PHU (table 1) stabilize the SK2-CaM complex (34) and thus increase channel opening.
1-EBIO and PHU due to the low potency and lack of selectivity were further optimized
resulting in the compounds NS309, CyPPA, and DCEBIO, that are now commonly used for
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SK2 channel activity modulation (34).
Inspection of the X-ray structures of the SK2-CaM-PHU and SK2-CaM-NS309 complexes
revealed that compounds bind to the druggable pocket at the interface of SK2 and CaM (34,
35). Since these compounds are located in an enclosed pocket at the SK2-CaM interface, they
belong in class A2. Stabilization of the SK2-CaM complex results in an increase of the SK2
channel activity and decreases the neuronal excitability.
Class B – homodimers
At the time of this study, one complex fell in Class B1 (Survivin) and four complexes in Class
A2 (Topoisomerase II, Transthyretin, Influenza nucleoprotein, and MDMX/MDM2). The
Max homodimer belongs in class B, but lacking any structural data it is not possible to decide
in which sub-class it belongs.
Subclass B1
Survivin homodimer
Survivin is a member of the inhibitor of apoptosis proteins (IAP) family that is overexpressed
in the majority of human cancers. It is either present as a homodimer or in complex with
Borealin and INCENP to create the chromosomal passenger complex CPC (36). The survivin
homodimer has two distant modulator binding sites: the site located in the BIR domain is
recognized by the Smac-peptide, while the endogenous ligand for the site located at the
dimerization interface is not yet known. Abbott Laboratories used HTS-NMR and AM/MS
assays and discovered the small molecule Abbott8 (table 1) that binds near the dimerization
interface (37).
The NMR structure revealed that Abbott8 interacts with both monomers. The stoichiometry
of the Abbott8 - survivin monomer is 1:1, indicating that the compound is present twice at the
homodimer interface. This target belongs in class B1. The functional role of homodimer
stabilization is still unknown (38) and it is equally unclear whether Abbott8 leads to inhibition
or activation of any biological function.
Subclass B2
Topoisomerase II homodimer
Topoisomerase II cuts double-stranded DNA in an ATP-dependent manner (39). It is a wellknown target for anticancer therapy. One of the drugs approved for the treatment of cancer is
ICRF-187 (table 1) (40) that inhibits the catalytic activity of topoisomerase II by homodimer
stabilization (41).
The X-ray structure of the topoisomerase homodimer – ICRF-187 complex revealed that each
monomer of topoisomerase II has a cavity that accommodates one of the two piperazinedione
rings of the compound. ICRF-187 is bound in an enclosed cavity between the two monomers
(42). Topoisomerase II thus belongs in class B2. Stabilization of this homodimer results in
a reduction of topoisomerase II activity, and cancer cells proliferation.
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Transthyretin
Transthyretin (TTR) is secreted from the liver into the blood stream where it binds, and
transports thyroxine (T4) and vitamin A (43). Mutations in TTR decrease its stability leading
to monomer misfolding and aggregation that may cause amyloid diseases (44). Tafamidis is
an approved medicine. This small molecule stabilizes TTR by binding selectively to two T4
binding sites in the TTR tetramer that is better described as a dimer of dimers.
The X-ray structures of wild-type TTR and the V122I mutant in complex with tafamidis
suggest that the tetramer is stabilized by preventing the dissociation of the weaker binding
dimer-dimer interface. For this reason, and because each compound is buried in an enclosed
pocket created by a TTR dimer (45), TTR belongs in class B2. Stabilization of TTR results in
reduction of misfolding. TTR was tested in a clinical trial for the treatment of Transthyretin
Type Familial Amyloid Polyneuropathy (TTR-FAP) and decreased progression of disease in
patients with the V30M TTR mutation (45).
Influenza nucleoprotein
The influenza nucleoprotein (NP) is a major component of the viral ribonucleoprotein
complex and plays a crucial role in viral replication. It is a well-known target for anti-viral
therapies (46). The NP inhibitors listed in table 1 that were discovered via an in vitro
polymerase assay stabilize the NP oligomer and inhibit viral replication (47).
The X-ray structure of NP co-crystalized with compound 3 revealed that NP is present as
hexamer with inhibitor molecules binding to two distinct druggable enclosed pockets located
at each of the three homodimer interfaces (47). Based on this structural information NP
belongs in class B2. Stabilization of NP oligomers results in reduction of viral replication.
MDMX/MDM2
MDMX and MDM2 are down regulators of p53. They are frequently overexpressed in tumours
with intact p53 and therefore are good anti-tumour targets. Inhibition of binding to p53 of
both MDM2 and MDMX thus seems a good strategy to bring the tumour suppressive function
of p53 back to healthy levels (48). RO-2443 (table 1) was discovered in a HTS tumour
suppressant screen. Its chemical optimization resulted in an analogue with improved solubility
and slightly better potency (RO-5963; table 1). In cellular assays, RO-5963 increased apoptosis
of MDMX overexpressing breast cancer cells (49).
X-ray structures have been determined for RO-2443 in complex with MDM2 and MDMX
homodimers, respectively. RO-2443 binds to the p53 binding pockets of these dimers. In both
protein dimers the core contains a large pocket that facilitates binding of two copies of RO2443 that symmetrically interact with both monomers and with each other through extensive
π-π stacking interaction of the indolyl hydantoin groups. The X-ray structure was solved only
for the two homodimers, but modelling studies (49) suggest that RO-2443 will bind equally
well to the MDMX/MDM2 quasi dimer. Since the enclosed binding pocket is located between
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the monomers MDMX/MDM2 belongs in class B2. Stabilization of the dimer leads to
reduction of binding to p53 and thus to activation of p53’s tumour suppressor activity, which
results in inhibition of cancer cell growth.

Max homodimer
Max is an activation partner in the c-Myc-Max pathway, which is overactive in Burkitt’s
lymphoma, neuroblastoma, breast-, pancreatic-, and lung-cancers (50). One of the strategies
to down-regulate the c-Myc-Max pathway is to disrupt the c-Myc-Max complex by binding
a small molecule to one of the protein partners (51). Another strategy is to stabilize the Max
homodimer, which reduces the amount of Max available for c-Myc activation by c-Myc-Max
formation. Compounds stabilizing Max/Max interactions were found via VLS. NSC13728
(table 1), for example, stabilizes Max/Max homodimers, and thus downregulates the
c-Myc-Max pathway (52).
There is no X-ray or NMR structure data available for the Max/Max-NSC13728 complex.
However, the competitive inhibition experiment with Myc protein suggests that the compound
binds Max at its Myc interface. Max is therefore placed in class B. Without further information
we cannot yet decide whether it should be subclass 1 or 2. Max homodimer stabilization leads
to inhibition of the c-Myc-Max pathway which results in inhibition of DNA-binding,
transcriptional activation, and oncogenic transformation.
Class M - oligomers
Class M holds at this moment only homotrimers and homopentamers. It seems likely that in
due time also other multimeric states will be discovered. Two examples exist for both
subclasses, M1 and M2. The two examples found for subclass M2 exhibit rather different
ligand binding modes. Altogether, it seems that Class M is most likely to grow beyond two
subclasses in the near future.
Subclass M1
PCNA homotrimer
Proliferating cell nuclear antigen (PCNA) regulates DNA replication and plays a pivotal role
in diverse cellular processes, including cell proliferation. Functional PCNA is present as
a ring-shaped homotrimer in complex with chromatin (53). A druggable pocket has been
predicted at the monomer interfaces and PCNA inhibitors have been discovered in VLS study
(54). PCNA-I1 selectively binds to PCNA and promotes formation of a stable trimer. PCNA
stabilization leads to a reduction of binding to chromatin, which results in inhibition of cancer
cell proliferation presumably because PCNA-I1 reduces chromatin assembly (54).
The structure of the apo PCNA trimer has been solved by X-ray (55), but no structure data are
available for PCNA with a bound compound. The druggable pocket can be seen well at the
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monomeric interfaces in the ring-shaped homotrimer, and in figure 2 we show that PCNA-I1
can nicely be docked in these pockets. We therefore placed this PCNA in class M1. Stabilization
of PCNA results in inhibition of cancer cell proliferation (54).
S100A4 homopentamer
S100A4 is involved in regulatory processes such as cell cycle progression and differentiation.
It is overexpressed in several diseases such as cancer, rheumatoid arthritis, kidney fibrosis,
and cardiac hypertrophy (56). S1004A binding to Myosin-IIA causes its depolymerisation.
Trifluoperazine (TFP) (table 1) stabilizes the S100A4 oligomer, which cannot bind to myosinIIA (57).
The X-ray structure of the S100A4-TFP complex reveals that S100A4 creates a ring-shaped
homopentamer with two druggable pockets at each of the five dimer interfaces. TFP is
observed in each pocket. Since TFP binds to peripheral cavities, it belongs in class M1.
Stabilization of the S100A4 oligomer results in reduction of depolymerisation of myosin (58),
and thus has potential to inhibit biological effect of several human pathologies.
Subclass M2
CD154 homotrimer
CD154-CD40 interactions are involved in humoral and cell-mediated immune responses,
and play a pivotal role in chronic inflammatory diseases like atherosclerosis, inflammatory
bowel disease, and rheumatoid arthritis. CD154 forms a trimer that activates the CD40
signalling pathway upon binding to the trimeric form of the CD40 receptor (59). BIO8898
(table 1) is a small molecule that binds to a non-productive CD154 trimer thereby reducing
the amount of CD154 available for CD154-CD40 interactions (60).
The X-ray structure of the CD154 trimer-BIO8898 complex reveals a three-fold symmetric,
deep, druggable pocket near the three-fold dyad. Surprisingly, BIO8898 binds to a pocket
located mainly between two monomers (figure 3) so that it breaks the 3-fold symmetry of the
CD154 trimer, and thus disrupts binding to its three-fold symmetric receptor (60). Since
BIO8898 binds in a cavity that essentially is enclosed, it belongs in class M2. Stabilization of
the non-symmetric form of the CD154 homotrimer results reduced availability of the
symmetric CD154 trimer needed for CD154-CD40 interaction and thus of the entire CD40
signalling pathway. Follow-up studies will have to reveal the potential of BIO8898 as
a medicine for inflammatory diseases.
TNF-α homodimer
Tumor necrosis factor α (TNF-α) is a pro-inflammatory cytokine that is expressed in response
to acute inflammation. It is involved in inflammatory diseases such as rheumatoid arthritis,
inflammatory bowel disease, and psoriatic arthritis. The TNF receptor 1 (TNFR1) signalling
pathway gets activated when the TNF-α trimer binds to the receptor (61). He et al. described
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a compound (table 1) that inhibits in vitro TNF-α binding to TNFR1 (62). This compound
actually binds to a TNF-α dimer thereby preventing the formation of the biologically active
TNF-α trimer.
The X-ray structure of the TNF-α dimer–compound complex reveals that the small molecule
binds in a shallow pocket at the dimer surface (figure 3c). The pocket appears peripheral, but
the residues that together form the cavity in the dimer structure actually lie in an enclosed
cavity in the trimer structure in which the compound presumably does not fit. We place this
case in class M2. The dimer stabilization and the concomitant reduction of the trimer
concentration leads to the inhibition of the TNF-α signalling pathway, and thus to a reduction
of acute inflammation.
Allosteric stabilizers
The previous three sections discussed examples of orthosteric binding of PPI stabilizers.
There are, however, many more mechanisms possible to stabilize multimers. We present two
examples of compounds that stabilize PPIs in an allosteric manner (Tubulin; SOD1), and the
much more complex situation in nuclear hormone receptors (NR).
Tubulin
Tubulin is a poly heterodimer consisting of α and β chains. It is the major component of the
microtubule, a cytoskeletal polymer that regulates a variety of cellular processes including the
cell cycle (63). Taxol is a stabilizer of tubulin that is used in the treatment of ovarian-, breast-,
and lung-cancer (64). The cryo-electron microscopy structure of the complex of α β tubulin
dimer with taxol reveals that taxol binds to a peripheral druggable pocket at the β-chain of the
tubulin heterodimer. Taxol allosterically modulates the interdimer interface resulting in
stabilization of polymer (65).
SOD1
Superoxide dismutase-type 1 (SOD1) catalyses the dismutation of superoxide into oxygen
and hydrogen peroxide. Familial amyotrophic lateral sclerosis (FALS) is caused by mutations
in SOD1 that destabilize the native SOD1 structure and, in vitro, stimulate its aggregation
(66). A druggable pocket was predicted at the interface between the two monomers and SOD1
dimer stabilizers (table 1) that were predicted by in silico screening inhibited in vitro
aggregation and denaturation of the SOD1 mutant. Ray et al. performed mutagenesis studies
to confirm that compounds are indeed binding to the predicted druggable pocket (67). X-ray
crystallography, however, later revealed that the compounds bind in a completely different
pocket than predicted, therefore, stabilize the SOD1 dimer interface in an allosteric manner
(68). This example underlines the crucial importance of experimental structural data in
unravelling the binding mode of small molecules, and it holds a stern warning for users of our
schema in figure 3.
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Figure 3. Different ways of stabilizing trimers. (a) PCNA (b) CD154 (c) TNF-α. Each monomer is
coloured in grey, cyan, and blue. The druggable pocket is shown as a molecular surface coloured according to the associated monomers. The small molecules are coloured red.

Nuclear hormone receptors and co-regulators
The inhibition and activation of nuclear hormone receptors (NRs) is associated with
conformational changes induced by ligand binding and the recruitment of co-activators or
co-repressors. Activation of NRs results in down or up-regulation of gene transcription.
NRs have a ligand binding domain (LBD) that can accommodate agonists as well as
antagonists. A crucial part of the NRs is a so-called Helix 12 (H12) that is mobile and
undergoes conformational changes upon ligand binding (69). Germain et al. discovered an
inverse agonist (BMS493) for the retinoic acid receptor (RAR). BMS493 is considered an
inverse agonist because it’s binding results in inhibition of retinoic gene expression. The X-ray
structure of this complex showed that BMS493 binds to the druggable pocket created by RAR
and its co-repressor (CoR). In this sense, BMS493 can be considered as a ‘normal’ PPI
modulator. However, inhibition of gene expression is not only the result of stabilization of the
RAR-CoR complex. BMS493 binding also prevents the conformational change of H12 that is
responsible for co-activator binding (70). Finally, inverse agonist binding generally exerts
allosteric effects on the NR-NR dimer interface (71). Since the inhibition of NR is a result of
both complex stabilization and a series of conformational changes, it forms in fact a hybrid of
allosteric and orthosteric effects and therefore belongs in neither class exclusively.
Dimerizers
Inducers of dimerization, aka dimerizers are compounds that can bind to two proteins,
utilizing two distinct binding pockets, thereby bringing the proteins in close spatial proximity
without necessarily making them form a stable dimer. One example is FK506, a FDA-approved
immunosuppressive drug that induces the formation of a FKBP12-Calcineurin complex. This
inactivates the function of Calcineurin and inhibits signal transduction in the T-lymphocyte
transduction pathway (72). Dimerizers are designed as bivalent compound connected by
a linker and bind to two druggable pockets. Their design does not take into account one newly
formed druggable pocket, which is why we decided to leave them out of the classification.
Guidelines to design stabilizers using structure-based approaches
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Whereas the design of PPI inhibitors is now well-studied (2–4), the design of PPI stabilizers
is still underexploited (6). The design of PPI inhibitors is, conceptually at least, rather
straightforward, and Chène (73) presented a simplified and practical decision tree to support
this work. The design of PPI stabilizers, on the other hand, is conceptually more complicated
due to the presence of a large number of possible solutions as was shown in figure 2. There is
still very little literature on the design of stabilizers, despite several initial attempts to rationally
design this type of modulators (54, 74), albeit that there were no rules of thumb available yet
for this design. Figure 4 shows a simple decision tree that helps with PPIs classification, and
thus provides a start for rational stabiliser design. The tree is reminiscent to the one produced

Figure 4. Conceptual decision tree for PPI target classification.
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by Chène (73) in 2006 to support inhibitor design.
The first and most crucial question is whether structural information is available? Optimally,
several high resolution X-ray structures are available of the apo multimer and several holo
multimeric complexes with different stabilizer bound. But the other extreme, that only a poor
quality homology model can be obtained of the apo multimer, is already enough to continue
along the decision tree. Visual inspection of the structure information has to lead to
a description of the target and to classification as illustrated in figure 2. Standard software
from ‘classical drug design’ can be used to detect druggable pockets after which visual
inspection should determine whether these are peripheral or enclosed, and whether these are
located at or near protein interfaces or not. Finally, the number and symmetry of binding
cavities around the PPI interface should be considered, because this might influence the
stoichiometry of binding. Obviously, in case of homomers with a symmetric conformation
several identical binding cavities will exist, which will influence the number of copies present
in the holo form of the complex. This conceptual decision tree holds a number of questions.
If any question is answered with “No” or cannot be answered, then the process breaks down
and PPI modulator design is likely not going to be easy. However, in such a case the bioscientists
at least know either which information to pursue in order to continue, or why continuation is
impossible. The field of PPI stabilizer design is still in its infancy, but we hope that this
overview of presently available knowledge will enable it to grow into a mature science that can
produce tools for therapeutic interventions in human health and thus improve our quality of
life.
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Table 1. List of targets and compounds from class A and B and M.
TARGET

COMPOUND

ASSAY

ACTIVITY

REF

CLASS A
FC

ITC

Kd = 700 nM

(19)

CoA

ITC

Kd = 2.5 μM

(12)

Epibestatins

SPR

Kd = 1.8 μM

(13)

Pyrrolinone1

SPR

Kd = 80 μM

(13)

Surface-based assay

EC50 = 101 μM

(14)

Compound 37

Surface-based assay

EC50 = 33 μM

(14)

14-3-3/C-RAF

CoA

Anisotropy measurement

Kd = 20 nM

(15)

14-3-3/ERα

FC

Competitive anisotropy

Kd = 0.1 μM

(16)

14-3-3/TASK3

FC

FP binding assay

Kd = 0.05 μM

(17)

FP binding assay

EC50 = 1.9 μM

(17)

FC-J-aglycone

FP binding assay

Kd = 0.56 μM

(17)

FP binding assay

EC50 = 262.8 μM

(17)

FC-A-aglycone

FP binding assay

Kd = 0.48 μM

(17)

FP binding assay

EC50 = 209.6 μM

(17)

16-O-Me-FC-H

FP binding assay

Kd = 0.07 μM

(17)

FP binding assay

EC50 = 6.2 μM

(17)

FC-H

FP binding assay

Kd = 0.55 μM

(17)

FP binding assay

EC50 = 186.9 μM

(17)

FP binding assay

Kd = 0.08 μM

(17)

FP binding assay

EC50 = 12.4 mM

(17)

Ubiquitination assay

IC50 = 2.5 μM

(21)

Binding assay

EC50 = 51 μM

(21)

14-3-3/PMA2

FC-THF
Ubiquitin-E2
ARF1-Sec7
HDAC3-SMRT-DAD

CC0651
BFA

Fluorescence anisotropy

Ki = 15 μM

(25)

LM11

Fluorescence anisotropy

IC50 = 50 μM

(25)

Ins(1,4,5,6)P4

No data

No data

(27)

Subclass A2
TIR1-auxin-IAA

COI1-JAZ6

BRI1-SERK
CaM-SK2

Auxin

Competitive binding

Kd = 84 nM

(75)

2,4-D

Competitive binding

IC50 = 1.4 μM

(75)

1-NAA

Competitive binding

IC50 = 1.3 μM

(75)

7S-Jasmonate

Competitive binding

Ki = 1.8 μM

(7)

7R-Jasmonate

Competitive binding

Ki = 18 μM

(7)

Coronatine

Radio-ligand binding assay

Kd = 68 nM

(7)

Brassinolide

Binding competition assay

IC50 = 80 nM

(76)

1-EBIO

Electrophysiology

EC50 = 395.5 μM

(34)

PHU

Electrophysiology

EC50 = 1.61 μM

(34)
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COMPOUND

ASSAY

ACTIVITY

REF

NS309

Electrophysiology

EC50 = 0.44 μM

(34)

CyPPA

Electrophysiology

EC50 = 6.04 μM

(34)

DCEBIO

Electrophysiology

EC50 = 21.5 μM

(34)

CLASS B
Subclass B1
Max homodimer

NSC13728

Analytical ultracentrifugation

Kd = 7 nM

(52)

Survivin homodimer

Abbott8

HTS-NMR screen

Kd = 75 μM

(38)

Subclass B2
Topoisomerase II
homodimer

ICRF-187

Topoisomerase II inhibition assay IC50 = 13 μM

(41)

Transthyretin
homotetramer

Tafamidis

ITC

Kd1 ~3 nM
Kd2 ~278 nM

(45)

NP homodimer

O-Metoxy-nucleozin

In vitro polymerase assay

IC50 = 0.17 μM

(47)

RO-2443

In vitro p53-MDMX binding assay

for MDM2
IC50 = 33 nM
for MDMX
IC50 = 41 nM

(49)

RO-5963

for MDM2
IC = 17 nM
In vitro p53-MDMX binding assay 50
for MDMX
IC50 = 24 nM

(49)

MDMX, MDM2
homodimer or MDMXMDM2 heterodimer

CLASS M
Subclass M1
PCNA
S100A4

PCNA-I1
TFP

SPR

Kd = 0.14 μM

(54)

PCNA binding assay

Kd ~0.2-0.4 μM

(54)

Competition assay

EC50 = 55 μM

(58)

Subclass M2
CD154 homotrimer

BIO8898

In vitro inhibition assay

IC50 = 25 μM

(60)

TNFα
homodimer

TNF-α inhibitor

Cell-based assay

IC50 = 22 μM

(62)

Abbreviations: FC, Fusicoccin; CoA, Cotylenin A; ITC, isothermal titration calorimetry; FP,
fluorescence polarization; SPR, surface plasmon resonance; TFP, trifluoperazine;
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Abstract
Protein - protein interactions (PPIs) regulate biological processes in all living organisms. In
the recent years, PPIs have become a new class of drug targets, as their modulation showed
novel opportunities for the therapeutical interventions. The last two decades resulted in
numerous inhibitors of PPIs, from which several have reached clinical trials. But the inhibition
of PPIs is not the only route open for modulation. Indeed, stabilization of PPIs is getting more
momentum and is clearly underexploited. As the number of success stories using small
molecule stabilizers (sPPIs) is increasing rapidly, a retrospective analysis of their physicochemical properties thus defining a so-called chemical space is both achievable and necessary.
Here, we present a chemoinformatics analysis of small molecule sPPIs that have been collected
from the literature. Our results suggest a list of significant differences with respect to the
inhibitors of PPI (e.g. modest size and hydrophobicity) that could open new ways to tackle
PPI targets without raising inherent difficulties in terms of drug development. We hope that
such an initiative might facilitate future design of this type of modulators in drug discovery
projects.
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Introduction
Protein - protein interactions (PPIs) are pivotal components of biological processes in all
living organisms. The estimated human interactome consists of 650 000 interactions (1). PPIs
are considered as a new class of putative targets that might provide diverse opportunities for
therapeutical interventions. PPIs are characterized by very large (~1,500 to 3,000 Å), shallow
and hydrophobic interfaces (2, 3). The interfaces of PPIs differ from the binding pockets of
conventional drug targets such as enzymes, and PPIs for a long time were considered as
“undruggable” (4, 5). Thus, designing small molecule inhibitors, compounds that bind to one
protein and at the same time compete with protein partner, was considered as reaching highhanging fruits (6). However, the last 20 years brought impressive number of inhibitors of PPIs
(iPPIs) from which some reached clinical trials (6, 7). The iPPIs are collected in a few
databases, such as iPPI-DB (8), 2P2IDB (9), and Timbal (10), respectively. These collections
of iPPIs allowed the scientific community to characterize the chemical space of small molecule
iPPIs and revealed that iPPIs have significantly higher molecular weight (MW), hydrophobicity,
and aromatic character than conventional drugs (11, 12). Additionally, the analysis of 3D
molecular shape of iPPIs showed that ideal iPPI candidate should be globular, have a high
capacity to bind hydrophobic patches, and have a low proportion of exposed polar groups.
Finally, it should have exposed polar groups at one end (13). Current databases of small
molecules are rather designed to fulfil physico-chemical properties of Lipinski rule-of five
(RO5) (14) that are applied to the commonly known targets like enzymes. However, the
analysis of chemical space of iPPIs showed that they significantly violet from the RO5 (11).
Thus, focused libraries enriched in putatitve iPPIs might increase the hit rates in both virtual
ligand screening and experimental studies (12).
PPIs complexes can be modulated not only by competitive inhibition, where small molecule
binds to the interface of one protein partner, but also by stabilization, where a small molecule
binds to both protein partners, working as a molecular glue (15). Concept of stabilizing PPIs
was underestimated for the long time, but recent success stories show its high potential (15–
17). There are a few indisputable advantages of stabilization over inhibition of PPI complexes.
One of them is characteristic of binding pockets. Preliminary research showed that pockets
targeted by stabilizers share more similarities with pockets of conventional drug targets, such
as enzymes, than with interfaces of PPIs (18). Thus, designing stabilizers might be less
challenging than designing inhibitors of PPIs. Second, stabilizers of PPI complexes can be
present in micromolar range to trigger physiological effects (15). Additionally, pocket created
by two proteins presents more specificity than interface of PPI complexes (15). The number of
stabilizers is growing, and some of them are already collected in databases e.g. Timbal (10).
However, until this moment, detailed analysis of the physico-chemical properties of PPI small
molecule stabilizers is not present.
Recently, we collected small molecule sPPIs and suggested classification based on their place
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of binding and architecture of the complex. Additionally, we proposed decision tree that
might guide bioscientists in structure-based design of stabilizers (chapter 3). Here, we
characterized chemical space of sPPIs and compared them with iPPIs and conventional drugs.
It revealed that sPPIs meet RO5 criteria, thus, resemble profile of conventional drug more
than of iPPIs. Additionally, we identified 3D shape of sPPIs, showing that ideal sPPIs are
rather flat molecules, less charged; have less positive partial charges and less negative charged
weighted surface. They are also less hydrophilic that is expressed by lower amount of patches
with polar atoms and smaller hydrophilic regiones on van der Waals surface of the molecule
than iPPIs and conventional drugs. Finally, we showed that sPPIs do not require tailored
made focused libraries. In conclusion, our study will facilitate the design of new stabilizers of
PPI complexes.
Methods
2D sPPIs ligand dataset
Stabilizers of protein - protein interactions were collected from the literature, according to
a few criteria. First, we focused only on small molecules, rejecting peptides and peptide-like
compounds. Second, we collected compounds with confirmed location of binding by X-ray
crystallography, NMR, or mutagenesis study. Third, we aimed at an affinity threshold of 30
µM, however, to keep a higher number of targets; we included six compounds with affinity
threshold of 80 µM. In total, our collection consists of 123 compounds for 20 targets (see
names of the complexes in the supplementary materials, table 1). A chemical diversity filter,
using Functional Class Fingerprints (FCFP4) with the similarity threshold of 0.7, was used to
obtain chemically diverse 2D datasets and prevent the overrepresentation of some chemical
series. FCFP4 was implemented in the PipelinePilot V 8.5. In total, our dataset consists of 74
chemically diverse compounds. However, this database contains 35 compounds that bind to
Trans target. This target is overrepresented and might bias analysis; thus we chose only five
compounds that bind to Trans. Our final database consists of 44 chemically diverse
compounds.
2D iPPIs ligand dataset
Inhibitors of protein - protein interactions were collected from the iPPI-DB (8) and filtered
through abovementioned diversity filter. The total collection of chemically diverse iPPIs
consisted of 354 compounds from 13 families of PPI targets.
2D eDrug dataset
Conventional drugs were collected from the eDrugs3D (version June 2012) (19), filtered with
aforementioned diversity filter and kept only orally bioavailable. The total collection of
chemically diverse conventional drugs, which we called ‘eDrug’, consisted of 698 compounds.

74

3D ligand datasets
To create 3D sPPIs database, X-ray structures of protein in complex with stabilizers were
retrieved from PDBredo database (20), structures absent in PDBredo database were retrieved
from Protein Databank (PDB) (21). Partial charges were calculated using the MMFF94 force
field implemented in the MOE program (version 2012.10) (22). Proteins were deleted and
compounds were collected into dataset. Our 3D ligand database consists of 54 3D compounds
(supplementary materials, table 2). There were a few PDB files with more than one copy of
a compound; in these cases, all copies were collected. The total number of 3D dataset used for
the analysis consists of 100 bioactive conformations.
The 3D iPPIs database consisted of 84 compounds, 3D non-iPPIs dataset consisted of 1282
compounds (enzymes, receptors, and kinase inhibitors), they were designed as previously
described (13).
Molecular descriptors 2D and 3D
To analyze 2D principal component analysis (PCA), set of 43 different 2D descriptors
(supplementary materials, table 3) was calculated with a java program using ChemAxon
JChem library (version 5.10.1, academic package) (23). To analyse 3D PCA, a set of 106 3D
descriptors was calculated using MOE program (version 2012.10) (22). The selection of the
most discriminative 3D descriptors was used according to the previously described protocol
(13) and resulted in five sPPIs specific descriptors.
Molecular Descriptor Analysis
Both univariate and multivariate analysis were used to investigate physico-chemical properties
of 2D dataset. Analysis were done using R program (version 2.15.1) (24). Student’s t-tests
determined statistical significance of datasets discrimination. P-values<0.05 were considered
significant.
Results and Discussion
sPPIs ligands dataset
Stabilizers are still underexploited as a route to pharmacologically modulate PPI targets, and
the only sparse collection of stabilizers is present in TIMBAL database (10). We collected
small molecule orthosteric stabilizers of PPIs available in the literature (until March 2014). As
orthosteric stabilizers, we defined compounds that bind to a druggable pocket created by at
least two proteins. The challenge of identifying stabilizers of PPIs was due to the fact that they
might lead to inhibition or activation of biological processes. In literature, very often,
compounds binding to at least two proteins and inhibiting biological processes were named
inhibitors. According to our definition of sPPIs, compounds that inhibit biological function
can still be classified as stabilizers. It resulted in the dataset consisted of 74 compounds for 20
targets (figure 1). Targets are not equally populated (figure 1). Only two targets, Surv, and
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Trans, have more than five chemically diverse compounds, which are seven, and 35,
respectively (figure 1). PCNA has five compounds, whereas the rest of the targets have three
or fewer compounds. Since compounds binding to Trans constituted 47 % of the whole
database, they might bias the analysis. Therefore, we decided to represent this target with only
five, randomly chosen compounds. Our final dataset called unbiased diverse dataset consists
of 44 chemically diverse compounds. Low number of compounds per target did not allow for
the target-based analysis.
Physico-chemical analysis of sPPIs versus iPPIs, and versus eDrug
Inhibitors of PPI significantly differ from conventional drugs that are mostly inhibitors of
enzymes (8, 13). Thus, inhibitors of PPIs require screening libraries that differ from the one
used for the conventional targets. However, the physico-chemical properties of stabilizers of
PPIs are still unknown. Here, we analysed physico-chemical properties of sPPIs and compare
them with those of both iPPIs and conventional drugs collected in eDrug dataset.

Figure 1. Dataset of sPPI per target. Full dataset (123 compounds), diverse dataset (74 compounds),
and unbiased diverse dataset used for the analysis (44 compounds). In this figure, we used code for the
PPI complexes; the full names are present in supplementary materials, table 1.
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Size
Distribution of MW revealed that sPPIs are significantly smaller than iPPIs, (meansPPIs = 386.1
± 149.4 Da, whereas meaniPPIs = 514.7 ± 130.6 Da, with P<0.0001), figure 2, table 1. But, they
are significantly bigger than eDrugs (meaneDrug = 335.2 ± 141.1 Da, with P=0.0211), figure 2,
table 1. The mean value of sPPIs might be biased by the compound binding to CD154 target,
which is bigger than the rest of compounds present in the dataset (MW = 908.5 Da), figure 3.
However, unbiased dataset, without CD154 compound, has meansPPIs = 374 ± 127.3 Da that is
in agreement with previous dataset. The size of CD154 compound might be explained by the
size of its druggable pocket with buried surface area of 1950 Å2 (25) that is located between
three subunits of trimer. Interestingly, two compound binding to Auxin have MW below 200
Da (186.1 and 175.1 Da), figure 3. Typically such low-molecular-weight compounds are
considered as fragments commonly used in fragment-based drug design rather than drugslike compounds. We decided to keep these compounds in our dataset, because one of these
compounds has natural origin, whereas the other is its analog, and both of them trigger signal
transduction in plants. Additionally, small size of these compounds might be explained by the
fact that they bind to the druggable pocket located in the core of the rim of PPIs, creating socalled “enclosed pocket”. This type of pocket restricts size of compounds and separates them
from the solvent. Other compounds that bind to enclosed pockets have MW only slightly
higher than mean value of eDrug (322.2 and 441.1 Da for Jas and NP, respectively). The only
exception is compound binding to CD154 target; however, this might be caused by
abovementioned target architecture.
Hydrophobicity
Distribution of octanol/water partition coefficient (LogP) and topological surface area (TPSA)
revealed that sPPIs are also less hydrophobic than iPPIs, but more hydrophobic than eDrug.
The sPPIs LogP is significantly lower (meansPPIs = 3.2 ± 1.9) than iPPIs (meaniPPIs = 4.6 ± 2.0,
with P<0.0001), but significantly higher than eDrug (meaneDrug = 2.2 ± 2.5 with P=0.0052),
figure 2, table 1. Additionally, the sPPIs TPSA is slightly lower (meansPPIs = 79.8 ± 42.9) than
iPPIs (meaniPPIs = 87.9 ± 31.3, but P>0.05), but slightly higher than eDrug (meaneDrug = 74.5 ±
47.3, but P>0.05), figure 2, table 1. On one hand, the LogP value might be biased by the
compound binding to Topo target. It is the only compound in our dataset that has LogP value
below zero (-2.7). This compound is water soluble (26) but has very poor membrane
permeability. However, it is clinically approved drug, administered intravenously for the
treatment of cancer patients (26). On the other hand, mean value of LogP might be biased by
two compounds (binding to Max and TNF target) with relatively high LogP value (above 6).
Even though LogP values suggest high lipophilicity of these compounds, there was no
solubility issues reported (26, 27). Other compounds with LogP value lower than meaneDrug are
compounds binding to ER, and TASK targets, with LogP values of 1.4, and 1.2, respectively
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(figure 3). The relatively low hydrophobicity of these compounds might be explained by the
fact that these compounds were not designed for the drug discovery projects, but were
inspired by nature. Thus, they can become a good starting point for the chemical optimization.
Aromatic character
Distribution of descriptors revealed that aromatic profile of sPPIs is lower than iPPIs, but
higher than eDrug. The sPPIs have significantly lower number of aromatic bonds than iPPIs
(mediansPPIs = 12 ± 7.8, medianiPPIs = 18 ± 6.3, with P<0.0001), but higher than eDrugs
(medianeDrug = 10 ± 6.1, with P = 0.0034), Additionally, sPPIs have lower number of rings
(mediansPPIs is 3 ± 1.6) than iPPIs (medianiPPIs = 4 ± 1.2, with P<0.0001), but the same number
of rings as eDrug (medianeDrug = 3 ± 1.4, with P = 0.0027). On one hand, compounds binding
to ER, RAF, TASK, Topo, and BRI targets do not have aromatic bonds. On the other hand,
compounds binding to Max, TNF, CD154, and PMA targets have more than 20 aromatic
bonds. This discrepancy might be explained by the origin of the compounds. Natural products
are known to be characterized by low aromatic character (29). In accordance, the set of
compounds with zero aromatic bonds has only one synthetic compound, binding to Topo
target. Similar trend was observed in the distribution of rings. Amongst compounds with
number of rings below the meansPPIs value are Ubiq, Auxin, CaM, Jas, Trans, and Topo target
the majority constitute natural products. In contrast, compound with number of rings above
eight, binding to CD154 target, has synthetic origin. Distribution of unsaturation index (Ui),
which describes unsaturated bonds such as double, triple and aromatic bonds, respectively,
showed that Ui of sPPIs is lower than iPPIs, but higher than eDrug (mediumsPPIs = 3.6 ± 1.0,
mediumiPPIs = 4.4 ± 0.4, with P<0.0001, and mediumeDrug = 3.3 ± 1.0 with P = 0.0486). The
aromatic ratio of sPPI is the same as iPPIs (mediumsPPIs = 0.3± 0.2, mediumiPPIs = 0.3 ± 0.1 with
Table 1. Summary of physico-chemical properties of sPPIs versus iPPIs and versus eDrug.
sPPIs

iPPIs

Mean Median SD

Mean Median SD

eDrug
SD

P-value

MW

386.1 363.6

149.4 514.7 496.1

130.6 P<0.0001 335.2 312.2

P-value Mean Median

141.1

P=0.0211

LogP

3.2

3.3

1.9

4.6

4.7

2.0

P<0.0001 2.2

2.3

2.5

P=0.0052

TPSA

79.8

73.1

42.9

87.9

82.4

31.3

P>0.05

66.9

47.3

P>0.05

NbHAcc

5.6

5

3.1

6.9

7

2.2

P<0.0001 5.3

5

3.2

P>0.05

NbHDon

1.9

2

1.4

2.0

2

1.6

P>0.05

2

1.8

P=0.06

NbAromaticBonds

11.8

12

7.8

18.7

18

6.3

P<0.0001 9.0

10

6.1

P=0.0034

NbRings

74.5
2.0

3.3

3

1.6

4.5

4

1.2

P<0.0001 2.7

3

1.4

P=0.0027

NbBenzeneLikeRings 1.5

2

1.0

2.3

2

1.0

P<0.0001 1.1

1

0.9

P=0.0013

NbDoubleBonds

2.2

2

1.6

2.3

2

1.5

P>0.05

2

1.7

P>0.05

Ui

3.6

3.8

1.0

4.4

4.4

0.4

P<0.0001 3.3

3.6

1.0

P=0.0486

AromaticRatio

0.3

0.3

0.2

0.3

0.3

0.1

P>0.05

0.2

0.1

P<0.0001

NbRotatableBonds

4.5

4

3.1

6.6

6

3.0

P<0.0001 4.9

4

3.7

n.s.
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P>0.05), but higher than eDrug (mediumeDrug 0.2 ± 0.1, with P<0.0001). The number of double
bonds is the same as sPPIs, iPPIs, and eDrug (mediansPPIs, iPPIs,eDrug = 2 ± 1.6, 1.5, 1.7, respectively,
but with P>0.05). The number of benzene like rings of sPPIs is the same as iPPIs (mediansPPIs,iPPIs
= 2 ± 1.0, 1.0, respectively, with P<0.0001) and higher than eDrug (medianeDrug = 1 ± 0.9, with
P = 0.0013), figure 2, table 1. The following descriptors show similar trend. Distribution of
aromatic ratio showed that compounds binding to ER, RAF, TASK, Jas, Topo, and BRI1 targets
have mean value of zero (figure 3). All of them, besides compound binding to Topo target,
have natural origins. On the other hand, compounds with aromatic ratio higher than mean
bind to Surv, TNF, PCNA, Auxin, and Trans targets, besides Auxin, are synthetic. Considering
the number of double bonds, there is only one compound, binding to Max target, which does
not have any double bonds. A few compounds have number of double bonds higher than
mean value (2 double bonds), such as compounds binding to ER, ARF, CD154, Jas, Topo, and
NP target. However, there is no clear trend considering the origin of compounds. Similarly to
aromatic ratio descriptor, zero benzene like rings showed compounds binding to ER, RAF,
TASK, Jas, Topo, and BRI1 target. These compounds, besides compound binding to Topo,
have natural origins. In contrast, compounds with higher median value of benzene like rings
are binding to PMA, TNF, and MDM2 targets, from which only PMA is semisynthetic,
whereas the rest are synthetic.
Flexibility of compounds
Distribution of rotatable bonds showed that sPPIs tend to be flatter than iPPIs and conventional
drugs. The sPPIs have significantly lower number of rotatable bonds than iPPIs and the same
number as eDrug (mediansPPIs = 4 ± 3.1, medianiPPIs = 6 ± 3.0, with P<0.0001, medianeDrug = 4
± 3.7, but P-value is not significant), figure 2, table 1. Considering the lack of statistical
significance in sPPIs versus eDrug, it is suggested that there is no real difference in the
flexibility of sPPIs and conventional drugs. One reason why they are flatter is because of the
high aromatic ratio. The clear sPPIs outliers are compounds binding to CD154 and ER targets,
with 15 and 14 rotatable bonds, respectively.
PCA sPPIs versus iPPIs and versus eDrug
To visualize the chemical space of PPIs stabilizers versus PPIs inhibitors and versus
conventional drugs (eDrug database) we used principal component analysis (PCA) with 40
2D descriptors (supplementary material, table 3). Datasets of sPPIs, iPPIs, and eDrug
consisted of 74, 354, and 698 chemically diverse compounds, respectively. The two first axis of
the PCA represent 60.6 % of the total variance, which allows for a reliable visualization. The
first axis is described by MW, SumAtomPolar, NbC, NbAtom, and NbRings descriptors. The
second axis is characterized by AromaticRatio, NbAromaticBonds, NbBenzeneLikeRings,
and Ui descriptors (figure 4a). The global position of the sPPIs population is located in the
upper left part of the distribution of three populations (figure 4b). It shows that as a general
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Figure 2. Distribution of eleven basic descriptors amongst diverse dataset of iPPI (in green) vs. unbiased diverse dataset of sPPI (in red) vs. diverse dataset of eDrugs (in blue). P-value <0.001 is indicated
by ***, P-value <0.01 is indicated by **, P-value <0.05 is indicated by *, and P-value >0.05 is considered
as not significant and indicated as n.s.

trend sPPIs are more similar to conventional drugs than to iPPIs. However, it is not the case
for all of PPIs stabilizers. There are a few compounds (binding to CD154, Max, and TNF
targets) that share more characteristic of iPPIs. It might be explained by the higher MW of
these compounds (CD154 MW = 908.5 Da, TNF MW = 547.2 Da). To our knowledge, this is
the first analysis of chemical space of stabilizers of PPI complexes. Due to limited number of
compounds per target it is difficult to draw the target-dependent conclusions.
3D shape of sPPI ligands
To characterize 3D shape of sPPIs and compare them with iPPIs, we collected dataset of sPPIs
co-crystalized with their PPI complexes. We retrieved 54 X-ray structures of stabilizers in
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Figure 3. Distribution of nine basic descriptors amongst diverse dataset of iPPI (in green) vs sPPI (in
red) vs eDrugs (in blue). sPPI and iPPI databases are distinguished per target in light green and light
red, respectively.

complex with their proteins. Some of the X-ray complexes contained more than one copy of
stabilizer. We compared the multiple copies of the same ligand and found differences in their
RMSD values. Thus, we collected all of the copies, in total our dataset consisted of 100 3D
conformations for fifteen targets (figure 5). In an attempt to determine specific 3D shapebased properties for sPPI, and similarily to what was recently done for iPPIs (13), we calculated
3D descriptors of sPPIs and compared them to a set of non-sPPIs (conventional inhibitors)
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Figure 4. Principal component analysis (PCA) of sPPIs vs. iPPIs vs. eDrug. (a) variable map (b) distribution of sPPIs (multiple colours), iPPIs (grey), and eDrug (black). Density curves are located next to
the X and Y axis. They represent differences according to each axis between sPPIs (red), iPPIs (grey),
and eDrug (black).

Figure 5. 3D sPPIs dataset per target.

and iPPIs. To choose 3D descriptors that are discriminative between these two populations
we calculated 106 3D descriptors. We selected five discriminatory descriptors for sPPIs: ASA+
(water accessible surface area of all atoms with positive partial charge), ASA_P (water
accessible area of all polar atoms), CASA- (negative charge weighted surface area), rgyr
(radius of gyration), and vsurf_Wp2 (total polar volume on the van der Waals surface of the
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Figure 6. Principal moments of inertia plot of the normalized principal moments of inertia X-axis,
npr1, Y-axis, npr2 of sPPIs (colored per target) versus iPPIs (dark grey) and versus non-sPPIs (light
grey).

molecule), respectively. Interestingly, rgyr, ASA+, CASA-, and vsurf_Wp2 descriptors showed
correlation with the size of sPPIs (suplementary material, table 4). However, these descriptors
still describe different sPPIs properties.
To show disribution of the 3D space of sPPIs, we used principal moment of inertia (PMI) plot
of the normalized moment of inertia (npr1 and npr2) of sPPIs and compare them with iPPIs
and non-iPPIs. The PMI plot represents also overall shape of compounds described as rodelike, sphare-like, or disk-like. In the general trend, majority of sPPIs resemble rode-like shape.
With meansPPIs npr1 = 0.3 ± 0.1 and meansPPIs npr2 = 0.9 ± 0.1. Only a few compounds binding to
NP and Topo targets show more disk-like shape (figure 6). First axis, npr1, show that sPPIs
versus iPPIs reveal lower rode-like shape than iPPIs (meaniPPIs npr1 = 0.4 ± 0.2), this comparison
is discriminative with Pnpr1 = 0.00038. However, second axis, npr2, did not show discriminative
values between sPPIs and iPPIs, Pnpr2 = 0.49. Comparison both first and second axis, between
sPPIs and non-iPPIs is not discriminatve, based on Pnpr1 = 0.89, and Pnpr2 = 0.87.
Distribution of five discriminative 3D shape-based descriptors created overview of the sPPIs
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molecular shape. First descriptor, radius of gyration (rgyr) is the mass weighted root-meansquare average distance of all atoms in the molecule from the centre of mass. It measures
molecular compactness. The sPPIs is characterized by significantly lower radius of gyration
than iPPIs and non-iPPs, (meanssPPIs = 4.1 ± 0.8, whereas meaniPPIs = 4.8 ± 1.2, with P = 1.3E06, meannon-iPPIs = 4.6 ± 1.0, with P = 1.93E-08), figure 7, table 2. It means that on average sPPIs
are less spherical than iPPIs and non-iPPIs. Thus, sPPIs are considered to be rather flat
molecules.
The sPPIs can by characterized by the descriptors evaluating their charges. ASA+, indicates
water accessible surface area of all atoms with positive partial charge (strictly greater than 0).
This i3D (internal coordinate dependent) molecular descriptor encodes each molecule
accessible surface area (ASA) by atoms with positive charge. Distribution of ASA+ revealed
that sPPIs have significantly lower ASA with positive partial charge than iPPIs and non-iPPIs
(meansPPIs = 138.3 ± 80.8, meaniPPIs = 245.5 ± 77, with P=1.15E-16, and meannon-sPPIs = 242 ±
80.2, with P = 7.38E-23), figure 7, table 2. It indicates that a larger ASA with positive partial
charge has an enhancing effect on activity of iPPIs and non-iPPIs, but less of sPPIs. Another
charge dependent 3D molecular descriptor is CASA-. It describes negative charge weighted

Figure 7. Distribution of five 3D descriptors amongst iPPI (green) vs. sPPI (red). P<0.001 is indicated
by ***.
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Table 2. Summary of shaped-based 3D descriptors of sPPIs versus iPPIs and versus non-iPPIs.
sPPIs
Mean Median

iPPIs
SD

Mean Median

SD

Non-iPPIs
P-value

Mean Median

P-value

Rgyr

4.1

4.0

0.8

4.8

4.6

1.15

1.3E-06

ASA+

138.3

162.9

81.2

245.5

235.4

77

1.15E-16 242.0

CASA-

721

642.1

576.5 1778.8 1591.2

1084.4 7.1E-13

1484.8 1247.8

988.1 1.41E-23

ASA_P

114.1

127.1

77.1

166.1

147.8

72.4

6.02E-6

233.9

209.4

108.0 2.78E-28

334.9

96.4

532.6

525.6

166.8

3.84E-15 493.6

475.8

156.2 5.85E-28

VsurfWp2 350

4.6

SD

4.5

1.0

1.93E-08

236.6

80.2

7.38E-23

surface area. It encodes features that are responsible for polar interatomic interactions.
Distribution of CASA- showed that sPPI has significantly lower negative charged weighted
surface than iPPIs and than non-iPPIs (meansPPIs = 721 ± 576.5, meaniPPIs = 1778.8 ± 1084.4,
with P = 7.1E-13, and meannon-iPPIs = 1484.8 ± 988.1, with P = 1.41E-23), figure 7, table 2. It
suggests that sPPIs have lower electron density that represent charged contact surface that can
create polar intermolecular interactions than iPPIs and non-iPPIs.
Next descriptor, water accessible surface area of all polar atoms (ASA_P) represents favourable
energy of polar atoms (N and O) for solvation in water than for the interior of the protein.
ASA_P for sPPIs is significantly lower than for iPPIs and non-iPPIs (meansPPIs = 114.1 ± 77.1,
meaniPPIs = 166.1 ± 147.8, with P = 6.02E-6, and meannon-iPPIs = 233.9 ± 108, with P = 2.78E-28),
figure 7, table 2. It means that sPPIs have fewer patches with polar atoms, O and N, i.e.
potential H-bond acceptors, which could interact with solvent (water), than iPPIs and noniPPIs. It might be explain that druggable pockets of sPPIs are not as wide open and solvent
exposed, as interfaces of iPPIs and conventional drugs.
Last descriptor, total polar volume on the van der Waals surface of the molecule (vsurf_Wp2)
defines the polar volume of the molecule and is calculated on 2.0 kcal/mol energy level. This
descriptor might be explained as molecular envelope that is accessible by water molecules.
Size of hydrophilic/polar regions on sPPIs is significantly smaller than on iPPIs and on
non-iPPIs. Distribution of vsurf_Wp2 revealed meansPPIs = 350 ± 96.4, meaniPPIs = 532.6 ±
166.8, with P = 3.84E-15, and meannon-iPPIs = 493.6 ± 156.2, with P = 5.85E-28, figure 7, table 2.
It suggests that sPPIs have smaller hydrophilic patches needed for interactions with druggable
pockets than iPPIs and non-iPPIs.
Concluding, 3D shape analysis showed that sPPIs are less spherical than iPPIs and non-iPPIs
(lower rgyr), are less charged that iPPIs and non-iPPIs, have a less positive partial charge
(lower ASA+), and have less negative charged weighted surface (lower CASA-) than iPPIs and
non-iPPIs. Additionally, sPPIs have fewer patches with polar atoms, O and N, i.e. potential
H-bond acceptors, which could interact with solvent (water) (lower ASA_P) than iPPIs and
non-iPPIs. In accordance, sPPIs have smaller hydrophilic/polar regions on van der Waals
surface of the molecule (lower vsurf_Wp2) iPPIs and on non-iPPIs.
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3D shape of iPPIs versus sPPIs
Recent study evaluated 3D shape of iPPIs (13). It was shown that iPPI might be described by
four descriminative descriptors EDmin (local interaction minimum), IW4 (integy moment),
CW2 (capacity fator), and glob (globularity) respectively. These describtors revealed that ideal
iPPIs is more globular than conventional drugs, has a stronger capacity to bind hydrophobic
patches with a smaller proportion of exposed hudrophilic regions, and on the contrary with
hydrophilic regions one extrimity of the compound (13). Our analysis showed that sPPIs are
characterized by different 3D shape-based descriptors. However, we also compare sPPIs with
the descriptors descriminative towards iPPIs. It showed that sPPIs are less globular than iPPIs
, but resembles conventional drugs, glob meansPPIs = 0.1 ± 0.07, meaniPPIs = 0.2 ± 0.1, P = 2.4E07, meannon-iPPI = 0.1 ± 0.07, P = 0.1. sPPIs have lower capacity to bind hydrophobic patches
than iPPIs, EDmin3, meansPPIs = -2.5 ± 0.3 kcal/mol, meaniPPIs = -2.9 ± 0.2 kcal/mol, P = 4.7E22, meannon-iPPI = -2.6 ± 0.4 kcal/mol, P = 0.001). Additionally, sPPIs have a bigger proportion
of exposed hydrophilic regions than iPPIs, CW2 , meansPPIs = 2.1 ± 0.2, meaniPPIs = 1.9 ± 0.2, P
= 0.005, meannon-iPPI = 2.2 ± 0.3, P = 0.003. Finally, concentration of the hydrophilic regions is
not exposed to one extremity of the compound as it is in case of iPPIs, IW4, meansPPIs = 2.5 ±
1.3, meaniPPIs = 3.2 ± 1.2, P = 0.02, meannon-iPPI = 2.2 ± 1.4, P = 0.01) Thus, 3D shape of sPPIs
significantly differ from the inhibitors of PPIs.
Conclusions
PPI complexes are a new, very potent therapeutical target. In the last 20 years, dream of
finding iPPIs became the reality (7, 30). Currently, stabilization of PPI complexes is becoming
a new trend. There are already several success stories of finding small molecule stabilizers of
PPIs (31). We collected small molecule sPPIs present in literature and analysed their physicochemical properties. Our analysis revealed that sPPIs meet the criteria of RO5, thus, resemble
more profile of conventional drug than iPPIs. There are characterized by the MW of 386.1 Da,
hydrophobicity represented by LogP value of 3.2, hydrogen bond donors median value of 2,
hydrogen bond acceptors median value of 5, rotatable bonds median value of 3, and aromatic
character represented by aromatic ratio value of 0.3. These results imply that sPPIs in contrast
to iPPIs do not require focued libraries. Commonly used small molecule databases might be
used for the finding new stabilizers of PPIs. We also identified 3D shape stabilizers specific
descriptors such as ASA+, ASA_P, CAS-, rgyr, and vsurf_Wp2, respectively. They revealed
that ideal sPPIs are rather flat molecules, less charged; have less positive partial charges and
less negative charged weighted surface. They are also less hydrophilic that is expressed by
lower amount of patches with polar atoms and smaller hydrophilic regiones on van der Waals
surface of the molecule than iPPIs and conventional drugs.
To our knowledge, this is the first analysis of sPPIs and the number of the collected small
molecules allows only for analysis on the global level. However, the lesson learned from the
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iPPIs showed that the first rationalization of chemical space might boost the design of new
compounds, which will allow for more specific, target-based chemical space analysis.
Additionally, presented here physico-chemical properties of sPPIs might be cross analysed
with their druggable pocket classified in our previous study (chapter 3). Thus, future analysis
might allow for the design of the sPPIs according to binding place of compound and
architecture of PPI complexes.
Supplementary Materials
Table 1. Names of PPI complexes.
Number

88

Code of PPI complex

Name of PPI complex

1

ARF1

ARF1-Sec7 complex

2

Auxin

TIR1-auxin-IAA complex

3

BRI1

BRI1-SERK complex

4

CaM

SK2-CaM complex

5

CD154

CD154 homotrimer

6

ER

14-3-3-ER complex

7

Jas

COI1-JAZ6 complex

8

Max

Max homodimer

9

MDM2

MDM2/MDMX quasi-dimer

10

NP

Influenza nucleoprotein homodimer

11

PCNA

PCNA homotrimer

12

PMA

14-3-3-PMA complex

13

RAF

14-3-3-RAF complex

14

Surv

Survivin homodimer

15

S100

S100A4 homopentamer

16

TASK

14-3-3-TASK complex

17

TNF

TNFalpha homodimer

18

Topo

Topoisomerase homodimer

19

Trans

Transthyretin homotetramer

20

Ubiq

Ubiquitin-E2ubiquitin conjugating enzyme complex
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Table 2. Target and compound retrieved from PDB redo or PDB database (*) with their PDB IDs.
Number

Target

PDB ID

Target

PDB ID

1

Auxin

2P1N

37

Trans

1ICT*

2

Auxin

2P1O

38

Trans

2B77*

3

Auxin

2P1Q

39

Trans

2B9A*

4

BRI1

4LSX

40

Trans

2F7I*

5

CaM

4J9Z

41

Trans

2G5U*

6

CD154

3LKJ

42

Trans

3CFN

7

ER

4JDD

43

Trans

3CFT

8

Jas

3OGL

44

Trans

3CN1

9

Jas

3OGM

45

Trans

3CN2

10

MDMX

3U15

46

Trans

3CN3

11

MDM2

3BVG

47

Trans

3CN4

12

NP

3RO5

48

Trans

3D2T

13

PMA

1O9F

49

Trans

3ESN

14

PMA

3M50

50

Trans

3ESO

15

PMA

3M51

51

Trans

3ESP

16

PMA

4DX0

52

Trans

4ABU

17

PMA

2O98

53

Trans

4ABV

18

PMA

3E6Y

54

Ubiq

4MDK

19

RAF

4IHL

20

S100

3KO0

21

TASK

3SPR

22

TASK

3SMO

23

TASK

3P1O

24

TASK

3SMM

25

TASK

3SMN

26

TASK

3SML

27

TASK

3UX0

28

TASK

4FR3

29

TNF

2AZ5

30

Topo

1QZR

31

Trans

1BM7

32

Trans

1DVS*

33

Trans

1DVT*

34

Trans

1DVX*

35

Trans

1DVY*

36

Trans

1DVZ*
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Table 3. List of 2D descriptors used in the PCA analysis.
Number

90

Abbreviation of 2D descriptors

Name of 2D descriptors

1

AromaticRatio

Number of aromatic rings divided by the number of heavy
atoms

2

BalabanIndex

the Balaban distance connectivity of the molecule, which is
the average distance sum connectivity

3

Csp3Ratio

Number of carbon sp3 divided by the number of carbons

4

DiamGraphNonHydrogenPetitjean

Computation of the diameter of a molecular graph

5

GCMolarRefractivity

Gas chromatography retention time used for the
calculation of molar refractivity

6

LogD

Log of distribution coefficient

7

LogP

Log of the octanol/water partition coefficient

8

MeanAtomVolVanderWaals

Calculates mean of atoms for the van der Waals surface of
the molecule

9

MolecularWeight

Molecular Weight of the compound

10

NbAcceptorH

Number of atom acceptor of hydrogen

11

NbAliphaticsAmines

Number of aliphatic amines

12

NbAromaticsBonds

Number of aromatic bonds

13

NbAromaticsEther

Number of aromatic ether

14

NbAromaticsSSSR

Number of aromatic rings calculated from the smallest set
of smallest aromatic rings (SSSAR)

15

NbAtom

Number of atoms

16

NbAtomNonH

Number of atoms without hydrogen atoms

17

NbBenzeneLikeRings

Number of benzene like rings

18

NbBonds

Number of bonds

19

NbBondsNonH

Number of bonds without-bonds of hydrogen atoms

20

NbBr

Number of Bromine atoms

21

NbC

Number of Carbon atoms

22

NbChiralCenter

Number of chiral center

23

NbCircuits

Number of circuits
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Number

Abbreviation of 2D descriptors

Name of 2D descriptors

NbCl

Number of Chlorine atoms

25

NbCsp2

Number of carbon sp2

26

NbCsp3

Number of carbon sp3

27

NbDonorH

Number of atom donor of hydrogen

28

NbDoubleBonds

Number of double bonds

29

NbF

Number of Fluorine atoms

30

NbI

Number of Iodine atoms

31

NbMultipleBonds

Number of multiple bonds

32

NbN

Number of Nitrogen atoms

33

NbO

Number of Oxygen atoms

34

NbRings

Number of rings

35

NbRotatableBonds

Number of rotatable bonds

36

RadiusGraphNonHPetitjean

Computation of the radius of a molecular graph

37

RandicIndex

Harmonic sum of the geometric means of the node degrees
for each edge.

38

RotatableBondFraction

Number of rotatable bonds divided by the number of heavy
atoms

39

SumAtomPolar

Sum of polar atoms

40

SumAtomVolumeVanderWaals

Calculates sum of atoms for the van der Waals surface of
the molecule

41

TPSA

Topological surface area

42

Ui

Unsaturated index

43

WienerIndex

The average topological atom distance (half of the sum of
all atom distances) in the molecule
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Table 4. Correlation of shaped-based 3D descriptors with their LogP and MW.
rgyr

ASA+

CASA-

ASA_P

vsurf_Wp2

LogP

MW

rgyr

1.0

0.6

0.6

0.3

0.8

0.6

0.8

ASA+

0.6

1.0

0.5

0.3

0.8

0.3

0.5

CASA-

0.6

0.5

1.0

0.6

0.6

0.4

0.8

ASA_P

0.3

0.3

0.6

1.0

0.4

-0.2

0.3

vsurf_Wp2

0.8

0.8

0.6

0.4

1.0

0.4

0.7

LogP

0.6

0.3

0.4

-0.2

0.4

1.0

0.6

MW

0.8

0.5

0.8

0.3

0.7

0.6

1.0
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Abstract
The CD154-CD40 receptor complex plays a pivotal role in several inflammatory pathways.
Attempts to inhibit the formation of this complex have resulted in systemic side-effects.
Downstream inhibition of the CD40 signalling pathway therefore seems a better way to
ameliorate inflammatory disease. To relay a signal, the CD40 receptor recruits adapter
proteins called tumor necrosis factor receptor-associated factors (TRAFs). CD40-TRAF6
interactions are known to play an essential role in several inflammatory diseases. We used in
silico, in vitro, and in vivo experiments to identify and characterise compounds that block
CD40-TRAF6 interactions. We present in detail our drug docking and optimization pipeline
and show how we used it to find lead compounds that reduce inflammation in models of
peritonitis and sepsis. These compounds appear to be good leads for drug development, given
the observed absence of side-effects and their demonstrated efficacy for peritonitis and sepsis
in mouse models.
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Introduction
CD40 is a transmembrane protein receptor that belongs to the tumour necrosis factor (TNF)
receptor super-family and is primarily present on antigen presenting cells. It can be activated
by its ligand CD154 (also known as CD40L or GP39), which is a transmembrane glycoprotein.
CD154 is transiently expressed on activated T-cells and other non-immune cells under
inflammatory conditions, and is also found in a soluble form. Binding results in CD40
homotrimerization and intracellular recruitment of TNF receptor-associated factors (TRAFs)
that subsequently elicit signalling (1). CD40 can bind TRAF1, 2, 3, 5, and 6. Two different
binding sites have been determined in the intracellular domain of CD40, one for TRAF2, 3,
and 5, and one for TRAF6 (2). The 180 amino acid long C-domain of the TRAF family proteins
can bind to the cytosolic domain of CD40 (3). CD40 signalling can activate downstream
pathways such as the NFκB, C-Jun N-terminal kinase (JNK), or the p38 mitogen activated
protein (MAP) kinase pathway, depending on which TRAFs gets recruited (2). CD154-CD40
interactions play a pivotal role in immunity by, for example, promoting T-cell activation and
immunoglobulin isotype switching (1). Moreover, the CD154-CD40 complex is involved in
the pathogenesis of (chronic) inflammatory diseases (4) like atherosclerosis, inflammatory
bowel disease, psoriasis, systemic lupus erythematosus, rheumatoid arthritis, allograft
rejection, and obesity-associated inflammation and insulin resistance. The CD154-CD40
complex has been shown to be a good target for drug design projects, and antibodies for
CD154 and CD40 have reached phase I and phase II clinical trials in the development of drug
treatments for multiple sclerosis, psoriasis (5), lupus nephritis (6), and systemic lupus
erythematosus (7). Long-term inhibition of CD154-CD40 interactions by small molecule
ligands (8) or monoclonal antibodies (9) is not clinically feasible, because of envisioned
immune-suppression or, for CD154, thrombo-embolic complications (9). More downstream
inhibition of the CD40 signalling pathway therefore seems a better approach.
We have shown that interaction of CD40 with TRAF6 (but not with TRAF 2, 3, and 5 is
involved in the development of atherosclerosis (10) and obesity-associated insulin resistance
(11). These interactions occur downstream from CD40, making them a better entry point for
pharmacological intervention because some of the other functions of CD40-signalling would
remain intact, presumably limiting immunosuppressive side effects (10). One of the
compounds that functionally blocks CD40-TRAF6 signalling is a potent (and safe) inhibitor
in obesity-associated insulin resistance in mouse models (11). Here, we present comprehensive
details of the drug selection pipeline and extend it by inclusion of two additional ligand
optimization strategies that resulted in new compounds with different scaffolds. We also show
that the compounds are active, ameliorating peritonitis and sepsis in addition to diet-induced
obesity.
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Materials and Methods
Protein target preparation
The X-ray structure of the TRAF6 C-domain in complex with a CD40 fragment (PDB ID:
1LB6; resolution 1.80 Å (12)) and the TRAF6 C-domain apo structure (PDB ID: 1LB4;
resolution 2.40 Å (12)) were retrieved from the Protein Databank (PDB (13)), as described
before (11). The YASARA-WHAT IF Twinset package (14) was used to add hydrogen atoms
and optimize their positions. This optimization includes the WHAT IF (15) procedure that
predicts His, Glu, and Asp ionization states (all of which were normal) and side chain flips of
His, Asn, and Gln (three Gln, five His, and one Asn side chain were flipped). The co-crystallized
CD40 fragment was removed before the hydrogen optimization and all solvent molecules
were removed afterwards. During structure optimization the YASARA-WHAT IF Twinset
additionally removes atomic clashes with an unrestrained steepest descent energy
minimization, and normalizes extreme bond lengths and angles.
X-ray structures were superposed with the MOTIF algorithm (16) as implemented in the
YASARA-WHAT IF Twinset package. Arg466 is missing in the apo structure (PDB ID: 1LB4)
suggesting that this residue is very flexible. Arg466 is involved in interactions with the CD40
peptide fragment, which causes it to be located inside the druggable pocket in the holo
structure (PDB ID: 1LB6). We used YASARA’s backbone dependent rotamer library (17) to
guide the manual placement of Arg466 outside this pocket.
ICM PocketFinder (18) and Q-SiteFinder (19) were used to detect druggable pockets. ICM
PocketFinder explores possible binding pockets using an algorithm based on a transformation
of the Lennard–Jones potential. The Q-SiteFinder program uses interaction energies between
the protein and a van der Waals probe to determine favourable binding sites. Both programs
were used with default settings for all parameters.
Ligand database preparation
The drug selection pipeline depicted in figure 1 starts with an in silico small molecule collection
that was retrieved from the Express Pick ChemBridge database (20) (June 2010 version). This
version of the library contained 400,000 well described and commercially available
compounds.
The collection of small molecules was filtered (step 1a in figure 1) using the FAF-Drugs2 (21)
(version June 2010), ADME/tox (administration, delivery, metabolism, extraction, and
toxicity) filter that eliminates non-drug-like molecules using a Lipinski rule of five filter
(molecular weight ≤500, cLogP ≤5, number of H-bond donors ≤5, number of acceptors ≤10,
and number of rotatable bonds ≤5), while accepting molecules that maximally violate one of
these rules. Additionally, compounds containing reactive groups (e.g. nitro derivatives) or
toxic groups (e.g. aniline) (22) were rejected. Salts and counter ions were removed from the
small molecule files with the DeSalt utility of the FAF-Drugs2 program (23).
100

Discovery of small molecule CD40-TRAF6 inhibitors

Virtual ligand screening (VLS)
The virtual ligand screening (VLS) pipeline consists of a multistep protocol (11, 25, 26),
including rigid-body docking, flexible docking, and 2D similarity searches (27, 28).
The first docking (step 1c in figure 1) was performed with the rigid-body docking program
FRED (Fast Rigid Exhaustive Docking) (v 2.2.5, (27)). FRED was used first because it is fast
enough to dock more than one million conformations in the multi-conformer library that
were generated by the OMEGA software. FRED generates one pose for each compound,
independent of the number of conformers in the multi-conformer. Resulting poses were

Figure 1. Schematic of the drug selection pipeline. Illustration of step-by-step the process of extracting
a small subset of candidate lead compounds from the ChemBridge library of 400,000 compounds. The
main pathway in dark green consists of (1) in silico reduction of the dataset;( 2) in vitro cell based assay;
(3) in silico similarity searches;(4) in vivo screening (peritonitis model); (5) in vivo disease specific
(sepsis, insulin resistance, arteriosclerosis, multiple sclerosis) tests. In Step 1, the in silico data reduction consists of (1a) ADME/tox filtering, (1b) 3D conformer generation, (1c) rigid docking, and (1d)
flexible docking. The additional steps in the pipeline (direct binding studies, visual inspection, specificity measurements, and SAR, depicted in 2a, b, 3b, c, and 4a, b) all are aimed at ligand optimization
and at a better understanding of how the ligand binds.
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The OMEGA software (OpenEye, v 2.1.0; (24)) was used in step 1b in figure 1 to generate 3D
multi-conformers. OMEGA was also used to add hydrogen atoms and Gasteiger partial
charges to the ligands. OMEGA uses a modified version of the MMFF94s force field with
omitted Coulomb terms. Defaults were used for all parameters including the ewindow value
that determines the strain energy range, and the root mean square deviation (RMSD)
parameter that determines minimally required conformer similarity. The maximum number
of conformers per compound was 50.
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ranked using FRED’s consensus scoring function (27). The 40,000 highest-ranked compounds
were passed on to the next step in the pipeline, which employed Surflex-Dock (v 2.514, (29))
for flexible docking. Surflex-Dock requires that an active site is pre-defined. We determined
this active site by a consensus residue-based approach, using residues previously detected
with ICM PocketFinder and Q-SiteFinder. Docking in Surflex-Dock was done with default
parameters and the Surflex scoring function. For each compound, Surflex-Dock returns the
best-scoring pose and its corresponding score. The 800 top-ranked compounds were
purchased for in vitro screening.
2D similarity searches
Compound similarity searches were performed using the on-line search tool www.hit2lead.
com (28) in the ChemBridge software suit. The top six compounds from the in vitro analyses
were used as search queries to find analogues. Analogues were accepted when their Tanimoto
coefficient (30) was greater than 0.8.
Off-target prediction
Off-target predictions were done with KRIPO (Key Representation of Interaction in POckets)
(31). KRIPO requires both the target protein and each protein in its search database to be
available as a complex structure with a reference ligand that is presented in the PDB file as
a hetero-group. It is used to define the binding site of the receptor, and thus cannot work with
PDB files in which a bound peptide is presented as a macromolecule. Because we did not have
an X-ray structure of compound 6877002 bound to TRAF6, we used the complex of TRAF6
with this compound docked as described in the VLS section (table 2, compound 6), for the
binding site determination. The features that represent possible interactions in the binding
site (aromatic interactions, hydrogen bond acceptors and donors, hydrophobic contacts, and
positive and negative charges) were converted into a pharmacophore. The pharmacophore
was stored in a fingerprint format, which was used as a query to search for off-targets (modified
Tanimoto coefficient, threshold 0.45 (31)). For the off-target prediction, we used the March
2014 version of the KRIPO database of target-ligand complexes, which contained all proteinligand complexes deposited in the PDB before April 2014.
Binding mode prediction
Docking calculations with inclusion of full ligand flexibility and side chain rotamer flexibility
for a limited number of key residues were performed with Fleksy (32), using default
parameters. Fleksy requires a reference ligand to define the binding site of the receptor. As the
reference ligand we used the above mentioned compound from the Surflex-Dock run
(compound ID 6877002), the same as in the KRIPO search.
Cell-based assay
For the lipopolysaccharide (LPS)-induced NFκB luciferase assay, the mouse monocyte/
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macrophage cell line (RAW 264.7) was stably transfected with the 3x-κBluc plasmid (33).
Cells were incubated with compounds at 10 µM for 1 h. Compounds were then tested
individually in 96-well plates. CD40 expression was induced with LPS (10ng/ml) from E. coli
(Sigma Aldrich). After 2 hrs, cells were lysed and incubated with a substrate containing
luciferin according to the PNT9019D protocol by Applied Biosystems. Reaction with luciferin
results in the emission of a light signal that is proportional to the amount of NFκB signalling
activation and that can be measured at 450 nm with a Wallac Victor II luminometer.
For CD40-induced macrophage activation, bone marrow (BM) cells were isolated from the
femurs and tibias of C57BL/6 mice and cultured in RPMI with 15 % L929-conditioned
medium to generate BM-derived macrophages. The CD40 antibody (FGK45) was used (25µ/
ml for 6 h) to activate BM-derived macrophages. Cells were incubated with 10 µM compound
for 1h. Expression of IL1β and IL6 was analysed using real-time PCR.
Protein expression and purification
The isolated C-domains of TRAF2 (residues 311-501), TRAF3 (residues 375-568) and TRAF6
(residues 310-522) were expressed and purified according to previously described methods
(34), (35). The C-domain of TRAF1 (residues 226-416) were cloned via PCR (primer
sequences are available on request) into a pET17-vector together with N-terminal His-tag.
Protein expression and purification was carried out as described for the other TRAFs. The
intracellular part of CD40 (residues 216-277) was expressed in E.coli. The bacteria were lysed
by sonication in phosphate-buffered saline with Triton X-100 (PBST) buffer. Cleared lysate
was incubated for 4-6 h at 4°C to bind to glutathione S-transferase (GST)-beads. Subsequently,
protein was washed 3 times with the PBST buffer and eluted with 10 mM glutathione.
Purification followed the previously described procedure for the other TRAFs.
Direct binding
The C-domains of TRAF1, 2, 3, and 6 were immobilized on a CM5 sensor chip using the
amine-coupling method from GE Healthcare. The coupling reaction was continued until a total
binding density of ~10200, ~11500, ~9800, and ~11200 response units (RU) was achieved for
TRAF1, TRAF2, TRAF3, and TRAF6 respectively. Compounds were dissolved in DMSO and
diluted in phosphate-buffered saline (PBS) buffer (10 mM phosphate, pH = 6.8) to a final
concentration of 5 % v/v DMSO, and final pH = 7.4. Compounds were diluted into seven
different concentrations. All experiments were done at 25°C in Surface Plasmon Resonance
(SPR) running buffer (PBS, 0.05 % Tween 20, 5 % (v/v) DMSO, pH 7.4) with a flow rate of 50
μl·min−1. Binding curves were corrected by subtraction of the level of SPR signal observed on
the empty reference flow channel during injection of the compounds. As a positive binding
control, we used binding of the intracellular part of CD40 to the C-domains of TRAF1, 2, 3,
and 6. Equilibrium dissociation constants (Kds) were determined with the steady-state affinity
model (36) (average of at least two independent runs with seven different concentration for
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each compound) using the BIAevaluation software from GE Healthcare (v 1.0).
Peritonitis
To examine the influence of compounds on the acute inflammation response, we used an in
vivo model of peritoneal inflammation. Inflammation was induced in male C57Bl/6 mice (n
= 6-8 per compound) by intraperitoneal injection with 3 ml 4 % sodium thioglycolate (Sigma)
in PBS. Mice received intraperitoneal injection of compounds (10 µmol/kg) dissolved in
vehicle (5 % DMSO in PBS) 0, 6, 12, and 15 hours after induction of inflammation. Injections
with the vehicle only were used as a control. Euthanasia took place 18 hrs after induction of
inflammation. Blood and peritoneal cells were collected. Leukocytes were analysed, according
to the flow cytometry protocol described below.
Flow cytometry
To determine the effect of compounds on the acute inflammation response we analysed blood
cells. At the time of sacrifice, blood was obtained from the heart using EDTA-coated syringes.
Erythrocytes were lysed by addition of a hypotonic buffer (8.4 g of NH4Cl and 0.84 g of
NaHCO3 per litre of distilled water). Non-specific antibody binding was prevented by preincubation with a Fc-receptor blocking antibody (eBioscience). Leukocytes were labelled with
CD3-FITC (eBioscience), B220-V500 (eBioscience), CD11b-PeCy7 (BD), Ly6G-PE (BD),
and Ly6C-APC (Miltenyi Biotec). Cells were analysed on a FACS Canto II flow cytometer
(BD).
Toxicity
Cytotoxicity of compounds was tested on RAW 264.7 cells incubated with 10 µM compounds
for 1 h, followed by analysis using a Casy Cell Counter according to the manufacturer’s
protocol (Roche Applied Science). In vivo toxicity was tested on male C57Bl/6 mice with
peritoneal inflammation. Mice received intraperitoneal injection of compounds (10 µmol/kg)
for 7 days, as described in aforementioned peritonitis method section. The absolute peripheral
blood leukocyte counts were analysed using a scil Vet ABC Plus hematology analyzer (Scil
Animal Care Company B.V.). 13 organs were prepared in paraformaldehyde (4 %, overnight),
sectioned at 4 µm, and stained with eosin and hematoxylin for histological studies.
Sepsis
Sepsis was induced by cecal ligation and puncture (CLP) (37). Mice were anesthetized with an
intraperitoneal injection of ketamine (125 mg/kg body weight; Sanofi-Cefa GmbH Düsseldorf,
Germany) and xylazine (12.5 mg/kg body weight; Phoenix Scientific). The abdomen was
opened by longitudinal midline incision, then the cecum was filled with feces, ligated 1 cm
behind the tip and punctured with a 22 gauge needle, followed by the pressing out of a small
amount of feces. Fascia, abdominal musculature and skin were closed by running sutures.
Sham mice underwent the same surgical procedure without inducing sepsis (i.e. placebo
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surgery). Mice were treated with either compound 6877002 or 6860766 (10 µmol/kg) or with
just the vehicle, during CLP and 12 hours after CLP via intraperitoneal injection.
Study approval.
All animal experiments were approved by the local Animal Experimentation Committees.

Protein target preparation
Many small differences were observed between the TRAF6 apo and holo structures that could
be interpreted as conformational changes resulting from binding of the CD40-peptide. We
decided to use the holo structure comprising the TRAF6 C-domain structure after CD40
peptide deletion for VLS, because in this structure the conformations of amino acid side
chains in the pocket corresponds to those of the ligand bound state of the TRAF6 C-domain,
which minimizes the chance that major pocket changes are still needed to accommodate
a ligand (38).
Pro465, Arg466, Asn467, and Pro468, located in a loop that lines the peptide binding groove,
are not present in the X-ray structure of the apo TRAF6 C-domain, presumably because
mobility or disorder precluded them from being seen in the electron density maps. On the
other hand, these same residues are present in the CD40-TRAF6 C-domain complex structure.
The absence of these residues in the apo structure strengthens the observation that the
conformation of these residues in the holo structure is the result of interactions with the short
CD40 peptide. In the holo structure, Arg466 is located in the peptide binding groove in an
area where full-length CD40 presumably binds (figure 2a), but which is unbound in the apo
structure. We therefore chose to select a side chain conformation for Arg466 such that the
chosen rotamer leaves the pocket as widely open as possible (figure 2b).
ICM PocketFinder predicted four druggable pockets in the receptor model (11) (figure 3a).
The pocket which we selected for targeting has a volume of 158 Å3 (figure 3b). This pocket was
selected because it has one of the largest predicted pocket volumes. Q-SiteFinder detected
several druggable pockets. The pocket located closest to the peptide groove has a volume of
139 Å3 and was approximately in the same location as the largest pocket predicted by the ICM
PocketFinder. Thus, the pocket that was chosen for the VLS was the consensus from the best
pockets predicted by both programs. Moreover, this pocket appears to be part of what can be
seen as an extended binding groove along the central axis of the molecule to which the CD40
peptide is also bound (figures 2a and 3a). We hypothesized that binding of small molecules to
this pocket could therefore interfere with CD40-TRAF6 interaction.
Ligand selection
Our in silico drug selection pipeline consisted of a Lipinski filter, quick and dirty rigid docking,
intermediately precise flexible docking, and exhaustive docking with inclusion of full
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flexibility. The full pipeline also included in vitro and in vivo validation steps. We previously
used this pipeline to find a ligand that showed efficacy in a diet-induced insulin resistance
mouse model (11). Here, we extend this pipeline with steps aimed at selecting more ligands
and steps aimed at optimization of the ligand structures. Figure 1 illustrates the extended
pipeline. The results of steps 1a-d were described before (11) and will not be repeated here.
The 800 best-docking compounds were purchased from ChemBridge (www.chembridge.
com) for in vitro testing (figure 1 step 2). The number 800 was a compromise between the
price of compounds and labour costs of in vitro testing on the one hand, and on the other
hand the desire to obtain a considerable number of hits (in previous drug design projects we
often experienced hit rates around 1-2 %e.g. (40, 41)). Similar financial constraints restricted
the number of compounds in all following steps (figure 1 step 2).
The top six compounds from the initial in vitro scan that are listed in table 1 show some
similarities. All six compounds share a linker that is three to six atoms long, that contain N

a

b

Figure 2. (a) Molecular surface of the TRAF6 C-domain. TRAF6 C-domainin in complex with a CD40
peptide fragment (red Cα-trace) (grey, PDB ID: 1LB6) . The residues of the Pro-X-Glu-X-(aromatic/
acidic) motif that bind to the subpockets P-2 (Pro), P0 (Glu), and P3 (aromatic/acidic) are labelled (39).
The Arg466 side chain is shown coloured by atom type. In (b) the Arg466 side chain has been manually moved as described in the text, opening up the druggable pocket that is coloured orange.

a

b

Figure 3. Predicted druggable pockets. (a) ICM PocketFinder - 4 druggable pockets were predicted
with the following volumes and areas: 158 Å3 and 177 Å2 (orange); 127 Å3 and 140 Å2 (green); 104 Å3
and 116 Å2 (blue); 163 Å3 and 218 Å2 (yellow). (b) The selected pocket (orange) is surrounded by the
following amino acid residues: His376, Pro378, Gly379, Cys390, Arg392, His412, Met414, Arg466,
Asn467, and Pro468.
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and O atoms, and that connects two, often substituted six-membered rings. The docking
poses are presented in the figure 1 of the supplementary material. The six compounds were
used as a search query for a 2D similarity search that led to 151 new compounds. These 151
compounds were tested using the cell-based luciferase NFκB assay. Eight of the 151 compounds
inhibited NFκB signalling by more than 25 % at 10 µM, and six of these eight compounds
showed dose-dependent behaviour. These six best compounds were analogues of compound
6877002, and together with the single query compound that was used to retrieve them in the
2D similarity search, all of them showed inhibition with IC50 values in the low µM range.
These seven compounds are referred to as the ‘seven hits’ and are summarized in table 2.
The seven compounds listed in table 2 are less diverse than the six compounds identified in
the primary screening, in that they all share an identical four-atom long linker containing
a Michael acceptor functionality and an N-H group. This linker connects two five- or sixatom rings that are often ortho- or para-substituted with the small groups CH3, Br, or Cl.
When we inspected the non-binders and poor binders among the 151 compounds that
resulted from the 2D similarity search, we detected twelve additional compounds with exactly
the same linker and highly similar five- or six-atom substituted rings. These twelve compounds
(table 3) have in common that one of the two rings is meta-substituted, hinting at a possible
understanding of the structure activity relationship for these small molecules. All twelve have
an IC50 higher than the detection limit of 100 µM.
Biological evaluation
Pro-inflammatory cytokines play a pivotal role in the inflammatory response. We used
primary BM-derived macrophages and stimulated them with the CD40-agonist FGK45 (11),
to determine the change in mRNA expression of IL6 and IL1β upon incubation with the seven
best compounds shown in table 2. It was only used for the seven best hits because it is more
laborious and much more expensive than the LPS-induced NFκB assay used for the primary
screen. All seven hits inhibited the expression of IL1β and IL6 cytokines in primary
BM-derived macrophages in a dose-dependent manner, with IC50s in the range 0.2 to >100
µM (table 4).
The primary data used for the calculation of IC50 values presented in table 4 are shown in
figure 2 of the supplementary materials.
The binding mode of inhibitors
The seven hits that were characterised with the two cell-based assays (figure 1) and their
twelve inactive analogues, were docked on the TRAF6 target structure with Fleksy (32). Fleksy
requires a reference compound to define the binding site. We used the coordinates of
compound 6877002 docked with Surflex-Dock. Fleksy produced 20 poses for each compound
and calculated a consensus score (42). We manually compared all 380 poses, looking for
common protein-ligand interaction motifs. For eight compounds we found a common
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Table 1. Structures of the six initial hits obtained after the in silico steps 1a-d and the luciferase NFκB
cell-based assay.
Compound #

ChemBridge ID

MW (kDa)

1

7002991

360

2

7148854

363

3

7170791

324

4

6877002

251.3

5

9049194

255

6

9053705

258

Structure

binding mode that includes hydrogen bonds with residues Asn467 and Cys390, and π-π
stacking of Arg466 and His376 on the ligand’s R1 ring (figure 4). The seven good inhibitory
compounds were among these eight. Six of the other twelve compounds did not include
a hydrogen bond with Asn467, while five of the twelve did not resemble the common binding
mode at all.
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Table 2. Structures and IC50 values (µM) of the ‘seven hits’ from the NFκB assay.
ChemBridge ID

MW (kDa)

IC50 (µM)

1

7805351

322.2

0.1

2

6860766

336.6

0.3

3

6876358

237.3

1.5

4

7493979

340.6

3.2

5

7651589

326.6

3.5

6

6877002

251.3

16

7

6872674

251.3

16

Structure
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Compound #

As previously described (11), the 19 compounds all have a similar topology - they possess the
same linker that connects two similar rings. We hypothesized that all active compounds will
bind in a similar manner and we assumed that the inactive compounds are inactive because
they cannot adopt that same binding mode. To validate this idea, all compounds were
exhaustively docked with Fleksy, with the additional constraint that their common cores had
to align to the common core of the active compound 7805351. This compound is one of the
seven good inhibitors among the 19 in the NFκB assay (table 2). The docking poses obtained
in this manner looked plausible except for one inter-atomic clash between the groups at the
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Table 3. Compounds similar to the seven hits that have an IC50 higher than the detection limit of 100
µM.

110

Compound #

ChemBridge ID

MW (kDa)

1

6613327

265.4

2

5929451

223.3

3

5404871

271.7

4

7235862

269.3

5

7645440

261.7

6

5404859

285.8

7

5404895

350.6

8

6873719

301.8

Structure

9

6875452

306.2

10

6876201

330.2

11

6876350

281.4

12

6876773

285.8

Chapter 5
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meta position of the R1 ring of the ligand and Pro468. Indeed, good activity of the compounds
appears to correlate with the absence of meta substituents, and to a lesser extend also with the
presence of substituents at either the ortho or para position. Compound 5929451 does not
have substituents at either the R1 or the R2 ring. This compound has an IC50 value above 100

µM, suggesting that substituents at the R1 ring are crucial to obtaining low IC50 values.

Structure activity relationship (SAR)
To unravel the structure-activity relationship (SAR) of the inhibitors of CD40-TRAF6
interaction, an additional set of 25 compounds was synthesized (43). There are analogues of
compound 7805351 with different substitution groups present only at the R1 ring. We
proposed ten compounds based on the ligand analysis and twelve compounds based on the
structure analysis of the previously proposed binding mode. Three compounds with very big
substitution groups in both ortho and para positions were chosen as proposed negative
controls of our binding mode hypothesis. Out of these 25 compounds, only three compounds
were weakly active and had IC50 values in the NFκB cell-based assay that were lower than 100
µM (table 5). These three compounds have substitution groups present at both the para and
the ortho position. Compounds with substituents at only the ortho or only the para position
111

Chapter 5

Table 4. IC50 values (µM) of seven hits that inhibited CD40-induced expression of IL1β and IL6 in
bone marrow derived macrophages.
Compound #

Compound ID

IL1β - IC50 (µM)**

IL6 - IC50 (µM)**

1

7805351*

>100

>100

2

6860766

5.7

2.4

3

6876358

24

21

4

7493979

4.6

2.2

5

7651589

1.9

0.3

6

6877002

16

50

7

6872674

1.4

0.2

*Activity of the compound 7805351 was above 100 µM in this assay, however in the NFκB assay (see
table 2) it had the best IC50 with value of 0.1 µM, thus we consider it as a good binder.
** The errors in the IC50 values might be up to factor of two because of biological variability between
the experiments such as variation in the time of initiation of transcription of IL1β and IL6 after FGK45
binding, variation in medium composition among the experiments, variation in the differentiation of
the bone marrow derived macrophages and their metabolic and inflammatory state, and many other
natural differences between the mice from which the bone marrow was harvested.

were inactive. Compounds with very small, very big or charged substitution groups in these
crucial positions were also inactive. These results are in agreement with our previous
hypothesis that active compounds are characterized by R1 rings with moderate size
substituents at the ortho and para positions.
Compound optimization
The seven hits (table 2) all have a Michael acceptor functionality that is known to covalently
bind to cysteines (44). Therefore we cannot exclude off-target binding to cysteines in proteins
involved in the NFκB signalling pathway. Even though the two final compounds perform
excellently in in vivo test systems, we decided to investigate the possibilities of placing a nonreactive linker between the two ring systems to reduce the risk of off-target effects.
We hand-picked 20 compounds from the top 25 % of compounds identified in the primary in
vitro screen (step 2a in figure 1) that had a linker between the two rings consisting of two,
three, or four atoms and no Michael acceptor functionality. These 20 compounds, structurally
different to our previous set of compounds, were tested in the luciferase NFκB cell-based
assay. Ten compounds showed more than 25 % inhibition at 10 µM, and of those ten, four
showed a dose-dependent response with an IC50 value in the range 3-10 µM (table 6 and step

2b in figure 1). These four compounds are characterized by ortho or para substitutions with
groups like Cl, CH3, CN or OH in ring R1, or groups like CH3 or Br in ring R2. They have a range
of different linkers, comprising two, three or four atoms. The only common factor in the
linkers is the C=O group. These four compounds were tested for direct binding to the
C-domain of TRAF6. Compound 9078886 showed poor solubility at high concentrations and
was removed from the experiment. Compounds 6576379 and 7113606 bind weakly (in the
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In vivo models
The CD40 pathway plays a pivotal role in the NFκB signalling that leads to inflammatory
responses. Previously, we showed that compound 6877002 inhibits the NFκB cell-based assay
and reduced diet-induced insulin resistance (11). Here we show how we verified the inhibitory
activity of the seven hits, including compound 6877002 (table 1) in an in vivo model for acute
inflammation, i.e. during peritonitis. We explain why we chose this compound for the other
in vivo model, even though it did not show the best IC50 values in the cell-based assay. The
CD40 signalling plays a pivotal role in the innate immune response to polymicrobial sepsis
(45). Therefore, we show the effect of compound 6877002 and 6860766 in the treatment of
sepsis.
Peritonitis
Inflammation of the peritoneum, peritonitis, is a model of acute inflammation. To assess the
influence of our compounds on acute inflammation (step 4 in figure 1), we used a thioglycolateinduced peritonitis mouse model with the seven compounds listed in table 2. Treatment for
one week with each compound induced an anti-inflammatory peritoneal monocyte profile
with an increased anti-inflammatory/pro-inflammatory monocyte ratio (Ly6C-/low/Ly6Chigh)
that reduced inflammation (n = 6-8 per group) (figure 5). Data are presented as mean ± SEM.

a

b

Figure 4. Docking pose of compound 7805351. (a) The 7805351 interactions with TRAF6 protein in
a 3D representation (b) 2D representation, polar (magenta circles), Van der Waals (green circles), Hbond with acid side chain (blue arrow), H-bond with acid main chain (green arrow), pi-pi interactions
(orange lines), pi alkyl and pi cation interactions (purple dashed lines).
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mM range) to the TRAF6 C-domain, whereas compound 5843084 has a Kd value of 52 µM.
This preliminary round of modifications suggests that the potentially reactive linker can be
replaced by a non-reactive linker while preserving the inhibitory activity of the compounds
and argues against the covalent binding of cysteines as a sole explanation of the activities
observed in vitro and in vivo.
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Table 5. Structures and IC50 values (µM) of compound 7805351 analogues.
Compound #

ID

MW (kDa)

IC50 (µM)

1

F6176-1890

298.2

20

2

F6176-1927

289.4

48

3

F6176-1970

259.3

21

Structure

Data were analysed with a Student’s two-tailed t-test. Differences between compounds and
vehicle groups were considered significant if P-value <0.05. Financial constraints restricted
testing of compounds in the further in vivo test to only two compounds. We selected two
compounds (6872674 and 6877002) that had the best observed efficacy in the peritonitis
model. Unfortunately, compound 6872674 showed significant precipitation at high
concentrations (required to limit the volume of injected compound), which had not been
observed in the earlier experiments. As a result, this compound had to be excluded from
further analyses and was replaced by the next best compound (6860766).
Sepsis
Polymicrobial sepsis, as a model for intensive systemic inflammation, was induced in C57Bl/6
mice by cecal ligation and puncture (CLP). After the CLP procedure, mice were treated with
compound 6877002 or 6860766 (10 µMol/kg at t = 0 h. and t = 12 h.). Survival rates were
increased by 150 % (6877002) and 200 % (6860766) (figure 6) showing that the compounds
are protective against death from sepsis. Furthermore, this experiment showed that treatment
with our inhibitors did not compromise systemic immunity.
Statistical significance of survival curves was determined using the Log-rank (Mantel-Cox)
and Gehan-Breslow-Wilcoxon test. Differences between compounds and vehicle groups with
P-values <0.05 were considered significant.
Discussion
Drug development has always mainly been a trial and error process with some of its greatest
discoveries based on serendipity and clinical observations (46). The introduction of X-ray
crystallography and computer power in the drug design process led to a paradigm shift from
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Table 6. IC50 values (µM) of the compounds without a Michael acceptor in the linker.
ChemBridge ID

MW (kDa)

IC50 (µM)

1

6576379

276.7

3.1

2

5843084

270.3

8.0

3

9078886

252.3

2.4

4

7113606

307.1

9.3

Structure

Chapter 5

Compound #

empirical to structure-based rational design (47). More recently, we have seen some success
stories in the form of marketed drugs designed mainly via an in silico approach (48, 49). Here,
we present the rational design of an inhibitor validated through in vivo models. Despite the
fact that we have identified potential lead compounds for CD40-TRAF6 interaction that are
safe and efficacious in animal models, there is still a long way to go before we have a drug that
can be administered routinely to patients. Further tests are essential, including ADME-tox
studies, pharmacokinetics, and long-term safety studies that are outside the scope of the
present work. However, the relative ease with which we have achieved our results show that
VLS approaches in combination with in vitro and in vivo screening like the one shown in
figure 1 have great potential.
Our lead compounds have confirmed efficacy in a diet-induced obesity mouse model.
Treatment with one of our lead compounds improved insulin sensitivity, reduced adipose
tissue inflammation and decreased hepatosteatosis. These compounds are therefore considered
good starting point for the design of a treatment for obesity-associated insulin resistance (11).
The most active compounds do, however, contain a common linker that contains Michael
acceptor functionality, which is known to include reactivity that can covalently bind to
cysteines (44). Even though the Michael acceptor is considered to be a PAIN (Pan Assay
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INterference) (50) substructure, and the presence of this functional group is generally
considered drawback (51), it has shown to be successful in kinase inhibitors that reached
clinical phase III in breast cancer treatment (52). In the optimization process, we found that
compound 5843084, similar to our lead compounds, has a linker of four atoms long, but lacks
a Michael acceptor. This compound has an IC50 value of 8 µM in the NFκB luciferase cellbased assay, and in SPR showed binding to the C-domain of TRAF6 with a Kd value of 52 µM.
This preliminary study made clear that the linker that contains the Michael acceptor can
easily be replaced without loss of in vitro activity.
The NMR spectra for the compounds with a Michael acceptor shown in table 2 revealed that
these compounds exist as cis and trans tautomers. Based on our in silico docking studies, we
predicted that our compounds will bind as trans stereoisomers. Kd values from the Biacore
studies were higher than expected from in vitro assays. This inconsistency may result from the
fact that we did not measure homogeneous compounds, but a mix of (trans) binders and (cis)
non-binders. This problem was one of the reasons for the 2D similarity search for binders
without a Michael acceptor.
We also observed systematic differences in IC50 values between the two types of in vitro assays
that were used to assess the in vitro activity of compounds in this study. IC50 values from
different assays are generally not fully reproducible, as they depend on many different
parameters and may not be comparable (53). Apparent inconsistencies may well be due to the
different origins of the cells used. The LPS-induced assay was performed in the mouse RAW
264.7 cell lines, whereas the CD40-induced assay used the mouse primary cells of BM-derived
macrophages.

Figure 5. Increase of Ly6C-/low/Ly6Chigh monocytes ratio in the peritonitis model (n = 6-8 per group).
P-value <0.05 is indicated by *, P-value <0.01 is indicated by **.
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Figure 6. Compound treatment improved the survival of mice subjected to sepsis. Compound 6877002
treated and compound 6860766 treated mice subjected to cecal ligation and puncture exhibited increased survival rates, suggesting that the compounds did not compromise systemic immunity during
polymicrobial sepsis (n = 10 per group). *, P<0.05 (vehicle vs. 6877002 or 6860766).

Even though our compounds were designed to bind to the TRAF6 protein, we cannot at this
stage of project fully exclude off-target effects. To address potential off-target effects we used
the KRIPO software for off-target prediction. The pharmacophore used by KRIPO in this
query consisted of five features: a hydrogen bond acceptor from the backbone oxygen from
Asn467, stacking interactions from His376 and His412, and hydrophobic contacts from
Cys390 (SH group in the side chain) and Arg466 (CH2 groups in the side chain) (figure 7).
We obtained a hit list with 133 targets that share a similar pocket or sub-pocket with TRAF6.
11 predicted off-targets share a full binding pocket with TRAF6 (table 7). The other 122 offtargets only share a sub-pocket with TRAF6. These are listed in the supplemental material.
None of these targets is known to be involved in the NFκB signalling pathway. For the 11 offtargets that share a full binding pocket with TRAF6, only the α-N-acetylgalactosaminidase
binding site is located at the enzyme’s active site. The rest of the predicted binding sites are
binding pockets located away from the main active site.
Off-target prediction with KRIPO resulted in relatively few pockets for TRAF6 compared to
other KRIPO searches (31), suggesting that the binding pocket of TRAF6 is rather unique
among the binding sites of protein-ligand complexes deposited in the PDB. There are more
targets within the NFκB signalling pathway that are used for structure-based design of antiinflammatory drugs. The main one is IKK-β (54). The KRIPO search did not reveal IKK-β as
an off-target for TRAF6 ligands. In addition, docking of the seven hits with Fleksy did not
show any productive poses for this target. However, as KRIPO requires ligands to be present
as hetero-groups in the PDB files in its database, we cannot exclude that peptide-binding off117
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targets such as E3 ubiquitin ligases, PDB ID: 2FOJ (55) exist.
TRAF6 mediates signalling from members of the TNF receptor superfamily such as the CD40
receptor, and from members of the Toll/IL-1 family such as the Toll-like receptor 4 (TLR4). It
plays different roles in these two signalling pathways. In CD40 signalling, the C-domain of
TRAF6 creates a protein - protein interaction complex with the intracellular part of the CD40
receptor, which results in activation of the NFκB signalling pathway. The RING-domain of
TRAF6 serves as an E3 uκiquitin ligase and activates IκB kinase (IKK), contributing to TLR4
signalling in the NFκB pathway (56). Thus, inhibition of posttranslational modification such
as ubiquitination can also inhibit inflammation (57). Such polypharmacological advantages,
though, are beyond the scope of this article.
CD40 shows structural differences between binding to the C-domain of TRAF6 and TRAF2,
3, and 5 (12). We hypothesized that structural differences between the TRAF6 and other
TRAF proteins will facilitate the design of CD40-TRAF6 specific compounds. SPR experiments
confirmed that compounds 6877002 and 6860766 bind to the C-domain of TRAF6 with Kd
values of 97 µM (11) and 59 μM (step 4a in figure 1), respectively. However, when the direct
binding of these two compounds to the C-domain of TRAF1, 2, 3, and 6 was investigated via
SPR, both compounds appeared to bind to the C-domain of all these TRAF proteins in the
µM range (30-144 µM) (table 8).
Since all the TRAF-proteins share similar structures, this finding is not unexpected in a nonbiological setting, where the interactions of the TRAF proteins with their different receptors
(e.g. CD40, TLR4, CD27, Ox40L and RANKL) and the conformational changes that occur in
real life are disregarded. Although we cannot fully rule out interference of our compounds
with other receptor-TRAF interactions, we could confirm functional specificity for the CD40TRAF6, and not the CD40-TRAF2, 3, and 5 pathway, in vitro and in vivo (11).

a

b

Figure 7. Predicted binding site with pharmacophore features: hydrophobic contacts (magenta ball),
aromatic interactions (cyan ball), H-bond acceptor (green ball). Further lines and colours as in figure
4.
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Previously, it has been shown that blocking the complete CD40 pathway leads to severe sideeffects (9). Therefore, our goal was to design specific compounds targeted at TRAF6 to block
the TRAF6-CD40 interaction, while at the same time maintaining signalling of the CD40
pathway via other TRAFs. To verify possible toxicity, the RAW cells were incubated with
compounds at 10 µM. Compounds did not induce any changes in cell viability. Further,
compounds were administered in the mice at 10 µM/kg. This treatment did not result in
micro- or macroscopic abnormalities of >13 organs analysed, nor did it influence absolute or
relative peripheral blood leukocyte counts. Histological analysis of vital organs showed no
toxic, immunosuppressive or thromboembolic side effects of compound treatment. Therefore
seven compounds did not show toxicity in an in vitro viability assay or in in vivo treatment. In
addition, our compounds do not bind with affinities that would be high enough to completely
block CD40 signalling. Like CD40-TRAF6 interactions, they bind in the µM range. This
suggests that our relatively weak binding lead compounds can inhibit CD40-TRAF6
interactions with high efficacy, because they have the capacity to compete with a natural
partner that binds in the same µM range (12).
We present an in silico screening pipeline to discover hit molecules that inhibit CD40
signalling. Both in vitro, and in vivo experiments showed that our compounds show efficacy
without side-effects in mouse models for obesity-associated insulin resistance (11), peritonitis,
Table 7. Hit list with potential off-targets as identified by KRIPO (31).
Target #

Name

PDB ID

1

Amine oxidase

2XFN

2

Dimethylsulfonioproprionate demethylase

3TFJ

3

α-N-acetylgalactosaminidase

2IXA

4

Nitric oxide synthase, endothelial

1DM6

5

Serine/threonine-protein kinase

4LKM

6

50S ribosomal protein L1

2HW8

7

Xylose isomerase

1O1H

8

Orotidine 5’-phosphate decarboxylase

3N2M

9

Proteorhodopsin

4JQ6

10

NAD(P)H flavin oxidoreductase

4B5N

11

Gramicidin A

1AV2

Table 8. SPR direct binding experiment with TRAF 1, 2, 3, and 6 proteins.
Target #

6877002 Kd [µM]

6860766 Kd [µM]

TRAF1

142

51

TRAF2

144

30

TRAF3

99

37

TRAF6

141

59
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and sepsis. We showed that the compounds can be optimized, and have potential for the
further development of treatment for (chronic) inflammatory diseases.
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Supplementary Figure 1. The 3D representation and 2D representation of compounds interactions
with TRAF6 protein obtained from the program Fleksy. (a, b) compound 9049194, (c, d) compound
9053705, (e, f) compound 7002991, (g, h) compound 7170791, (i, j) compound 7148854. Polar (magenta circles), van der Waals (green circles), H-bond with acid side chain (blue arrow), H-bond with
acid main chain (green arrow), pi-pi interactions (orange lines) are indicated.

a

b

Supplementary Figure 2. Dose-dependent inhibition. (a) IL6 and (b) IL1β expression in agonistic
CD40 antibody-stimulated BM-derived macrophages as presented in table 4, carried out as described
in the Materials and Methods section.
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Abstract
Inhibition of the co-stimulatory CD40-CD40L receptor/ligand dyad drastically reduces
atherosclerosis. However, its long-term blockage results in immunosuppression. Inhibition of
the CD40-CD40L dyad further downstream in the signalling pathway is therefore required.
The interaction between CD40 and its signalling intermediate TNF receptor associated factor
6 (TRAF6) plays a pivotal role in atherosclerosis. Our CD40-TRAF6 inhibitors reduced
atherosclerosis in ApoE-/- mice by hampering monocyte and neutrophil recruitment. In
accordance, expression of chemokines and cytokines was remarkably reduced in compound
treated macrophages. These newly developed CD40-TRAF6 inhibitors can overcome the
current limitations of long-term CD40 and CD40L inhibition in atherosclerosis and other
inflammatory diseases.
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Introduction
Atherosclerosis is a chronic inflammatory disease of the arterial wall (1). Current therapies
aimed at preventing complications of the disease, for example, myocardial infarction or
stroke, are restricted to the treatment of classical risk factors such as hypertension or
hyperlipidemia. Strategies that directly target the inflammatory nature of atherosclerosis are
sparse (2). The co-stimulatory CD40-CD40L receptor/ligand dyad is well known for its proinflammatory role in the development of atherosclerosis, as well as other chronic inflammatory
diseases (3). Antibody-mediated inhibition of CD40 or CD40L drastically reduces
atherosclerosis in hyperlipidemic mice (4–8). However, its long-term use results in
immunosuppression and thromboembolic events and is therefore not clinically feasible (3, 9).
Inhibition of the CD40-CD40L dyad further downstream in the signalling pathway is
therefore required. Upon activation, CD40 recruits tumour necrosis factor receptor-associated
factors (TRAFs) to elicit intracellular signalling (3). Studies on mice with a mutation in their
CD40-TRAF binding sites reveal that only CD40-TRAF6 interactions are important for
atherosclerosis, while CD40-TRAF2, 3, 5 interactions only play a minor role in atherosclerosis
(6).
Here, we identified that our CD40-TRAF6 inhibitors halt atherogenesis by reducing
chemokine-mediated leukocyte recruitment to the arterial wall and inhibiting cytokine
production by monocytes/macrophages. Therapeutic inhibition of CD40-TRAF6 interactions
by these compounds has the potential to become a treatment for atherosclerosis and other
inflammatory diseases.
Materials and Methods
In vitro macrophage culture
Bone marrow (BM) cells were isolated from C57Bl/6 mice and cultured in RPMI supplemented
with 15 % L929-conditioned medium to generate BM-derived macrophages (10). BM-derived
macrophages were activated by the agonistic CD40 antibody FGK45 (25 µ/ml, Bioceros BV)
for 6 hours.
Quantitative PCR
RNA was isolated from BM-derived macrophages and reverse transcripted using an iScript
cDNA synthesis kit (Bio-Rad). Quantitative (q)PCR was performed with a SYBR Green PCR
kit (Applied Biosystems) on a ViiA 7 real-time PCR system (Applied Biosystems). Primer
sequences are available upon request.
Chromatin Immunoprecipitation (ChIP)
BM-derived macrophages were activated using FGK45 and incubated with the compounds,
as described above. For ChIP, 40 million BM-derived macrophages were used per condition.
p65 ChIP was performed with 5 mg antibody (SC-372, Santa Cruz) per 20 million cells, as
described previously (11). ChIP-qPCR was performed on an ABI ViiA 7 PCR system using
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SYBR Green Fast (Applied Biosystems). Relative enrichments are presented as percentage of
input. Primer sequences are available upon request.
Animals
Male C57Bl/6 and ApoE-/- (C57Bl/6 background) mice were purchased from Charles River or
bred at the local animal facility (Maastricht University, Maastricht, The Netherlands;
Amsterdam Medical Center, Amsterdam, The Netherlands; and Ludwig Maximilians
University, Munich, Germany). Cx3cr1egfp/+ApoE-/- were bred at the LMU. All experiments
were approved by the local Animal Experimentation Ethics Committees.
Toxicity studies
For in vivo toxicity studies, male C57Bl/6 mice received a daily intraperitoneal injection IP of
the small molecules (10 µmol/kg) for 6 weeks (ApoE-/- mice; atherosclerosis study). At sacrifice,
absolute peripheral blood counts were determined using a scil Vet abc Plus+ hematology
analyzer (Scil Animal Care Company B.V.). For histological analysis, organs were fixed in
paraformaldehyde (4 %, overnight), sectioned at 4 µm, and stained with hematoxylin and
eosin.
Flow cytometry
At sacrifice, blood was obtained from the heart in EDTA-coated syringes. Erythrocytes were
lysed by incubation with a hypotonic buffer (8.4 g of NH4Cl and 0.84 g of NaHCO3 per liter of
distilled water). Non-specific antibody binding was prevented by pre-incubation with a Fcreceptor blocking antibody (eBioscience). Leukocytes were labelled with CD3-FITC
(eBioscience), B220-V500 (eBioscience), CD11b-PeCy7 (BD), Ly6G-PE (BD), and Ly6CAPC (Miltenyi Biotec). Cells were analysed on a FACSCanto II flow cytometer (BD).
Atherosclerosis
ApoE-/- mice were i.p. injected with the compounds at 10 µmol/kg/day for 6 weeks, starting at
the age of 12 weeks, and were fed a normal chow diet throughout the experiment. They were
then sacrificed and the arterial tree was perfused. The aortic arch and its main branch points
were excised, fixed overnight, and embedded in paraffin. Longitudinal sections of the aortic
arch were analysed for plaque extent and morphology as previously described (6). For
phenotypic analysis, immunohistochemistry (IHC) was performed for CD3 (Dako), CD45
(BD), Mac-3 (BD) and α-SMA (Sigma-Aldrich). Sirius red staining was performed as
previously described. Morphometric analyses were performed using the Las4.0 software
(Leica). Plasma cholesterol levels were measured enzymatically (Roche), and organs were
analysed by haematoxylin and eosin staining.
Intravital microscopy
Intravital microscopy of the carotid artery was performed in Cx3cr1egfp/+ApoE-/- mice for 6
weeks on 0.15 % cholesterol diet as previously described (12). Mice received a single i.p.
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injection of the compound or vehicle. A PE-conjugated antibody to Ly6G (1A8, 1 µg) was
instilled via a jugular vein catheter 5 minutes prior to recording. After recording of neutrophil
and monocyte adhesion, rhodamine 6G was administered to visualize all adherent leukocytes.
Intravital microscopy was performed using an Olympus BX51 microscope equipped with
a beam splitter to enable synchronized dual-channel recording, a Hamamatsu 9100-02
EMCCD camera, and a 10x saline-immersion objective. Olympus cell software was used for
image acquisition and analysis.
Statistical analysis
Data are presented as mean ± SEM. Data were analysed by using either an unpaired Student’s
t test, a Bonferoni-corrected Student’s t test, or an ANOVA as indicated, using the GraphPad
Prism 5.0 software (GraphPad Software, Inc.). P-values <0.05 were considered significant.

Compound treatment reduces atherosclerosis
To analyse the effects of these compounds on atherosclerosis, ApoE-/- mice were treated with
compounds 6877002 or 6860766 at 10 µmol/kg/day for 6 weeks, starting at the age of 12
weeks. This did not affect body weight or plasma cholesterol levels (supplementary material,
figure S1a and b). In addition, we did not detect differences in peripheral blood leukocyte
counts or immune cell distribution between compound-treated and vehicle-treated mice
(supplementary material, figure S1c), indicating that long-term treatment with compound
6877002 and 6860766 did not cause leukocyte toxicity in vivo. 56 atherosclerotic lesions in the
aortic arch of control-treated mice (n = 15, mean 3.73 plaques/aorta), 38 lesions of
6877002-treated mice (n = 14, mean 2.71 plaques/aorta), and 36 lesions of 6860766-treated
mice (n = 12, mean 3 plaques/aorta) were analysed by histology. Compound treatment
reduced total atherosclerotic plaque area per aortic arch by 47.1 % (6877002) and 66.8 %
(6860766) compared to vehicle-treated mice (figure 1a, c). Aortas from treated mice contained
less advanced atherosclerotic lesions (fibrous cap atheroma), compared to controls (figure
1b). Correspondingly, the frequency of initial atherosclerotic lesions (intimal xanthoma and
pathological intimal thickening) was increased (figure 1b), indicating that the progression of
atherosclerosis was inhibited. Compound treatment reduced the number of leukocytes per
plaque by 43.1 % (6877002) and 52.6 % (6860766) (figure 1d). Leukocyte subset analysis
revealed that monocyte/macrophage (Mac3+) (figure 2e), as well as granulocyte (Ly6G+) and
T-cell (CD3+) content had significantly decreased upon treatment with CD40-TRAF6
inhibiting compounds (supplementary material, figure S2a), For both compounds, no
differences were observed in the number of apoptotic cells (TUNEL+), smooth muscle cells
(αSMA+) and collagen (Sirius Red+) content (supplementary material, figure S2b-d).
Treatment with either of the two compounds thus prevents the progression of atherosclerosis
in mice and induces a favourable atherosclerotic plaque phenotype that is low in inflammation.
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Compound treatment impairs leukocyte recruitment to the arterial wall
To elucidate whether decreased plaque leukocyte numbers in compound-treated mice
resulted from alterations in leukocyte recruitment to the endothelium, in vivo adhesion
experiments were performed. Intravital microscopy demonstrated that the compounds
reduced the recruitment of leukocytes, especially monocytes and granulocytes, to the arterial
wall of ApoE-/- mice (figure 2a). Compound 6877002 and 6860766 reduced monocyte adhesion
by 40.1 % and 51.2 % respectively (figure 2b, d), and neutrophil adhesion by 40.2 % and 51.2
% respectively (figure 2c, d).
Chemokines play a pivotal role in leukocyte recruitment (13). We therefore analysed whether
the compounds affected chemokine expression. Chromatin immunoprecipitation revealed
that treatment with compound 6877002 or 6860766 reduces CD40-induced binding of p65 to
the promoter of CCL2 by 83.9 % and 45.4 % respectively (supplementary material, figure S3a).
The compounds also inhibited the expression of the chemokine pairs CCL2-CCR2 and CCL5CCR5 in bone marrow derived macrophages upon activation of CD40 signalling (figure 2e, f).
Both chemokine pairs promote myeloid cell accumulation within the arterial wall during
atherogenesis (13).
Compound treatment improves the inflammatory phenotype of macrophages
After adhesion to the activated endothelium, leukocytes critically contribute to the ongoing
inflammation by secreting cytokines and reactive oxygen species (14). We therefore analysed
whether compound treatment affected the expression of inflammatory mediators in bone
marrow derived macrophages, because these account for the majority of leukocytes in
atherosclerotic plaques. CD40-induced expression of TNFα, IL1β, IL6, IL10 and IL12
significantly decreased in both 6877002 and 6860766 treated macrophages (figure 2g).
Treatment with the compounds also reduced the expression of iNOS by 67.7 % and 80.6 % for
6877002 and 6860766 respectively (supplementary material, figure S3b). These data
demonstrate that compound treatment attenuates the inflammatory propensity of
macrophages.
Discussion
Atherosclerosis remains a major cause of mortality and morbidity, despite the aggressive
lipid-lowering, antihypertensive and anti-thrombotic strategies that have been introduced in
the past decades (2). Additional strategies that directly target the inflammatory nature of
atherosclerosis are therefore required. The co-stimulatory receptor/ligand dyad CD40-CD40L
is highly expressed in human atherosclerotic lesions (3). CD40-CD40L interactions play a pivotal
role in atherosclerosis by orchestrating the inflammatory response underlying plaque
development (3). The therapeutic potential of CD40-CD40L targeting strategies is emphasized
by the observation that antibody-mediated inhibition of CD40L in ApoE-/- mice induced
a plaque phenotype that is low in inflammatory cell content and high in fibrosis, representing
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the clinically favourable stable phenotype (4–8). However, clinical trials, evaluating the
efficacy of anti-CD40L antibodies, were put on hold due to the occurrence of thromboembolic events (9). Additionally, long-term antibody-mediated inhibition of CD40 results in
immunosuppression and is therefore not feasible for the treatment of chronic diseases (3).
Therefore, more downstream inhibition of the CD40-CD40L signalling pathway is required.
Upon binding of CD40L, CD40 recruits TRAFs to elicit intracellular signalling. Using mice
with a mutated CD40-TRAF binding site, we previously demonstrated that only CD40TRAF6, and not CD40-TRAF2, 3, 5 interactions are important in atherogenesis (6).
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Figure 1. Compound treatment reduces atherosclerotic burden in ApoE-/- mice by limiting plaque
inflammation. (a) Total plaque area in the aortic arch of 18 week old ApoE-/- mice is reduced by compound treatment (10 μmol/kg/day) for 6 weeks (n = 15 for vehicle, n = 14 for 6877002, n = 12 for
6860766). (b) Atherosclerotic plaques were classified as described previously (6). Compound 6860766
increased the incidence of initial lesions (intimal xanthoma (IX), pathological intimal thickening
(PIT)) as it prevented the development of advanced lesions (fibrous cap atheroma (FCA)). (n = 56 for
vehicle, n = 38 for 6877002, n = 36 for 6860766). (c) Representative longitudinal images of the aortic
arch and brachiocephalic trunk, stained with hematoxylin and eosin (HE). Compound treatment reduced plaque size and prevented the progression of initial lesions to more complex, advanced lesions.
Scale bar: 2 mm (upper pictures) 100 μm (lower pictures). (d-f) Compound-treatment reduced the
number of leukocytes (CD45+ cells), macrophages/monocytes (MAC3+), and granulocytes (Ly6G+).
All values represent mean ± SEM. *, P<0.05.
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Figure 2. Compound treatment impairs arterial myeloid cell adhesion and decreases chemokine and
cytokine expression. Intravital microscopy of the carotid artery in Cx3cr1egfp/wtApoE-/- mice fed a high
fat diet for 6 weeks. To visualize neutrophils an antibody to Ly6G was instilled. Leukocytes were
stained by rhodamine 6G application. (a) Leukocyte adhesion to the endothelium was reduced in
6877002-treated and 6860766-treated ApoE-/- mice. (b, c) In particular, monocyte (b) and granulocyte
(c) adhesion was impaired in treated mice (n = 5-8 per group). (d) Visualization of leukocyte adhesion
to the carotid artery of Cx3cr1egfp/wtApoE-/- mice. (e, f) The CD40-induced expression of the chemokine pairs CCL2, CCR2, CCL5, CCR5 in bone marrow-derived macrophages was impaired by the
compounds. (g) CD40-induced cytokine expression is prevented in compound treated bone marrowderived macrophages. *, P<0.05; **, P<0.01; ***, P<0.001.

Our in vivo studies indicate that the compounds reduced atherosclerosis by hampering
chemokine-mediated leukocyte recruitment to the arterial wall and reducing the release of
inflammatory mediators by monocytes/macrophages.
Our results are consistent with previous observations in CD40-TRAF6-/- mice, which showed
reduced monocyte recruitment to the arterial wall and macrophages in these mice were
characterized by an anti-inflammatory profile (6). In contrast, compound treatment did not
decrease the number of circulating Ly6Chigh monocytes. However, in accordance with
observations in CD40-TRAF6-/- monocytes, we found that the compounds inhibited activation
of NFκB signalling and cytokine expression upon CD40 stimulation (15). The effects of
CD40-TRAF2, 3, 5 interactions in vascular inflammation appear to be more balanced
compared to CD40-TRAF6 interactions, CD40-TRAF2, 3, 5-/- mice are characterized by
increased CD4+ T-cells and CD8+CD44highCD62Llow effector memory T-cells. However, this
increase in pro-atherogenic leukocytes is compensated by increased numbers of antiatherogenic CD4+CD25+FoxP3+ regulatory T-cells, which protects these mice against excessive
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vascular inflammation (6). Although CD40-TRAF2, 3, 5 interactions are not involved in
atherogenesis, these interactions essentially contribute to numerous humoral immune
processes (16). In contrast to antagonistic CD40 antibodies, our compounds specifically
target the pro-inflammatory CD40-TRAF6 interaction, thereby preserving the function of
CD40-TRAF2, 3, 5 in immunity.
The therapeutic potential CD40-CD40L targeting strategies have been investigated in multiple
inflammatory pathologies. For example, antagonistic CD40L monoclonal antibodies were
successfully used for the treatment of SLE, Crohn’s disease and renal allograft rejection in
humans (17, 18). Additionally, antagonistic CD40 antibodies reduced disease severity in
patients with moderate to severe Crohn’s disease (19). The beneficial effects of CD40 and
CD40L blocking antibodies may at least partly be attributed to reduced proinflammatory
cytokine levels and suppression of T-cell activation and polarization (20). However, longterm treatment with these agents, as would be required for a chronic inflammatory disease as
atherosclerosis, would induce immune suppression. In hemato-oncology, antibody-mediated
blockage of CD40 signalling has potent anti-tumour activity in primary B-cell chronic
lymphocytic leukaemia cells as well as in multiple myeloma-derived cell lines. The antitumour effects were at least partially due to the inhibition of NFκB-induced cytokine
production, including IL6, IL10 and TNFα, which normally promote proliferation of
malignant cells (21–23). As our compounds inhibit NFκB activation and subsequent cytokine
production in macrophages, it will be of great interest to analyse possible effects on these
tumour cells.
Although antibody-mediated inhibition of CD40L and CD40 showed great promise in clinical
trials, the occurrence of thrombo-embolic events and immunosuppression prevented its
further development as therapy for chronic inflammatory diseases (3, 9). We observed no
thrombo-embolic complications in compound treated mice, as our compounds do not
interfere with the CD40L-αIIbβ3 interaction and hence do not induce destabilization of arterial
thrombi. In addition, we show that compound treatment for 6 weeks did not induce leukocyte
toxicity or immunosuppressive side effects. Compound treatment increased survival of mice
subjected to polymicrobial sepsis. Although the mechanisms of these beneficial effects are
currently unknown, the results show that these animals did not suffer from major
immunosuppression. Nevertheless, systemic long-term administration of any antiinflammatory drugs could bear some risks. A potential concern regarding inhibition of the
CD40-CD40L signalling pathway is impaired B-cell dependent immunity. In B-cells, CD40TRAF6 interactions are involved in immunoglobulin affinity maturation and the generation
of long-lived plasma cells, whereas germinal center formation, early immunoglobulin
production and proliferation are CD40-TRAF6 independent (16). Detailed analysis of these
potential side effects is required before clinical application.
In addition to potential off-target effects, several questions need to be answered before
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translation of these results to the treatment of humans suffering from atherosclerosis. In the
current study we investigated the effects of the compounds on the progression of early
atherosclerosis. To determine the therapeutic potential of the compounds, additional studies
are required to analyse the effects of the compounds on established atherosclerosis.
In conclusion, we have identified small molecule inhibitors of the CD40-TRAF6 interaction
that successfully reduce atherosclerosis by hampering chemokine-mediated leukocyte
recruitment to the arterial wall and inhibiting cytokine secretion by macrophages. These
inhibitors will undoubtedly require further development and refinement before they can be
used in a clinical setting. However, here we have shown that our newly identified CD40TRAF6 compounds can overcome the current limitations of long-term CD40 and CD40L
inhibition in atherosclerosis and other inflammatory diseases.
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Supplementary Figure 1. Compound treatment did not affect cholesterol levels and immune cell distribution. (a, b) Long-term (6 week) compound treatment did not affect bodyweight and plasma cholesterol levels in ApoE-/- mice. (c) No differences in peripheral blood lymphocytes, granulocytes, and
monocytes were observed.
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Supplementary Figure 2. Additional histological analysis of the atherosclerotic plaques. (a) Compound treatment reduced the number of T-cells in the plaque. (b) Compound treatment did not affect
the number of apoptotic cells in atherosclerotic plaques, as assessed by TUNEL staining. (c, d) collagen
and smooth muscle cell content was not affect by compound treatment.
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Supplementary Figure 3. Compound treatment reduced the inflammatory propensity of bone marrow-derived macrophages. (a) Chromatin immunoprecipitation revealed that the compounds reduced
the binding of p65 to the promotor of CCL2. (b) CD40-induced iNOS expression is prevented in compound treated bone marrow-derived macrophages. *, P< 0.05; **, P< 0.01;
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Abstract
The immune system plays an instrumental role in obesity and insulin resistance. Here we
unravel the role of the co-stimulatory molecule, CD40, and its signaling intermediates, TNFReceptor-Associated-Factors (TRAFs), in diet-induced obesity (DIO). Although not
exhibiting increased weight gain, male CD40-/- mice in DIO displayed worsened insulin
resistance, as compared to wild type mice. This was associated with excessive adipose tissue
(AT) inflammation, characterized by increased accumulation of CD8+ T-cells and M1
macrophages, and enhanced hepatosteatosis. Mice with deficient CD40-TRAF2, 3, 5 signaling
in MHCII+ cells exhibited a similar phenotype in DIO as CD40-/- mice. In contrast, mice with
deficient CD40-TRAF6 signaling in MHCII+ cells displayed no insulin resistance, and showed
a reduction in both AT inflammation and hepatosteatosis in DIO. To prove the therapeutic
potential of CD40-TRAF6 inhibition in obesity, DIO mice were treated with a small-molecule
inhibitor that we designed to specifically block CD40-TRAF6 interactions; this improved
insulin sensitivity, reduced AT inflammation and decreased hepatosteatosis. Our study reveals
that the CD40-TRAF2, 3, 5 signaling pathway in MHCII+ cells protects against obesityassociated AT inflammation and metabolic complications, whereas CD40-TRAF6 interactions
in MHCII+ cells aggravate these complications. Inhibition of CD40-TRAF6 signaling by our
newly developed compound may provide a novel therapeutic option in obesity-associated
insulin resistance.
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Introduction
Emerging evidence points to inflammation as a critical contributor to the pathogenesis of
obesity-associated metabolic disorders. Obese adipose tissue (AT) shows hallmarks of chronic
low-grade inflammation which is believed to facilitate the development of insulin resistance
(IR) (1–3). Macrophages, especially pro-inflammatory M1-polarized macrophages, as well as
different T-cell subsets and other immune cells play a major role (1–5). Cytokines derived
from immune cells in the AT microenvironment can directly interfere with insulin signaling
(2, 3, 6). In addition, the actions carried out by these immune cells via cell-cell contact or
paracrine crosstalk with adipocytes increases the expression of pro-inflammatory molecules
such as chemokines and cytokines (7), which in turn further enhance leukocyte accumulation
in the AT.
The co-stimulatory receptor ligand pair CD40-CD40L is crucial in the initiation and
progression of inflammatory diseases by enhancing inflammation (8). CD40-CD40L
interactions are also implicated in obesity-related inflammation. Elevated sCD40L levels are
found in obese individuals (9). Moreover, CD40 is expressed on adipocytes and stimulation
of adipocytes with CD40L resulted in a reduction of IRS-1 and GLUT4 and induction of
adipokines (10), whereas the medium of CD40L-stimulated adipocytes activated endothelial
cells (11). Importantly, we and others recently found that genetic ablation or pharmacological
inhibition of CD40L ameliorated AT inflammation, IR and hepatic steatosis in a mouse model
of diet-induced obesity (12, 13).
Since antibody-mediated inhibition of CD40L results in thromboembolic complications,
which precludes its clinical use (14), targeting of CD40, the receptor for CD40L, or the CD40associated signaling intermediates, specifically, the TNF receptor associated factors (TRAFs),
has become an interesting opportunity in inflammatory diseases.
In the present study, we investigated the effect of genetic CD40 deficiency on diet-induced
obesity (DIO). Surprisingly, and in contrast to CD40L deficiency, we found that CD40
deficiency was not protective but rather aggravated IR and obesity-associated liver and AT
inflammation. To understand this unexpected result, we explored the involvement of CD40TRAF signaling cascades. Whereas loss of CD40-TRAF2, 3, 5 signaling mimicked the
phenotype of CD40-deficiency, inactivation of CD40-TRAF6 signaling rather protected
against weight gain, AT inflammation and metabolic complications. This suggested that
specific blockade of the CD40-TRAF6 pathway could be used to prevent obesity-associated
IR. Indeed, we developed a compound specifically targeting the CD40-TRAF6 interaction
which, strikingly, improved insulin sensitivity, associated with decreased M1 macrophage
numbers in the AT of DIO mice and reduced hepatosteatosis. Thus, CD40-TRAF6 signaling
inhibition may provide a novel therapeutic opportunity in obesity-associated IR.

143

Chapter 7

Blocking CD40-TRAF6 signalling is a novel therapeutic target in obesity-associated insulin resistance

Chapter 7

Methods
Virtual Ligand Screening (VLS) and validation of the compound
For VLS, the crystal structure of a human CD40-TRAF6 complex (PDB ID=1LB6 (15))
solved at resolution 1.80 Å was used as a receptor template. Prior to its use in VLS, all solvent
molecules, ions, and the co-crystallized CD40 peptide fragment were removed. Hydrogen
atoms were added and their positions were optimized using the YASARA-WHATIF Twinset
package (16). The TRAF6 apo-structure (PDB ID=1LB4 (15) solved at 2.40 Å) and the CD40TRAF6 complex structure were aligned with the 3D superposition module (17) implemented
in the YASARA-WHATIF Twinset package. Based on analyses of the aforementioned 3D
structural alignment, we changed the side chain conformation of the Arg466 residue present
in the CD40-TRAF6 complex structure (1LB6) to represent the lowest energy rotamer. We
retrieved the new rotamer from the YASARA backbone-dependent rotamer library (18).
We used the programs ICM PocketFinder (19) and QSiteFinder (20) to predict a druggable
pocket in the TRAF6 template. We used the in silico small molecules collection from the
Express Pick ChemBridge database (http://www.chembridge.com), version November 2009,
as a starting point for the ligand selection process. This library of commercially available
compounds consists of approximately 400,000 compounds. The compound collection was
filtered using ‘Lipinski’s rule of five’ as implemented in the ADME/Tox open-source FAFDrugs2 program (21). We rejected compounds with 1 Lipinski violation or with reactive
groups. The OpenEye OMEGA conformer generation software (22) was used to generate
3D multi-conformer structures for each of the small molecules and to add hydrogen atoms
and Gasteiger partial charges (22). We used a hierarchical protocol that combines rigid and
flexible docking methods, as described before (23). The FRED rigid-body docking program
(24) was used to dock the pre-generated multi-conformer library on the target structure. After
the scoring of all TRAF6-compound complexes, the top 40,000 compounds were subjected to
flexible docking and scoring by the Surflex program (25). A similarity search was performed
on the ChemBridge database using the online search tool Hit2lead (http://www.hit2lead.
com) to identify compounds with better inhibitory activity. Finally, fully flexible docking was
performed with the Fleksy program (26). All molecular graphics in the associated article were
produced with the YASARA-WHATIF Twinset package.
TRAF6 C-domain expression, purification and binding analyses
His-tagged TRAF6 C-domain (residues 346-504) was expressed in E. coli using the pET21d
expression vector (Novagen). Protein was purified via affinity chromatography, followed by
gel filtration in running buffer (25 mM TRIS, 200 mM NaCl and 0.5 mM TCEP). The direct
binding between the TRAF6 C-domain and the 6877002 compound was measured via SPR
(Biacore T200, GE Healthcare). TRAF6 C-domain was immobilized on sensor chip CM5
using the amine coupling method. This reached a density of approximately 12,000 and 7,500
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RU. Compounds were dissolved in PBS buffer with 5 % DMSO. All measurements were
carried out at 25oC and with a flow rate of 50 ul min-1 in SPR running buffer (PBS, 0.05 %
Tween20, 5 % DMSO, pH = 7.4). Sensorgrams were corrected by subtracting the initial level
of SPR signal before injection of the compounds or the TRAF6 C-domain. Data were analyzed
using the BIAevaluation software. Equilibrium dissociation constants (Kds) were determined
from a model of the steady state affinity (3 independent runs were averaged).

In vitro macrophage culture
Bone marrow (BM) cells were isolated from C57BL/6 mice and cultured in RPMI supplemented
with 15 % L929-conditioned medium to generate BM-derived macrophages. Cells were
incubated with the small molecule for 1 hour. BM-derived macrophages were activated by the
agonistic CD40 antibody FGK45 (25 ug/ml, Bioceros BV) for 6 hours, and frozen for real time
PCR analysis.
Biochemical measurements and Insulin tolerance test
An insulin tolerance test (ITT) was performed, and fasting insulin levels were measured. For
the ITT, 5h fasted mice were injected i.p. with insulin (0.75-2mU/g, Actrapid, Novo Nordisk,
Bagsvaerd, Denmark or Huminsulin, Lilly, Bad Homburg, Germany). Glucose levels were
measured from whole blood using a glucometer (Roche Diagnostics, Basel, Switzerland) or
a glucose meter device (Accu-Chek, Roche, Mannheim, Germany). Fasting insulin levels
were measured in plasma by enzyme-linked immunoabsorbent assay (Mercodia, Uppsala,
Sweden). Cholesterol levels were measured using a colorimetric assay (CHOD-PAP, Roche,
Mannheim, Germany) and triglycerides, by enzymatic assay (Wako, Neuss, Germany).
Body composition analysis
Body composition was measured using 1H NMR spectroscopy (EchoMRI 3-in-1, Echo
Medical Systems LTD, Houston, TX, USA). Data were analysed using the manufacturer’s
software.
Indirect calorimetry/metabolic cage analysis
CD40-Twt, CD40-T2, 3, 5-/-, CD40-T6-/- and CD40-T2, 3, 5, 6-/- mice were subjected to indirect
calorimetry/metabolic cage analysis (Phenomaster, TSE Systems, Bad Homburg, Germany).
A period of at least 48 hours of acclimatization was included prior to initiation of the
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In vitro screen
RAW 264.7 cells, stably transfected with the 3x-κB-luc plasmid (27), were incubated with the
small molecules for 1 hour at the indicated concentrations. Subsequently, cells were activated
using lipopolysaccharide from E. coli (Sigma-Aldrich), a method to rapidly induce CD40expression on macrophages (28, 29). After 2 hours, cells were lysed and substrate was added
according to the manufacturer’s protocol (Luc-screen system, Applied Biosystems). Emission
was measured at 450 nm using the Wallac Victor II luminometer.
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experiment. Oxygen consumption (VO2) and carbon dioxide production (VCO2) were
determined at 20-minute intervals. Respiratory exchange ratio (RER) was calculated as the
ratio between VCO2 and VO2. Energy expenditure (EE), fat oxidation (FAox) rate and
carbohydrate oxidation (CHox) rate were calculated as previously reported (30). Food intake
(EI) and activity levels were monitored at 1 minute intervals.
Flow cytometry analysis
The stromal-vascular fraction (SVF) was isolated from gonadal AT using collagenase (SigmaAldrich, Zwijndrecht, The Netherlands or Invitrogen, Darmstadt, Germany). The samples
were incubated at 37°C with agitation until complete digestion, passed through a cell strainer
(Falcon, distributed by BD biosciences, Breda, The Netherlands), washed and centrifuged to
obtain the final SVF pellet. Spleens were washed after erythrocyte lysis. Fc-blocking (CD16/32
antibody) was performed prior to cell labeling. FACS for CD3, CD4, CD8, CD25, FoxP3,
CD11c, CD11b, F4/80, CD206, CD44, CD45 and CD62L was performed on SVF (31, 32). All
antibodies were purchased from e-Biosciences (San Diego, CA, USA), BD Pharmingen
(distributed by BD Biosciences), Miltenyi Biotec (Bergisch Gladbach, Germany) or BioLegend
(Fell, Germany). Analyses were performed on a FACS Canto II (BD, Heidelberg, Germany),
using FACSDiva 6.1.3 software.
Real time PCR
Total RNA was extracted using Trizol (Invitrogen, Leek, the Netherlands). cDNA was
synthesized using i-Script cDNA synthesis kit (BIO-RAD, Veenendaal, the Netherlands).
PCRs were performed with a Bio-Rad instrument and software under standard conditions.
The relative amounts of the different mRNAs were quantified by using the second derivate
maximum method. In other experiments, relative expression levels of each gene were
quantified by using the SsoFast EvaGreen Supermix (BioRad). Results were expressed relative
to the control group, which was assigned a value of 1. In addition, a TaqMan Mouse Immune
Array from Applied Biosystems was used (Carlsbad, CA, USA). Analysis was performed
according to the manufacturer´s protocol. GAPDH, 36B4 and S18 were used as internal
controls.
Histochemistry
Liver sections were stained with hematoxylin-eosin or Oil Red as previously described (12,
33).
Statistical analysis
Results are indicated as means ± SEM. Data were analyzed by a Student’s t-test, a Mann
Whitney U test or ANOVA, as appropriate. Significance was set at P<0.05.
Animals
CD40+/+, CD40-/- mice (C57Bl/6 background) (34) as well as CD40-Twt, CD40-T2, 3, 5-/- and
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CD40-T6-/- mice (16) were fed SFD or HFD diets (SFD, 70 % kcal carbohydrate, 10 % kcal fat,
20 % kcal protein, SDS Special Diets Services, Witham, UK or Research Diets, NJ, USA; HFD,
35 % kcal carbohydrate, 45 % kcal fat, 20 % kcal protein from SDS Special Diets Services or 20
% kcal carbohydrate, 60 % kcal fat, 20 % kcal protein from Research Diets) for different time
points up to 30 weeks (CD40+/+ and CD40-/- mice, males; 60 % kcal-HFD), or 20 weeks (CD40TRAF mice, males; 45 % kcal-HFD) starting at the age of 6-8 weeks. In the CD40-TRAF6
small molecule inhibitor experiment, male C57Bl/6 mice (Janvier, Saint Berthevin Cedex,
France) were fed the 60 % kcal-HFD for 12 wks, receiving compound 6877002 (10 µmol/kg/
day) or vehicle control for 6 weeks i.p.
Body weight was measured weekly. After the experimental period, animals were euthanized,
blood was collected and organs were dissected or stored at -80°C for further analysis. Studies
were approved by the animal experimental commission of the University of Maastricht,
Amsterdam and Leiden and the Landesdirektion Dresden.

CD40-deficiency induces insulin resistance in DIO
CD40-deficient male mice were subjected to the DIO model. CD40-deficient (34) and CD40sufficient mice were fed a high fat diet (HFD) for up to 30 wks. CD40 deficiency in mice did
not result in increased total body weight (figure 1a), or a change in fasting glucose levels (data
not shown) but did lead to worsened IR after 30 wks of HFD (figure 1b). While subcutaneous
AT (scat) and gonadal AT (gonAT) weights were similar or decreased, liver weights increased
slightly in CD40-deficiency (figure 1c). CD40-/- mice exhibited significant obesity-related liver
abnormalities with pronounced hepatosteatosis, as compared to CD40-sufficient mice (figure
1d). Accordingly, hepatic genes associated with steatosis (PPARγ, PAI-1, CHREBP) as well as
genes involved in the regulation of glycolysis and lipid uptake (GK, LPK, CD36), showed
enhanced mRNA expression due to CD40 deficiency (figure 1e). On a standard-fat diet (SFD),
CD40-/- mice did not develop any metabolic abnormalities (figure 1).
CD40-deficiency induces severe AT inflammation
Given the importance of AT inflammation for the development of IR and the well-established
role of CD40 in inflammation, we then continued to assess the role of CD40-deficiency in AT
inflammation.
Flow cytometry analysis of the stromal vascular fraction (SVF) of the gonAT of the HFD
group revealed that CD40-deficient mice had increased numbers of CD45+ cells (figure 2a)
and CD8+ T-cells (figure 2a). In addition, a significant increase in the amount of CD11b+F4/80+
macrophages was observed (figure 2a). Further subtyping showed that the fraction of the proinflammatory classically activated M1-polarized macrophages, characterized by expression of
CD11c and absence of CD206, was higher in CD40-deficiency (figure 2a).
Quantitative PCR analysis revealed increased expression of IL6, IL12, TNF, MCP1, ICAM1
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Figure 1. CD40-/- mice on HFD display aggravated metabolic dysregulation. Wild type (WT) and
CD40-/- male mice were fed with SFD or HFD for 30 weeks. (a) Body weight of WT and CD40-/- mice
on SFD (n = 5) or HFD (n = 6-7). (b) Insulin tolerance test in 5-h fasted WT and CD40-/- mice fed a HFD
for 30 weeks (n = 6-7); (c) Subcutaneous (sc) and gonadal (epididymal, epi) AT and liver weight of WT
and CD40-/- mice after 30 weeks on SFD (n = 5) or HFD (n = 6-7). (d) Representative H&E-stained
sections from liver of WT and CD40-/- mice on SFD or HFD for 30 weeks. (e) Liver gene expression of
WT and CD40-/- mice on HFD for 30 weeks. The mRNA expression was normalized against 18S and
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the gene expression of livers from WT HFD was set as 1 (n = 6-7). *P<0.05 for comparison between
WT and CD40-/- mice fed the same diet.

signaling capacity and requires adaptor molecules, the TRAFs, to elicit and steer the distinct
CD40 downstream signaling pathways. To identify which CD40-TRAF signaling pathway is
involved in metabolic regulation and AT inflammation in vivo, we used male CD40 deficient
mice that contained a CD40 transgene under the control of the MHCII promoter, in which
the TRAF2, 3, 5 or the TRAF6 binding sites on the CD40 C-terminal tail were mutated,
rendering CD40-TRAF2, 3, 5-/- and CD40-TRAF6-/- mice (35). As a control we engaged
CD40-TRAFwt mice carrying the CD40 transgene without any mutations. These mice were
subjected to a SFD or HFD.
Deficiency of CD40-TRAF2, 3, 5, but not CD40-TRAF6 signaling, exacerbates dietinduced obesity
When fed a HFD for 20 wks, male CD40-TRAF 2, 3, 5-/- mice initially gained more weight as
compared to their CD40-TRAFwt controls; the difference in weight gain was significant
during the first weeks of HFD feeding (figure 3a). CD40-TRAF6-/- mice experienced a milder
weight gain (figure 3a) and a delay in reaching their maximal weight. This delay may be caused
by a more active brown adipose tissue (BAT), as reflected by increased uncoupling protein
(UCP)-1 mRNA levels in the BAT of CD40-TRAF6-/- mice (figure S2). Body composition was
studied using 1HMRI analysis after 5 wks of diet. Lean body mass did not differ between
CD40-TRAF2, 3, 5-/-, CD40-TRAF6-/-, and CD40-TRAFwt mice (data not shown), but fat mass
was significantly higher in CD40-TRAF2, 3, 5-/-, and significantly lower in CD40-TRAF6-/mice, both as compared to CD40-TRAFwt mice (figure 3b).
CD40-TRAF2, 3, 5-/- mice exhibited IR after 20 wks of HFD, with similar blood insulin levels
as the CD40-TRAFwt mice (figure 3c and table 1). In addition, CD40-TRAF2, 3, 5-/- mice had
increased plasma cholesterol and plasma triglyceride levels (table 1), showing the metabolic
complications of obesity. CD40-TRAF6-/- mice did not develop IR, and they displayed no
increase in baseline glucose levels (table 1). Moreover, these mice showed no aberrations in
plasma cholesterol or triglyceride levels (table 1). No differences between the genotypes were
observed after SFD feeding.
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and the macrophage and T-cell specific markers CD68, CD3 and CD8 in the gonAT of
CD40-/- mice (figure 2b). Adiponectin, leptin, GLUT4 and PPARy did not differ (figure 2b).
The scAT showed a similar inflammatory profile (data not shown). On a SFD, no differences
in immune cell accumulation and in inflammatory gene expression in the AT were observed
due to CD40-deficiency. Although T-cell populations in the gonAT were similar between
CD40-/- and wild type mice on a SFD, CD40-/- mice had reduced numbers of CD4+ T-cells and
regulatory T-cells (Treg) in the spleen (figure S1). Together, CD40 deficiency leads to an
aggravation of AT inflammation and development of obesity-associated IR in DIO. These data
were unexpected given the phenotype of the CD40L-/- mouse (12).CD40 lacks intrinsic
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Figure 2. CD40 deficiency aggravates AT inflammation. (a) SVF cells were isolated from gonAT of WT
or CD40-/- male mice fed a SFD or HFD for 18 weeks. CD45+ leukocytes, CD4+ or CD8+ lymphocytes,
total macrophages (characterized as CD11b+F4/80+) and M1-macrophages (defined as
F4/80+CD11b+CD11c+ or F4/80+CD11c+CD206-) or M2-macrophages (defined as F4/80+CD11cCD206+ ) were analysed by flow cytometry. (b) Gene expression in the gonAT of male WT and CD40/mice on SFD or HFD for 18 weeks. The mRNA expression was normalized against 18S and the gene
expression of adipose tissue from WT SFD was set as 1. n = 4 or more/group for SFD groups and
n = 7 or more/group for HFD groups. *P<0.05 for comparison between WT and CD40-/- mice fed the
same diet.
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During the first week of HFD feeding, indirect calorimetry/metabolic cage analysis was
performed in a group of mice separate from the long-term experimental groups. Both body
weight and food intake were significantly higher in CD40-TRAF2, 3, 5-/- and lower in
CD40-TRAF6-/- mice, as compared to CD40-TRAFwt mice (table 1). Energy expenditure
levels did not differ between groups, nor did ambulatory physical activity levels. Absolute fat
oxidation rates were somewhat lower in CD40-TRAF2, 3, 5-/- mice when compared to CD40TRAFwt mice, but did not differ in CD40-TRAF6-/- mice. In contrast, absolute carbohydrate
oxidation values were significantly higher in CD40-TRAF2, 3, 5-/- mice, as compared to CD40TRAFwt, but were similar in CD40-TRAF6-/- mice, as compared to CD40-TRAFwt mice (table
1).
These data show that CD40-TRAF2, 3, 5-/- mice are prone to obesity-related metabolic
complications, thereby resembling CD40-deficient mice, whereas CD40-TRAF6-/- mice seem
protected from obesity-associated complications.
Indirect calorimetry/metabolic cage analysis of high fat fed CD40-TRAFwt, CD40-TRAF2, 3,
5-/- and CD40-TRAF6-/- mice. EI: energy intake, EE: energy expenditure, RER: Respiratory
exchange ratio, FAox: absolute fat oxidation rate, CHox: absolute carbohydrate oxidation rate,
Act: spontaneous activity level (beam breaks). *P<0.05
CD40-TRAF2, 3, 5-/- mice develop steatosis
CD40-TRAF2, 3, 5-/-, but not CD40-TRAF6-/- mice, had an increase in liver weight, associated
with pronounced steatosis, after 20 weeks of HFD (figure 3d, e). Histologic analysis revealed
that all genotypes developed steatosis on a HFD. The severest phenotype was found in CD40TRAF2, 3, 5-/- mice whereby 87.5 % of the mice developed grade 3 steatosis, as compared to
only 62.5 % of the CD40-TRAFwt mice (supplementary material, figure S3a). Deficiency of
CD40-TRAF6 interactions resulted in a milder form of steatosis. CD40-TRAF6-/- mice mostly
developed grade 1 or 2 steatosis; this was localized at the central vein with limited expansion
(figure S3a). Steatosis extended from the central vein to the periportal vein in 87.5 % of the
CD40-T2, 3, 5-/- mice, but in only 37.5 % of the CD40-Twt mice (figure S3a). All genotypes
predominantly developed macrovesicular steatosis, with additional microvesicular steatosis
seen in the CD40-TRAF2, 3, 5-/- mice. The liver parenchyma showed grade 1 lobular
inflammation in all genotypes, although 37.5 % of the CD40-TRAF6-/- mice developed less
than grade 1 inflammation (supplementary material, figure S3a). Portal inflammation,
microgranulomas or lipogranulomas were not observed. Ballooning of hepatocytes was a frequent
observation in all genotypes (87.5 % of CD40-TRAFwt and CD40-TRAF2, 3, 5-/- mice) but was
less prominent in CD40-TRAF6-/- mice (62.5 %) (supplementary material, figure S3a).
Consistent with these results, we found fundamental metabolism-associated genes to be
altered in CD40-TRAF2, 3, 5-/- mice. Genes involved in glycolysis, such as liver glucokinase
(GK), and liver pyruvate kinase (LPK), but not glucose transporter 2 (GLUT2), were
significantly elevated (figure S3b). Furthermore, we detected higher mRNA levels of the fatty
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Figure 3. Deficiency of CD40-TRAF2, 3, 5 signalling aggravates obesity and promotes metabolic dysfunction and hepatosteatosis. (a) Body weight of CD40-TRAFwt, CD40-TRAF2, 3, 5-/- and CD40TRAF6-/- mice on SFD or HFD for 20 weeks (n = 12-15). (b) Fat mass as determined by 1H NMR
spectroscopy (n = 8 per group). (c) Insulin tolerance test in 5-hr fasted CD40-Twt, CD40-TRAF2, 3,
5-/-, CD40-TRAF6-/- mice fed a HFD for 18 weeks (n = 8 per group). (d) Liver weight and (e) Oil red
O stained liver cryosections of CD40-TRAFwt, CD40-TRAF2, 3, 5-/- and CD40-TRAF6-/- mice fed
a HFD for 20 wks. Scale bar = 100μm. Values are mean ± SEM. *P<0.05 for comparison with CD40TRAFwt mice.
Table 1: Metabolic parameters of HFD-fed CD40-TRAF mice.
CD40-TRAFwt

CD40-TRAF2/3/5-/-

CD40-TRAF6-/-

Body weight (g)

32.4±2.7

37.5 ± 1.5*

28.8 ± 1.7*

EI (g/24h)

1.63 ± 0.18

1.88 ± 0.33*

1.39 ±0.09*

EE (kcal/h)

0.55 ± 0.04

0.59 ± 0.03

0.55 ± 0.02

RER

0.86 ± 0.02

0.88 ± 0.02

0.86 ± 0.03

FAox (kcal/h)

0.24 ± 0.04

0.20 ± 0.03

0.23 ± 0.05

CHox (kcal/h)

0.32 ± 0.04

0.40 ± 0.05*

0.33 ± 0.06

Act (bb)

109 ± 42

95 ± 38

106 ± 42

Plasma cholesterol (mg/dL)

62 ± 16

103 ± 40*

44 ± 27

Plasma TG (μg/dL)

129 ± 27

160 ± 46*

140 ± 29

Fasted blood glucose (mg/dL)

157 ± 35

134 ± 33

103 ± 28*

Plasma insulin (μg/dL)

0.67 ± 0.41

0.66 ± 0.31

0.41 ± 0.32

HOMA-IR

0.29 ± 0.04

0.30 ± 0.02

0.13 ± 0.02*

All values are mean ± SD; *bold P<0.05

acid transporter, CD36, which stimulates glycolysis and lipogenesis (figure S3b). These
findings imply an important function for CD40-TRAF2, 3, 5 signaling in liver metabolism in
DIO.
Disruption of CD40-TRAF2, 3, 5, but not of CD40-TRAF6 signaling, exacerbates AT
inflammation in DIO
Flow cytometry analysis of the SVF of the gonAT revealed an increased F4/80high CD11b+
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macrophage fraction in mice lacking CD40-TRAF2, 3, 5 signaling, as compared to CD40TRAFwt mice (figure 4a). In keeping with these findings, CD68 mRNA was also increased in
CD40-TRAF2, 3, 5-/- mice (supplementary material, figure S4a). Analysis of cytokines revealed
elevated levels of TNFα and IL1α (supplementary material, figure S4a) suggesting an M1biased response.
The percentage and number of CD3+ T-cells were slightly elevated in CD40-TRAF2, 3, 5-/mice (2.1 ± 0.11*105 CD3+ cells; P = 0.08) compared to CD40-TRAFwt mice (1.92 ± 0.31*105
CD3+ cells), while the percentage and numbers of CD3+ T-cells in CD40-TRAF6-/- mice (1.89
± 0.48*105 CD3+ cells) equaled the levels in CD40-TRAFwt mice. Remarkably, the increased
percentage of CD3+ T-cells was accompanied by an increase in the CD8+ T-cell fraction, and
a decrease in CD4+ T-cells in the AT of CD40-TRAF2, 3, 5-/- mice (figure 4b). Accordingly,
mRNA levels of CD3 as well as IL2 were elevated in the gonAT of these mice (supplementary
material, figure S4b). In CD40-TRAF2, 3, 5-/- mice, the fraction and number of Treg cells
(CD40-TRAFwt: 4.2 ± 0.6*104 vs CD40-TRAF2, 3, 5-/-: 1.7 ± 0.2*104 Tregs; P<0.05) in the
gonAT was decreased (figure 4c). In the spleen, CD40-TRAF6-/- mice had an increased Treg
fraction (6.8 ± 0.3 % in CD40-TRAFwt vs 9.4 ± 0.2 % in CD40-TRAF6-/- mice), while total
splenic CD3+ and CD4+ T-cell numbers were unchanged. The CD8+ T-cell fractions in gonAT
of CD40-TRAF2, 3, 5-/- mice displayed an increase in CD44highCD62Llow effector memory cells,
with a concomitant decrease in CD44lowCD62Lhigh naïve T-cells (figure 4d). This T-cell profile
is indicative of a more vigorous (CD8+) T-cell response, and a migratory potential, thereby
likely resulting in aggravation of AT inflammation.
CD40-TRAF2, 3, 5 deficiency changes inflammatory gene expression in DIO
Analysis of gene expression in the gonAT of obese mice revealed a pro-inflammatory
chemokine expression signature in CD40-TRAF2, 3, 5-/- mice. Genes important in recruiting
T-cells and macrophages, and genes involved in activating T- and B-cells, such as chemokine
C-C motif ligand 3 (CCL3), CCL5, and chemokine C-X-C motif receptor 3 (Cxcr3) were
found up-regulated in CD40-TRAF2, 3, 5-/- mice, as compared to CD40-TRAFwt mice (figure
S4). Furthermore, we observed increased mRNA expression of the pro-inflammatory
cytokines IL1α and TNF in CD40-TRAF2, 3, 5-/- mice (supplementary material, figure S4).
Remarkably, gonAT of CD40-TRAF6-/- mice showed reduced inflammation. The expression of
E-selectin as well as of chemokine C-C motif receptor 7 (CCR7) were significantly reduced in
CD40-TRAF6-/- mice, suggesting less inflammatory cell recruitment. Moreover, the costimulatory molecule CD28 and its counter receptor CD86 were also decreased in gonAT of
CD40-TRAF6-/- mice (supplementary material, figure S4d).
No differences in immune cell accumulation and levels of inflammatory genes in the AT, as
well as in the degree of hepatosteatosis were observed between the three genotypes on a SFD.
These results showed aggravated metabolic dysregulation in CD40-TRAF2, 3, 5-/-mice, which
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thus phenotypically resembled CD40-/- mice; in contrast, blocking the CD40-TRAF6 pathway
rather ameliorated metabolic complications and slightly reduced AT inflammation in DIO.
Pharmacologic inhibition of the CD40-TRAF6 pathway ameliorated obesity-related
metabolic complications
We next explored whether the CD40-TRAF6 pathway could represent a therapeutic target for
obesity-related metabolic dysfunction. To this end, we developed a small molecule inhibitor
specifically targeting the CD40-TRAF6 interaction.
To identify drug-like molecules that can inhibit the CD40-TRAF6 interaction, we used an in
silico structure-based virtual ligand screening (VLS) approach. The interaction between CD40
and TRAF6 was analyzed using the human TRAF6 apo-structure (PDB ID: 1LB4 (15) and the
structure of the CD40-TRAF6 complex (PDB ID: 1LB6 (15)). These analyses revealed
conformational changes in the TRAF6 peptide-binding groove upon binding of CD40. In this
process, Arg466, which is located in the CD40 peptide-binding groove, seems to be most
affected (figure 5a). Various orientations of this side chain were therefore explored to identify
a potential druggable pocket in the CD40-TRAF6 interaction site (figure 5b, c). We utilized
a multi-stage screening approach on the ChemBridge compound collection to identify
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Figure 4. CD40-TRAF2, 3, 5 deficiency results in increased numbers of inflammatory cells in gonadal
AT. (a) FACS analysis for F4/80highCD11b+ macrophages, (b) CD3+ T-cells, CD8+ T-cells and CD4+
T-cells, (c) CD4+CD25+FoxP3+ Tregs, (d) CD8+CD44lowCD62Lhigh naïve T-cells and
CD8+CD44highCD62Llow effector memory T-cells. Values are mean ± SEM. *P<0.05 for comparison to
CD40-Twt mice. N = 8-10 mice/group.
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inhibitors of this pocket (figure 6a). This screening cascade, consisting of rigid and flexible
docking as well as in vitro analysis, reduced the number of compounds from 400,000 to 800
using computational approaches. The 800 top-scoring compounds in the flexible docking
were analyzed in vitro, using a cell-based NFκB reporter gene assay. This resulted in the
identification of 51 compounds that reduced NFκB activation in a mouse leukemic monocyte/
macrophage cell line (RAW 264.7) by at least 50 % at 10 µM.
The 6 compounds that most effectively reduced NFκB activation in vitro were used as a query
for a similarity search in the ChemBridge database, which resulted in 150 analogs. The in vitro
screen of these compounds revealed six additional bioactive compounds with equal or
improved cellular activity compared to the initial best compound 6877002 (figure 6b).
Compound 6877002 (figure 7) and these additional 6 identified bioactive analogs all inhibited
NFκB activation in RAW cells in a dose-dependent manner (figure 6b). Compound 6877002
also suppressed the CD40-induced expression of IL1β and IL6 cytokines in primary bone
marrow derived macrophages in a dose-dependent way (figure 6c).
To elucidate the structure activity relationship (SAR) of the analogs of compound 6877002 we
built a 3-dimensional TRAF6-compound interaction model using fully flexible docking of all
bioactive hits containing the molecular scaffold of compound 6877002. These compounds all
possess two ring systems (R1 and R2; figure 7) with different substituents and are rings are
connected by the same linker. Based on this docking study, we hypothesize that the binding
of this compound class to TRAF6 is stabilized by 2 hydrogen bonds with residues Asn467
and Cys390 and π-π stacking interactions of the R2 ring with Arg466 and His376 (figure 6d).
Cellular activity of these compounds appears to correlate with the presence of substituents
at either the ortho- or para- position and the absence of a substituent at the meta- position.
Substituents at the meta-position seem to clash with Pro468 (figure 6e). Compound 6877002
is the most active and most soluble with ortho- and meta- substituents, respectively. This
compound was therefore selected for further studies.
Surface plasmon resonance (SPR) experiments were performed with 6877002 to confirm its
direct binding to TRAF6. Its equilibrium dissociation constant (Kd) to the TRAF6 C-domain
is 97 μM (figure 6f). This correlates well with the activities observed in the three cellular
assays described above.
To assess whether this inhibitor could interfere with obesity-related metabolic abnormalities
in a therapeutic setting (ie, after initiation of DIO), C57Bl/6 mice were fed a HFD for 6 wks,
and then received the small molecule inhibitor 6877002 or vehicle for the next 6 wks. No side
effects (blood counts, WBC composition or abnormalities in >20 organs analyzed) were
observed (data not shown). Treatment with compound 6877002 resulted in improved insulin
sensitivity, as compared to vehicle treated mice (figure 8a, b), whereas no alterations in weight,
cholesterol, triglyceride, fasting glucose levels or insulin levels were observed (data not
shown). Moreover, gonAT inflammation was decreased after treatment with 6877002, with
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a remarkable reduction in CD11b+F4/80+CD11c+ (M1) macrophages (figure 8c). Interestingly,
treatment with the CD40-TRAF6 inhibitor also reduced hepatosteatosis (figure 8d). These
data indicate that the CD40-TRAF6 axis is a valuable therapeutic target in obesity, especially
for ameliorating metabolic complications such as IR and hepatosteatosis.
Discussion
The co-stimulatory CD40-CD40L dyad is a powerful mediator of inflammation and immunity
(30). We previously reported that CD40L-deficiency ameliorated AT inflammation and
metabolic dysregulation in DIO, particularly by reducing the CD8+ T-cell fraction and
increasing the Treg content in obese AT (12). Wolf et al. reported a similar observation;
CD40L-/- mice displayed reduced AT inflammation (13). Despite the well-established proinflammatory role of CD40, the receptor for CD40L, in different disorders, such as
atherosclerosis, Crohn’s disease and multiple sclerosis (36), we unequivocally demonstrate
here the unexpected finding that genetic loss of CD40 does not mirror the effects of CD40L
deficiency in DIO. On the contrary, CD40 deficiency aggravated obesity-related AT
inflammation and caused metabolic dysregulation.
The increase in classically activated (M1) macrophages in the AT of CD40-/- mice, accompanied
by the increased CD8+ T-cell fraction, is likely the driving force underlying the exacerbated
AT inflammation in CD40-/- mice. Classically activated M1 macrophages are abundantly
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Figure 5. CD40-TRAF6 complex and druggable pocket. (a) Superimposition of X-ray structure of
apo-structure and CD40-TRAF6 complex structure (orange and grey, respectively). (b) Predicted
druggable pocket (green). (c) Predicted pose of the compound located in the druggable pocket.
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present in obese AT and secrete a plethora of pro-inflammatory mediators (3, 6), thereby
eliciting IR. CD8+ T-cell accumulation within the AT is associated with AT inflammation and
activation of AT macrophages (4). Loss of CD8+ T-cells was also shown to diminish IR while
adoptive transfer of CD8+ T-cells aggravated metabolic dysfunction (4). Thus, the aggravation
of metabolic complications in DIO in CD40-/- mice could be attributed to the pro-inflammatory
AT phenotype of these mice.
The likely explanation of why the phenotype of the CD40L-/- mouse does not mirror the phenotype of the CD40-/- mouse in DIO could be the differential involvement of the CD40-TRAF-

a

b

Chapter 7

c

d

e

f

Figure 6. Compound identification and characterization. (a) The VLS pipeline. The 400,000 compounds collection was filtered based on absorption, distribution, metabolism, excretion, and toxicity
(ADME/Tox) properties using ‘Lipinski’s rule of 5’ which resulted in 271,759 compounds. Geometrical
shape-fitting of structures, for each ligand all local energy minima in conformation space were calculated using a knowledge-based approach which resulted in 1.36 x 107 conformers. All 3D multi-conformers were submitted to the rigid docking protocol. The best-scoring 40,000 compounds were submitted to flexible docking. Subsequently, the top 800 compounds were submitted to the cell-based in
vitro assay. (b) 7 compounds, all analogues of 6877002 dose-dependently reduced NFκB activation in
LPS stimulated RAW cells. (c) Compound 6877002 dose-dependently inhibits IL1β and IL6 expression in FGK45 (agonistic CD40 antibody)-stimulated bone marrow derived macrophages. (d) Docking model of the predicted TRAF6-6877002 compound complex. Compound 6877002 (in orange)
creates 2 hydrogen bonds (in yellow) with Asn467 and Cys390 amino acids (in cyan) and a π-π stacking interaction of the ring between Arg466 and His376 residues (in cyan). (e) Superposition of 19
TRAF6-compound complexes. Active compounds (in green) have substituents on the ortho- and
para- positions, whereas weaker compounds (in magenta) have substituents on the meta- position.
These substituents seem to result in a clash with residue Pro468. (f) SPR sensorgrams of compound
6877002 binding to immobilized TRAF6 C-domain. Data represent the average of three independent
experiments.
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Figure 7. Compound 6877002. Structure of compound 6877002 represents common substructure of
analogues consisted of two ring systems (R1 and R2) with different substituents connected by the same
linker.

signaling intermediates in obesity-associated AT inflammation and metabolic dysfunction.
CD40 precisely modulates cellular inflammation via distinct signaling pathways, which can
be initiated through binding to the different TRAF molecules (36). As demonstrated here,
CD40-TRAF2, 3, 5 and CD40-TRAF6 signaling have opposite roles in obesity-associated
metabolic dysregulation. Whereas loss of CD40-TRAF2, 3, 5 signaling resembled the phenotype of CD40-deficiency in DIO, deficiency of CD40-TRAF6 signaling ameliorated obesityrelated IR, hepatosteatosis and AT inflammation. In other words, deficiency of CD40-TRAF6
signaling resembled the phenotype of CD40L-deficiency. These versatile actions of the CD40CD40L axis in DIO and IR development suggested that blocking the CD40-TRAF6 pathway
specifically rather than the CD40-CD40L interaction could represent a promising therapy in
DIO-associated metabolic dysfunction. To this end, we treated DIO-mice with a compound
designed to block CD40-TRAF6 signaling and we could thereby partially reverse the DIOinduced IR and hepatosteatosis, which was accompanied by reduced numbers of M1-like inflammatory macrophages in the obese AT. M1 macrophages are crucial for development of IR
and liver steatosis (2, 33, 37). Therefore, by promoting macrophage polarization to the M1like inflammatory phenotype (32), CD40-TRAF6 signalling contributes to development of IR
and liver steatosis
Previously, we demonstrated that specific deficiency in CD40-TRAF6 signaling, but not
CD40-TRAF2, 3, 5 signaling, in MHCII+ cells prevented neointima formation (38) as well as
atherosclerosis and led to an anti-inflammatory immune profile (32). In atherosclerosis,
inactivation of CD40-TRAF6 interactions reduced numbers of circulating Ly6Chigh monocytes,
and prevented monocytes from entering the arterial wall. In parallel, deficiency of CD40TRAF2, 3, 5 interactions in atherosclerosis resulted in an increase in CD4+ effector cells,
which was compensated by an increase in Treg cells, thereby leaving plaque burden unaffected
(32).
The intriguing discrepancy between the opposite phenotypes observed in mice with CD40158
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Figure 8. CD40-TRAF6 interaction inhibitor improves metabolic dysregulation and AT inflammation. WT male mice were fed a HFD for a total of 12 wks, receiving a CD40-TRAF6 interaction inhibitor (6877002) (10 mmol/kg/day i.p.) or vehicle starting at week 6 of feeding. (a) Body weight of
HFD-fed, inhibitor- or control-treated mice for 12 weeks. (b) Insulin tolerance test of HFD-fed, inhibitor- or control-treated mice for 12 weeks. (c) SVF cells from gonAT of control- or inhibitor-treated
mice were analysed by FACS. CD45+ leukocytes and total macrophages or M1-macrophages, characterized as CD11b+F4/80+ and F4/80+CD11b+CD11c+, respectively, are shown. (d) Representative H&E
stained sections from liver of control- or inhibitor-treated mice. *P<0.05 for comparison with controltreated mice; n = 7-8 mice/group.

and CD40L-deficiency might also be explained by the fact that CD40L can engage functionally
different receptors than CD40, for instance Mac-1 integrin. CD40 deletion in an atherosclerotic
mouse model did not result in smaller lesions, whereas CD40L binding to Mac-1-integrin
induced Mac-1-dependent adhesion and migration of leukocytes (39, 40). However, Mac-1-/mice displayed an obesity phenotype (41). Thus, CD40L-Mac-1 interactions are an unlikely
explanation for the discrepancy between the phenotypes of CD40- and CD40L-deficiency.
Recently Guo et al also reported that CD40-/- mice have increased AT inflammation, but did
not describe the underlying signaling mechanisms involved (42).
In conclusion, CD40-TRAF pathways in MHCII + cells potently regulate obesity-associated
inflammation and metabolic dysfunction in mice. This opens new horizons for potential
therapeutic strategies to combat obesity. Currently, agonistic CD40 antibodies are being
evaluated in cancer patients, and could reduce the tumor load in pancreatic cancer (43).
However, continuous activation of the entire CD40 pathway, as would be required for the
chronic inflammatory nature of obesity, is therapeutically not feasible since long-term
immune activation may result in substantial side effects. Therefore, targeting only parts of the
CD40-signaling pathway, while leaving the rest of CD40-mediated immune actions intact,
may be preferable. In the present paper we have provided evidence that specific targeting of
the CD40-TRAF6 pathway represents a novel therapeutic mechanism in obesity-associated
metabolic dysregulation as a small CD40-TRAF6 inhibitory compound counteracted the
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metabolic and inflammatory complications of DIO, such as IR and hepatic steatosis. The
small compound approach is promising since only one of the CD40-TRAF pathways is
blocked (i.e. CD40-TRAF6), whereas the other pathway (i.e. CD40-TRAF2, 3, 5) remains
functional. The immune system therefore is less compromised and treatment is less likely to
cause severe immune-suppressive side effects. However, the effects of such selective targeting
strategies will have to be meticulously scrutinized, before being translated into a clinical
setting.
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Supplementary Figure 1. T-cell numbers in spleens of WT and CD40-/- mice fed a SFD for 30wks.
CD4 and CD8 T-cells are expressed as percentage of splenic cells, whereas CD4+CD25+Foxp3+ Treg
cells are expressed as percentage of CD4 positive cells in the spleen. Data are mean ± SEM, *P<0.05. (n
= 5/group)

Supplementary Figure 2. Brown adipose tissue (BAT) activity is increased in CD40-TRAF6-/- mice.
UCP-1 mRNA expression in the BAT of CD40-TRAFwt and CD40-TRAF 6-/- mice fed a SFD or a HFD.
Values are mean ± SEM. *P<0.05 for comparison with CD40-TRAFwt mice. n = 6/group.
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Supplementary Figure 3. CD40-TRAF2, 3, 5 deficiency aggravates obesity associated hepatosteatosis.
(a) Hepatic steatosis was graded from 0 (mild) to 3 (severe). Steatosis was further classified as minimal
steatosis, steatosis in the central vein area (c) or central vein-mid-portal (c-p). The presence of macro(ma) and microvesicular (mi) steatosis were graded as ma; ma>mi and ma=mi and mi. The percentage
of mice exhibiting hepatocyte injury, characterized by ballooning and lobular inflammation was also
determined. (b) Hepatic mRNA levels of genes involved in glycolysis, lipolysis and lipogenesis (values
are mRNA expression of the gene of interest / mRNA expression of housekeeping genes). Values are
mean ± SEM. *P<0.05 for comparison with CD40-TRAFwt mice. n = 8-12 mice/group.
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Supplementary Figure 4. CD40-TRAF2, 3, 5 deficiency results in increased inflammatory gene expression in gonadal AT. (a) mRNA levels of macrophage markers and genes involved in macrophage
activation (CD68, TNF, IL1β), (b) T lymphocyte markers and activators (CD3, IL2), (c) chemokines
and chemokine receptors (CCR7, CCL3, CCL5, CXCR3), (d) genes downregulated in CD40-TRAF6-/mice (E-selectin, CD28, CD86). Values are mRNA expression of the gene of interest / mRNA expression of housekeeping genes. *P<0.05, for comparison to CD40-TRAFwt mice. n = 6 mice/group.
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The scientific research that is described in this thesis aims at modulation of protein - protein
interactions (PPIs) through stabilization or inhibition with a special focus on the CD40TRAF6 interactions and their role in (chronic) inflammatory diseases. In the first part of this
thesis, we explored stabilization of PPIs. We suggested a classification of stabilizers of PPIs
(sPPIs) which is based on their place of binding and architecture of their targets (I). Further,
we analysed the chemical space of sPPIs (II). In the second part of this thesis, we explored
inhibition of PPIs. We presented a drug discovery pipeline through which we found CD40TRAF6 inhibitors (III). Next, we validated these inhibitors in chronic inflammatory disease
models for e.g. atherosclerosis, and diet-induced obesity (IV). Finally, we used our newly
discovered inhibitors as a research tool to investigate the specificity of CD40-TRAF pathways
in diet-induced obesity (V).
The main findings of this thesis are:
I. Stabilizers of PPI complexes can be categorized in three different classes: the classes A,
B, and M.
II. Stabilizers of PPIs have physico-chemical properties that resemble the profile of
conventional drugs.
III. The CD40-TRAF6 interaction can be disrupted by small molecule inhibitors that bind
to the TRAF6 C-domain.
IV. Small molecule inhibitors of the CD40-TRAF6 interaction possess in vivo activities
and reduce inflammation in (chronic) inflammatory diseases such as peritonitis,
sepsis, diet-induced obesity, atherosclerosis, and multiple sclerosis.
V. The CD40-TRAF6 interaction improves insulin resistance and hepatic steatosis in
diet-induced obesity, whereas CD40-TRAF2, 3, 5 interactions impair metabolic
complications of diet-induced obesity.
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I. Classification of stabilizers of PPIs
Protein - protein interactions are key to the regulation of biological processes in all living
organisms. Modulation of PPIs have shown novel opportunities for therapeutical interventions
(1). Inhibitors of PPI (iPPIs) are long known, but stabilizers of PPI (sPPIs) have only recently
entered the scientific literature (2). The last two decades have brought several success stories
of iPPIs design (3). However, in recent years, also sPPIs are becoming increasingly popular (2,
4). The iPPIs are being studied thoroughly and are being collected in large databases (5, 6),
their chemical space is rationalized (7), and decision trees are present to facilitate their design
(8). In contrast, sPPIs still remain largely unexplored. Even though the design of stabilizers is
becoming more prevalent, a systematic categorization of these molecules is not present. We
suggest a structure-based classification of stabilizers, based on the architecture of their targets
and their place of binding. Class A stabilizers are associated with heteromer complexes. Class
B stabilizers are associated with homomers and quasi homomers. Class M stabilizers are
oligomers of more than two monomers. Subclasses 1 and 2 relate to type of cavity, peripheral,
or enclosed, respectively (chapter 3). The proposed classification may help bioscienticsts to
place their PPI complex into one of the classes and extrapolate this knowleadge to the PPI
complex of their interest. To proceed with the rational design of stabilizers, the order of
subsequent steps is of the upmost importance. Thus, we proposed the first decision tree to
assist in the structure-based design of sPPIs (chapter3). We anticipate that our analysis will
accelerate the design of new stabilizers.
II. Physico-chemical characterization of small molecule stabilizers of protein - protein
interactions
Recent studies resulted in numerous inhibitors of PPIs (iPPIs), from which several reached
clinical trials (3). The number of newly discovered iPPIs allowed for chemical space
rationalization, which might facilitate structure-based virtual ligand screening (7, 9). In
contrast, the number of discovered sPPIs has only since recently been increasing. There are
a few review articles that describe different sPPIs types (1, 2, 4), however small molecule
collections of sPPIs are sparse (6). We collected small molecule stabilizers, excluding peptidelike and cyclic compounds. Our dataset consisted of 123 compounds, out of which 74 were
chemically diverse. This is the first collection of small molecule stabilizers that was used for
the analysis of their physico-chemical properties. The sPPIs are characterized by their
molecular weight with an average value of 386.1 Da, hydrophobicity represented by logP
value of 3.2, hydrogen bond donors median value of 2, hydrogen bond acceptors median
value of 5, rotatable bonds median value of 3, and aromatic character represented by aromatic
ratio value of 0.3. Our analysis revealed that sPPIs meet the criteria of the Lipinski rule of five
(RO5) (10), thus, they have in fact a closer resemblance to the regular drug profile than iPPIs
(chapter 4). Block et al (11) presented a comparison between sPPIs and enzyme binding
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pockets. In agreement with our study, the analysis revealed similarities between the main
descriptors such as distribution of hydrophobicity, burial of atoms that form pockets, and
volume of the binding pockets (11). Our results might facilitate future design of this type of
modulators in drug discovery projects. Lessons learned from iPPIs studies showed that the
first rationalization of chemical space might boost the design of new compounds (3), which
might result in more specific, target-based, chemical space analysis. Thus, future detailed
analysis of sPPIs targets is strongly suggested. Additionally, the cross-analysis between
compounds and binding pockets as classified in our previous study (chapter 3) is
recommended. Moreover, prospect analysis might assist in the design of sPPIs according to
the binding place of a compound and the architecture of PPI-target protein complexes.
III. Design of CD40-TRAF6 inhibitors
TRAF6 is a member of the TNF receptor associated factor protein family. It mediates signal
transduction from members of the TNF receptor superfamily and the Toll/IL-1 family (12).
Moreover, it elicits a signal from diverse receptors such as CD40, RANK, TNFSF/RANCE,
and IL-1. TRAF6 also interacts with various proteins from the IRAK family such as
IRAK1, 2, M and 4 that link distinct signalling pathways (13–16). TRAF6 interacts with the
transforming growth factor (TGF) beta receptor complex that is required for the Smadindependent activation of c-Jun N-terminal kinases (JNKs) and p38 mitogen-activated
protein kinases (17). Additionally, TRAF6 influence ubiquitin activity by their interaction
with ubiquitin conjugating enzymes. These enzymes catalyse the formation of polyubiquitin
chains that are required in the activation process of IKK in the NF-kB signalling pathway (7).
TRAF6 is unique amongst other TRAF family members. It shares the least sequence similarity
in the conserved domain of TRAF members, the so-called C-domain (8). Subsequently,
TRAF6 recognizes the X-X-P-X-E-X-Ar/Ac (the last residue stands for aromatic or acidic)
peptide binding motive (18) whereas TRAF2, 3, 5 recognize the P/S/A/T-X-Q/E-E peptide
binding motive (9–13). These structural differences are reflected in the functions of the TRAF
protein family members; with only TRAF6 being a signal transducer for the TLR/IL-1R
superfamily (1). Thus, TRAF6 is a hub protein and constitutes an important target for a variety
of diseases. The aforementioned structural differences provide the basis for the design of
TRAF6 specific inhibitors. However, the only TRAF6 inhibitor present to date is a peptide
that is specific for the C-domain. It was shown to inhibit the TRAF6-RANK interaction by
binding to the TRAF6 C-domain, resulting in inhibition of the NF-kB signalling pathway
(14). Nevertheless, this peptide does not have drug-like properties, thus, it cannot be used as
therapeutical agent. To date, there was no small molecule inhibitors of TRAF6 reported.
We used a drug discovery pipeline to discover inhibitors of the TRAF6-CD40 interaction. It
resulted in seven compounds that were tested in an in vitro assay; their corresponding IC50
was in the range of 0.1-16 µM. Subsequently, these compounds were tested in in vivo models
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of (chronic) inflammatory diseases, such as sepsis, atherosclerosis and diet-induced obesity.
Due to limitations in time and costs, we choose only two compounds for long term in vivo
testing. Typically, IC50 values can be used to guide the selection of compounds that proceed to
the next step in a drug discovery pipeline. However, we used a peritonitis experiment, which
is a short-term model of acute inflammation. The read out of this model allowed us to
prioritize compounds according to the whole organism screening assay. The advantage of this
assay is that it allows for testing both drug toxicity and the in vivo effect at the same time,
while a first and crude insight on the in vivo side effects and toxicological profile of a compound
is obtained. At this stage of our research, we omitted chemical optimization of the compounds,
which could further increase their potency. Thus, currently, our compounds serve rather as
a chemical probe (15) and the compounds were used to explore their effects in other (chronic)
inflammatory diseases, such as diet-induced obesity, atherosclerosis, and multiple sclerosis.
However, in order to further proceed with these compounds in the drug discovery pipeline,
chemical optimization is inevitable.
We started chemical optimization by changing the linker that connects the substitution group
in the compounds and that may have undesired properties. We sampled the activity landscape
by designing new compounds with different substitution groups and by analysing their
structure-activity relationship. However, further optimization that would search for activity
cliffs and would guide the discovery of compounds with improved potency still requires
additional attention. One of the strategies to optimise compounds might be by structural
analysis of the TRAF6 C-domain in complex with the compound by NMR or X-ray
crystallography. Such experimental technique could verify our predicted binding mode, and
subsequently guide further optimization. The bottleneck of this method is the availability of
a high yield of pure protein. We proceeded with the production and purification of the TRAF6
C-domain; however problems with protein solubility stopped us from obtaining a sufficient
yield. Currently, we use alternative protein expression of the TRAF6 C-domain to produce
sufficient material for experimental structural studies.
IV. Protective role of CD40-TRAF2 interaction in diet-induced obesity
Obesity is defined as a body mass index > 30 kg/m2. For a long time, it was considered to be
a passive accumulation of fat. However, in recently, it became clear that obesity is not only an
accumulation of fat tissue, but at the same time is a chronic, low-grade inflammatory disease
of adipose tissue (16). Recent studies showed that CD40 is expressed on human adipose
tissue, thus it is associated with inflammation of this tissue and with diet-induced obesity (17,
18). It was revealed that CD40-CD40L plays an important role in the inflammation of adipose
tissue (19). However, further studies showed a contradictory role for CD40L-CD40L
interaction in a diet-induced obesity model (20). To unravel these contradicting results, we
investigated pathways further downstream of the CD40 signalling. CD40 lacks intrinsic
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activity and in order to become active it needs to recruit adaptor proteins from the TRAF
family, TRAF2, 3, 5 and 6. TRAF2, 3, 5 and TRAF6 bind to different binding sites of the
intracellular part of CD40 and are further involved in several different signalling pathways.
We used a diet-induced obesity model of mice with a CD40-TRAF2, 3, 5 or CD40-TRAF6
interaction deficiency. Mice with a CD40-TRAF2, 3, 5 deficiencies showed aggravation of
adipose tissue inflammation, insulin resistance, and hepatosteatosis, whereas the CD40TRAF6 interaction deficiency seemed to protect the mice against obesity induced aberrations
(21). Thus, activation of CD40-TRAF2, 3, 5 or inhibition of CD40-TRAF6 interaction might
play a therapeutical role. One of the therapeutical strategies is inhibition of the CD40-TRAF6
interaction. A second strategy is activation of the CD40-TRAF2, 3, 5 interactions. The first
strategy was investigated in our study and is not within the scope of this part of the discussion.
Here, we would like to focus on the second strategy. There are several different ways of
activating signalling pathways. One of the ways to activate signal transduction is by stabilizing
its protein–protein interactions (PPIs). Stabilization of PPIs can lead to inhibition or activation
of biological processes (4). TRAF2, present as a trimer, activates CD40 signalling, thus we
hypothesized that stabilization of TRAF2 trimer will increase the interaction with CD40, and
activate this signalling pathway. Therefore, it will induce a protective role in the diet-induced
obesity. For this reason, we analysed this complex according to the decision tree presented in
chapter 3. We found a druggable pocket located at the interface of the two monomers and we
performed a virtual ligand screening campaign. Currently, we are evaluating in vitro data
which will identify hit compounds. However, this investigation is still being performed, and
is out of the scope of this thesis.
V. Small molecule CD40-TRAF6 inhibitors as a new therapy for (chronic) inflammatory
diseases
Our CD40-TRAF6 inhibitors served as a chemical probe to evaluate their therapeutical
potential in several (chronic) inflammatory diseases. In a polymicrobial sepsis model, CD40TRAF6 inhibitors increased the survival rate by 150 % and 200 %, respectively, thus protected
against death from sepsis (chapter 5). In atherosclerosis, our inhibitors reduced initial
atherosclerotic plaque area per aortic arch by 47 % and 67 % compared to vehicle-treated
mice. Treatment with either of the two compounds, thus, prevents the progression of
atherosclerosis in mice. Additionally, it induces a favourable atherosclerotic plaque phenotype
that is low in inflammation. Our inhibitors reduced initial atherosclerotic plaque by hampering
chemokine-mediated leukocyte recruitment to the arterial wall, and inhibiting cytokine
production (chapter 6). The influence of our compounds on advanced atherosclerosis remains
undetermined; however, currently it is under investigation. In the diet-induced obesity model,
our inhibitors improved metabolic complications by reduction of insulin sensitivity,
hepatosteatosis, and adipose tissue inflammation, as compared to vehicle treated mice
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(chapter 7).
The challenge in treatment of chronic inflammatory diseases is to combine long-lasting
effective treatment in the absence of side effects. Chronic inflammatory diseases demand
long-lasting treatment. Even the most specific therapies might influence the entire host
defence system that is crucial for survival. Thus, special caution has to be taken in the design
of this type of drugs with respect to their safety. One of the strategies to address this issue is to
use long-lasting treatment only to a selected group of patients, such as patients without an
already compromised immune system by e.g. tumour surveillance. Another strategy is a celltype specific targeting. Currently, we investigate nanoparticle delivery systems; our inhibitors
are encapsulated in reconstituted high-density lipoprotein nanoparticles (rHDL) and used for
the treatment of atherosclerosis in in vivo model.
We designed compounds that would selectively inhibit the CD40-TRAF6 interaction. Their
functional specificity was confirmed in diet-induced obesity mice model. Additionally, a six
weeks compound treatment did not show signs of toxic, immunosuppressive, or any other
side-effects (chapter 7). However, our compounds showed very high efficacy with relatively
low IC50 values obtained in in vitro cell-based assays. At this stage of the research we cannot
exclude a polypharmacological effect of our inhibitors. Importantly, use of compounds
interacting with multiple targets instead of one target, has several advantages as long as this
use does not cause side-effects (19). Thus, possible a polypharmacology effect of our inhibitors
does not exclude them from further steps in the drug discovery pipeline.
Our inhibitors have already been tested in several (chronic) inflammatory diseases; Multiple
sclerosis (MS) is an inflammatory disease of the central nervous system (20). It is known that
CD40-CD40L plays a role in promoting MS development (21). However, the role of CD40TRAF6 interaction is not yet established. We tested our inhibitors in a human brain endothelial
cell line. CD40-TRAF6 inhibitors reduced both monocyte migration in a brain endothelium
cell line and migration across the brain endothelium cell line. Further in vivo analysis is under
investigation. Thus, our inhibitors might serve as a research tool to investigate therapeutical
potential of CD40-TRAF6 interaction in other (chronic) inflammatory diseases. Considering
that TRAF6 is overexpressed in lung (22) and pancreatic cancer (23), and plays important
roles in other inflammatory diseases such as rheumatoid arthritis (24), psoriasis (25), and
inflammatory bowel disease (26), and other diseases such as osteoporosis (27), we conclude
that the therapeutical potential of our inhibitors is immense.
Overall conclusions
This thesis demonstrates modulation of PPIs through either stabilization or inhibition. We
focus on CD40-TRAF6 interaction in (chronic) inflammatory diseases.
The first part of this thesis evaluates stabilization of PPIs that might facilitate rational design
of sPPIs. We present a classification scheme for sPPIs and a decision tree that may help
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rationalize the design of new stabilizers. Our research revealed significant differences with
respect to physico-chemical properties (e.g. modest size and hydrophobicity) between sPPIs
and iPPIs. We established that small molecule sPPIs tend to be more similar to conventional
drugs than iPPIs.
The second part of this thesis assesses inhibition of PPIs. We show a drug discovery pipeline
of anti-inflammatory inhibitors. We designed small molecule inhibitors that bind to the
TRAF6 C-domain and are able to disrupt the CD40-TRAF6 interaction. Our inhibitors can
reduce inflammation in (chronic) inflammatory diseases such as sepsis, atherosclerosis, and
diet-induced obesity. Additionally, our inhibitors revealed that blockade of the CD40-TRAF6
interaction improves insulin resistance and hepatic steatosis in diet-induced obesity, whereas
CD40-TRAF2, 3, 5 interactions impair metabolic complications of diet-induced obesity.
CD40-TRAF6 inhibitors thus show good therapeutical potential; however, before entering
any pre-clinical study, further optimization is likely desirable.

174

General discussion

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

Milroy L-G, Grossmann TN, Hennig S, Brunsveld L, Ottmann C. Modulators of protein-protein interactions.
Chem Rev. 2014 May 14;114(9):4695–748.
Giordanetto F, Schäfer A, Ottmann C. Stabilization of protein-protein interactions by small molecules. Drug
Discov Today. 2014 Nov;19(11):1812–21.
Arkin MR, Tang Y, Wells JA. Small-molecule inhibitors of protein-protein interactions: progressing toward the
reality. Chem Biol. 2014 Sep 18;21(9):1102–14.
Bartel M, Schäfer A, Stevers LM, Ottmann C. Small molecules, peptides and natural products: getting a grip on
14-3-3 protein-protein modulation. Future Med Chem. 2014 May;6(8):903–21.
Labbé CM, Laconde G, Kuenemann MA, Villoutreix BO, Sperandio O. iPPI-DB: a manually curated and
interactive database of small non-peptide inhibitors of protein-protein interactions. Drug Discov Today. 2013
Oct;18(19-20):958–68.
Higueruelo AP, Jubb H, Blundell TL. TIMBAL v2: update of a database holding small molecules modulating
protein-protein interactions. Database J Biol Databases Curation. 2013;2013:bat039.
Sperandio O, Reynès CH, Camproux A-C, Villoutreix BO. Rationalizing the chemical space of protein-protein
interaction inhibitors. Drug Discov Today. 2010 Mar;15(5-6):220–9.
Chène P. Drugs targeting protein-protein interactions. ChemMedChem. 2006 Apr;1(4):400–11.
Reynès C, Host H, Camproux A-C, Laconde G, Leroux F, Mazars A, et al. Designing focused chemical libraries
enriched in protein-protein interaction inhibitors using machine-learning methods. PLoS Comput Biol. 2010
Mar;6(3):e1000695.
Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and computational approaches to estimate
solubility and permeability in drug discovery and development settings. Adv Drug Deliv Rev. 2001 Mar 1;46(13):3–26.
Block P, Weskamp N, Wolf A, Klebe G. Strategies to search and design stabilizers of protein-protein interactions:
a feasibility study. Proteins. 2007 Jul 1;68(1):170–86.
Wu H, Arron JR. TRAF6, a molecular bridge spanning adaptive immunity, innate immunity and
osteoimmunology. BioEssays News Rev Mol Cell Dev Biol. 2003 Nov;25(11):1096–105.
Cao Z, Henzel WJ, Gao X. IRAK: a kinase associated with the interleukin-1 receptor. Science. 1996 Feb
23;271(5252):1128–31.
Muzio M, Ni J, Feng P, Dixit VM. IRAK (Pelle) family member IRAK-2 and MyD88 as proximal mediators of
IL-1 signaling. Science. 1997 Nov 28;278(5343):1612–5.
Suzuki N, Suzuki S, Duncan GS, Millar DG, Wada T, Mirtsos C, et al. Severe impairment of interleukin-1 and
Toll-like receptor signalling in mice lacking IRAK-4. Nature. 2002 Apr 18;416(6882):750–6.
Wesche H, Gao X, Li X, Kirschning CJ, Stark GR, Cao Z. IRAK-M is a novel member of the Pelle/interleukin-1
receptor-associated kinase (IRAK) family. J Biol Chem. 1999 Jul 2;274(27):19403–10.
Yamashita M, Fatyol K, Jin C, Wang X, Liu Z, Zhang YE. TRAF6 mediates Smad-independent activation of JNK
and p38 by TGF-beta. Mol Cell. 2008 Sep 26;31(6):918–24.
Ye H, Arron JR, Lamothe B, Cirilli M, Kobayashi T, Shevde NK, et al. Distinct molecular mechanism for
initiating TRAF6 signalling. Nature. 2002 Jul 25;418(6896):443–7.
Anighoro A, Bajorath J, Rastelli G. Polypharmacology: Challenges and Opportunities in Drug Discovery. J Med
Chem. 2014 Oct 9;57(19):7874–87.
Compston A, Coles A. Multiple sclerosis. Lancet. 2008 Oct 25;372(9648):1502–17.
Drescher KM, Zoecklein LJ, Pavelko KD, Rivera-Quinones C, Hollenbaugh D, Rodriguez M. CD40L is critical
for protection from demyelinating disease and development of spontaneous remyelination in a mouse model of
multiple sclerosis. Brain Pathol Zurich Switz. 2000 Jan;10(1):1–15.
Starczynowski DT, Lockwood WW, Deléhouzée S, Chari R, Wegrzyn J, Fuller M, et al. TRAF6 is an amplified
oncogene bridging the RAS and NF-κB pathways in human lung cancer. J Clin Invest. 2011 Oct 3;121(10):4095–
105.
Rong Y, Wang D, Wu W, Jin D, Kuang T, Ni X, et al. TRAF6 is over-expressed in pancreatic cancer and promotes
the tumorigenicity of pancreatic cancer cells. Med Oncol Northwood Lond Engl. 2014 Nov;31(11):260.
Alaaeddine N, Hassan GS, Yacoub D, Mourad W. CD154: an immunoinflammatory mediator in systemic lupus
erythematosus and rheumatoid arthritis. Clin Dev Immunol. 2012;2012:490148.
Ohta Y, Hamada Y. In situ Expression of CD40 and CD40 ligand in psoriasis. Dermatol Basel Switz.
2004;209(1):21–8.
Danese S, Sans M, Fiocchi C. The CD40/CD40L costimulatory pathway in inflammatory bowel disease. Gut.
2004 Jul;53(7):1035–43.
Lomaga MA, Yeh WC, Sarosi I, Duncan GS, Furlonger C, Ho A, et al. TRAF6 deficiency results in osteopetrosis
and defective interleukin-1, CD40, and LPS signaling. Genes Dev. 1999 Apr 15;13(8):1015–24.
175

Chapter 8

References

