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Abstract

Protein-protein interactions (PPIs) that are part of the costimulatory and coinhibitory (immune 

checkpoint) signaling are critical for adequate T cell response and are important therapeutic targets 

for immunomodulation. Biologics targeting them have already achieved considerable clinical 

success in the treatment of autoimmune diseases or transplant recipients (e.g., abatacept, 

belatacept, and belimumab) as well as cancer (e.g., ipilimumab, nivolumab, pembrolizumab, 

atezolizumab, durvalumab, and avelumab). In view of such progress, there have been only 

relatively limited efforts toward developing small-molecule PPI inhibitors (SMPPIIs) targeting 

these cosignaling interactions, possibly because they, as all other PPIs, are difficult to target by 

small molecules and were not considered druggable. Nevertheless, substantial progress has been 

achieved during the last decade. SMPPIIs proving the feasibility of such approaches have been 

identified through various strategies for a number of cosignaling interactions including CD40-

CD40L, OX40-OX40L, BAFFR-BAFF, CD80-CD28, and PD-1-PD-L1s. Here, after an overview 

of the general aspects and challenges of SMPPII-focused drug discovery, we review them briefly 

together with relevant structural, immune-signaling, physicochemical, and medicinal chemistry 

aspects. While so far only a few of these SMPPIIs have shown activity in animal models (DRI-

C21045 for CD40-D40L, KR33426 for BAFFR-BAFF) or reached clinical development (RhuDex 

for CD80-CD28, CA-170 for PD-1-PD-L1), there is proof-of-principle evidence for the feasibility 

of such approaches in immunomodulation. They can result in products that are easier to develop/

manufacture and are less likely to be immunogenic or encounter postmarket safety events than 

corresponding biologics, and, contrary to them, can even become orally bioavailable.
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1. INTRODUCTION

1.1. Challenges Faced by the Current Drug Discovery and Development Paradigm

During the past century, drug discovery and development has underpinned almost all of the 

clinically significant progress that occurred within the medical field. Nevertheless, an 

essentially stagnant number of about 20 new yearly drug approvals in the United States, 

despite steeply increasing research and development (R&D) costs, demonstrates a pressing 

need for innovation [1–6]. One of the most striking observations along these lines is that the 

number of new FDA-approved drugs per each (inflation-adjusted) $1 billion of R&D 

spending in the drug industry has been consistently decreasing being halved approximately 

every nine years since 1950 following a sort of reverse Moore’s law [5]. The original 

“Moore’s law”, formulated in the 1960s by Intel cofounder Gordon Moore [7] and having 

held true for more than 50 years since, states that the number of transistors that can be 

integrated into a microchip, and thus processor speed, doubles about every 1.5 years. There 

are multiple possible reasons for this decrease in drug discovery and development efficiency, 

including an increasing regulatory burden, an unrealistic public expectation of no side 

effects, and many others [5, 8, 9]; here, we will highlight briefly the depletion of effective 

new targets for traditional drug design.

It is estimated that existing small-molecule drugs target only about 1% of the human 

proteome, which, following the completion of the human genome project, turned out to 

contain a rather low number of unique proteins (Figure 1). The number of protein-coding 

genes was originally estimated to be around 25,000 [10], but later lowered to only about 

20,000 [11, 12]. Detailed distribution maps of the human proteome are now available [13, 

14]. In the meantime, analyses of extensive collections of protein structures available in the 

Protein Data Bank (PDB) suggest that only about 10% are “druggable”, in the sense that 

they possess protein folds suitable for interactions with drug-like chemical compounds (i.e., 

possible ligand binding sites). This suggests only about 3,000 druggable human protein 

targets [15–17]. The human “pocketome” is a collection of curated co-crystallized binding 

sites, where each entry describes a druggable site on the protein known to interact with a 

peptide or a small molecule [18]. However, not all druggable proteins represent potential 

drug targets, since only ~10% of all genes seem to modify diseases. Only at the intersection 

of these two subsets (“druggable” and “disease modifying”) do true potential drug targets 

exist, with an estimated 500 to 1,500 members (Figure 1) [15, 16]. Along these lines, a 2012 

review identified 364 successful drug targets, with an additional 286 clinical trial drug 

targets and 1331 research targets [19]. A more recent 2017 review compiled around 550 

human protein targets for small-molecule drugs (up to a total of 670 if including biologics) 

plus another ~180 non-human proteins [20]. Biologics such as antibodies have an advantage 

in that they can interact potently with proteins along a broader surface spectrum and a 

variety of epitopes, not just druggable pockets. Thus, they have been increasingly pursued 

over the last decades. However, biologics usually cannot cross membranes to reach 

intracellular targets, leaving only the estimated <10% of all human proteins that are secreted 

or resident on the cell surface as feasible targets (Figure 1) [15, 17].
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1.2. Protein-Protein Interactions as Drug Targets

Protein-protein interactions (PPIs) represent a large number of promising targets. This 

became quite evident as the advent of modern biotechnology methods allowed biologics to 

enter the scene. However, PPIs are difficult to modulate with small molecules as the 

corresponding interacting surfaces are relatively large and flat, with a tendency to lack deep 

and well-defined pockets that are suitable to bind a ligand with high-affinity. Nevertheless, 

the sheer number of such interactions (interactome), estimated to range in humans from 

~300,000 [21] up to ~650,000 [22], implies that a significant number should still be 

druggable. There is already experimental evidence for about 80,000 PPIs in the human 

protein interactome with a distribution well characterized by a power law (i.e., a few 

proteins that have very high number of interactions and many that have only a few) [23].

Typically, PPIs involve relatively large protein surfaces lacking the well-defined binding 

pockets found in the traditional targets of most currently existing therapeutic drugs. 

Alongside fusion proteins, humanized monoclonal antibodies feature prominently as 

clinically approved PPI inhibitors (PPIIs), and while being serum-stable and target-specific, 

they also exhibit drawbacks inherent to all biologic-based therapies. Their inability to reach 

intracellular targets, propensity for immunogenicity, long elimination half-lives, lack of oral 

bioavailability, product heterogeneity, and possible manufacturing and storage stability 

issues present a set of problems to which development of small-molecule protein-protein 

interaction inhibitors (SMPPIIs) may present a viable solution [17, 24–26]. Notably, post-

market safety events tend to be significantly more frequent among biologics than traditional 

small-molecule drugs [27]. For immunomodulatory biologics, a high incidence of additional 

unwanted adverse reactions, such as cytokine release syndrome, anaphylaxis, 

hypersensitivity, immunogenicity, infections, and malignancy, pose additional problems 

[28]. SMPPIIs can overcome many of these challenges, including that of oral bioavailability, 

while being superior in general cost and ease of manufacturing. These considerations are 

particularly important for prospective preventive therapies intended for those who are likely 

to develop autoimmune diseases. Since about 5% of the US population has an autoimmune 

disease, such as multiple sclerosis (MS), psoriasis, rheumatoid arthritis (RA), systemic lupus 

erythematous (SLE), and type 1 diabetes (T1D) among others [29], and these tend to be 

chronic, this is a significant therapeutic need and a considerable pharmaceutical market. 

Ultimately, prospective preventive therapies can only become successful here if they are 

sufficiently safe and patient-friendly (a) to be administrable in a wide enough population that 

is at elevated risk of developing the disease [30] and (b) to allow the long-term adherence 

and necessary compliance [31, 32]. This requires oral administration, and neither antibodies 

nor peptides are likely to be developable as such. Other alternatives to biologics including 

peptides and, more recently, nucleic acid-based aptamers, have been and are being explored 

as potential PPIIs; however, oral bioavailability is likely to remain a major challenge for 

them as well.

Some PPIs involve large interacting surfaces, such as those between pairs of globular 

proteins (e.g., IL-2R–IL-2) while others involve much smaller interacting surfaces, such as 

those between a globular protein and a single peptide chain (e.g., BCL-XL–BAD); the latter 

being much more susceptible to modulation by SMPPIIs [33, 34]. From a druggability 
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perspective, it is encouraging that a computational analysis attempting to extract so-called 

small-molecule inhibitor starting points (SMISPs) from protein-ligand and protein-protein 

complexes in the Protein Data Bank (PDB) suggested that nearly half of all PPIs may be 

susceptible to small-molecule inhibition [35]. Historically, the success rate for different 

target types has been (in decreasing order): G-protein coupled receptors (GPCRs) (small 

ligands), enzymes (small substrates), ion channels, nuclear receptors, proteases, enzymes 

(large substrates), GPCRs (large ligands), cytotoxic/other, protein kinases, and protein–

protein interactions [36]. From a financial standpoint, it also has to be noted that of the 

approximately 400 known diseases, only about 50 are considered as commercially attractive 

by current standards of viable return on investment (ROI) [36].

2. SMALL-MOLECULE PPI INHIBITORS

In the past couple decades, drug research has shown that small molecules can act as effective 

PPIIs. This is still a relatively novel field, although, progress holds promise. Effective small-

molecule inhibitors have been discovered for a few important PPIs, and there are now >40 

PPIs targeted by small molecules in preclinical development [33, 34, 37–46]. Tirofiban (1; 

Figure 2), a mimetic of the Arg-Gly-Asp tripeptide epitope of fibrinogen that binds to the 

αIIbβ3 integrin approved by the FDA in 2000, and maraviroc (3), an allosteric CCR5-

receptor antagonist approved by the FDA in 2007, can be considered as the earliest examples 

of clinically approved SMPPIIs [47]. However, peptidomimetics targeting PPIs involving 

interactions between one protein and an isolated peptide loop or a strand of the other, which 

are not bona fide broad-surface PPIs and are more susceptible to small-molecule modulation 

[33, 34], are sometimes not considered SMPPIIs in a stricter sense [41]. Lifitegrast (SAR 

1118; 2, Figure 2), a peptidomimetic small molecule LFA-1–ICAM-1 inhibitor developed 

first at Sunesis [48] from a series originating at Genentech [49] and later clinically by 

SARcode/Shire has also been approved by the FDA in 2016 for the treatment of dry eye 

[34]. Venetoclax (ABT-199; 4, Figure 2), part of a small-molecule series designed to target 

PPIs in the B cell lymphoma 2 (Bcl-2) family [50], has received FDA approval in 2015 [51]. 

Intriguingly, some of the data suggest that if the initial hurdles can be overcome, SMPPIIs 

tend to perform quite well in clinical development. Relatively few SMPPIIs have made it to 

clinical trials, but those that did have had a better than average chance of success [52]. For 

example, in phase 1, latest-generation PPIIs at the time of a recent review (those in 

development between 2005 and 2012) had an 82% probability of success, compared to 54% 

for all new molecular entities (NMEs), and in phase 2, their probability of success was 57% 

vs. 34% for all NMEs [52].

In most cases, small-molecule PPI interference is possible due to the presence of PPI “hot 

spots”, which are small areas of the protein-protein interface contributing most of the 

binding energy [53, 54]. Our focus will be solely on PPI inhibitors (antagonists) rather than 

activators (agonists) that stimulate activity or enhance binding, as so far there are only a very 

limited number of identified small-molecule PPI ‘agonists’ (i.e., enhancers or stabilizers) 

[44, 55, 56]. Examples include stabilizers of some of the PPIs in which protein 14-3-3 is 

involved [44, 57–59], a possible small-molecule activator of the tumor necrosis factor 

(TNF)-related apoptosis-inducing ligand (TRAIL) receptor DR5 [60], and others. SMPPIIs 

can act either orthosterically (binding to hot spots on the PPI interface) or allosterically 
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(binding to some other site not involved with direct PPI contact). SMPPII databases such as 

TIMBAL [61], 2P2I [62], or iPPI-DB [63] now contain 3D structures for more than 30 

protein-protein complexes and several hundreds of protein-inhibitor complexes. With these 

developments, computationally enriched library selection is possible, and this has been 

shown to accelerate hit discovery [64]. Here, after briefly reviewing some representative 

examples and general physicochemical aspects relevant to the feasibility of PPIIs and their 

translatability to clinical applications in the interest of general context, we will focus on 

small-molecule inhibitors of cosignaling PPIs.

2.1. Illustrative Examples

Detailed reviews of SMPPIIs can be found in [33, 34, 37–46] and references therein. Here, 

we will only list briefly a few selected examples (Figure 2) grouped according to whether 

their target PPIs are extracellular or intracellular to highlight the major successes and the 

relevant concepts.

2.1.1. Extracellular PPIs

2.1.1.1. Integrins: Integrins were one of the very first successful SMPPIIs targets [40]. They 

are transmembrane proteins involved in cellular adhesion, migration, and signaling. Mimicry 

of the RGD (Arg-Gly-Asp) motif, a hot spot epitope involved in integrin binding, produced 

one of the first SMPPIIs and guided further development efforts for this protein family and 

other PPIs [40, 65]. Targeting of the αIIbβ3 receptor led to two molecules that achieved 

clinical approval for use in preventing platelet aggregation: epifibatide, which retains 

substantial peptide character, and tirofiban (Aggrastat, 2000) (1, Figure 2) [34, 40]. Later, 

lifitegrast (2, Figure 2), a peptidomimetic LFA-1–ICAM-1 inhibitor [48, 49] was approved 

for the treatment of dry eye (Xiidra, 2016).

2.1.1.2. CCR5–gp-120: This is a target to block HIV-1 entry into immune cells expressing 

the CD4 receptors (e.g., T cells, macrophages). HIV-1 infection of CD4-expressing cells is 

predicated on binding chemokine co-receptors, such as CCR5 or CXCR4, to induce 

membrane fusion of the virus and the host cell. The glycoprotein gp-120 acts as a 

chemokine mimic, and blockade of the CCR5–gp-120 interaction effectively prevents certain 

HIV strains from entering the cell [66]. Maraviroc (3, Figure 2), was identified as an 

allosteric CCR5-receptor antagonist that binds to the chemokine CCR5 receptor and blocks 

the binding of viral gp-120 [66]; hence, even if not a direct PPI inhibitor, it can be 

considered a SMPPII. It was approved by the FDA as an antiretroviral (Selzentry, 2007).

2.1.1.3. IL-2R–IL-2: Interleukin-2 is a soluble cytokine that potently activates T cells 

through its heterotrimeric receptor IL-2R; hence, this PPI is a therapeutic target for 

immunosuppression. Antibodies inhibiting this interaction (basiliximab, daclizumab) have 

shown clinical success. Shape and charge mimicry of the IL-2–binding epitope on IL-2R 

produced a high-affinity (~60 nM) orthosteric SMPPII, SP4206, and an alanine scan of IL-2 

revealed a near identical hot-spot binding map for both [39, 67].

2.1.1.4. uPAR–uPA: The binding of urokinase-type plasminogen activator (uPA) to the cell-

surface anchored urokinase receptor (uPAR) triggers a proteolytic cascade that promotes 
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extracellular matrix degradation and integrin signaling. uPAR-targeted SMPPIIs (e.g., 

IPR-456) block this interaction (with relatively low, micromolar potency) reducing breast 

tumor cell invasiveness [68]. Another class of uPAR–uPA orthosteric SMPPIIs were shown 

to also diminish the cooperative vitronectin binding that mediates integrin contact [69].

2.1.2. Intracellular PPIs—The inhibition of intracellular PPIs is even more challenging 

than that of extracellular PPIs because the inhibitors have to be able to cross the cell 

membrane to reach their targets, which limits their physicochemical properties. For example, 

a potential SMPPI of the JNK-1–JIP-1 interaction turned out to be not cell-permeable, and 

its biological activity could not be evaluated [70]. On the other hand, small-molecule 

inhibitors are of particular interest for intracellular targets since antibodies generally cannot 

reach intracellular targets (Figure 1) [17]. Hence, the search for potential SMPPIIs is even 

more intense here, and several promising examples have been identified. Some that are in 

the most advanced development phase include:

2.1.2.1. Bcl-2/Bcl-XL–BAK/BAD: Members of the B cell lymphoma 2 (Bcl-2) family play 

important roles in mediating apoptosis, and several high affinity SMPPIIs have been 

identified for these PPIs. Venetoclax (ABT-199; 4, Figure 2), part of a small-molecule series 

designed at Abbott [50], which included ABT-737 and navitoclax (ABT-263), is now 

approved for the treatment of chronic lymphocytic leukemia (CLL) (Venclexta, 2015) [51].

2.1.2.2. MDM2–p53: In response to cellular stress and damage, transcription factor p53 

arrests the cell cycle for DNA repair or promotes apoptosis. The p53 of undamaged cells is 

constitutively ubiquitinated and marked for proteasomal degradation via binding to the E3 

ligase mouse double minute 2 homolog (MDM2, also called HDM2) [71]. Inhibition of this 

interaction could restore p53 function in cancerous cells leading to their growth arrest and 

apoptosis. Several SMPPIs have been developed for this PPI [72]. Nutlin-3 [73] and 

idasanutlin (5, Figure 2), one of its backup compound developed at Roche [74], have 

reached advanced clinical trials [34, 43]. JNJ-26854165 is another SMPPII that reached 

clinical development as an MDM2 ubiquitin ligase antagonist intended for oral 

administration [72]. A detailed review of small-molecule MDM2–p53 inhibitors in clinical 

development can be found in [75].

2.1.2.3. GPCR signaling components: Since GPCRs are a major target of many successful 

drugs, there has been considerable interest in modulating signaling that lies downstream of 

these receptors via the inhibition of either G-protein–effector or G-protein–regulator PPIs 

[76]. Several SMPPIIs have been identified and some promising results have been achieved, 

for example, for the inhibition of the binding of the Gβγ subunit to downstream effectors 

with M119 [76–79] and for that of the RGS (regulators of G-protein signaling) to the Gα 
subunit with CCG-4986 [80], CCG-63802 [81], CCG-50014 [82], CCG-203769 [83], and 

others [84]. Most of these turned out to be covalent binders, although with some selectivity 

[85–87].
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2.2. SMPPII-Related General Physicochemical Considerations

2.2.1. Molecular size—The half-maximal (or median) effective dose (ED50), the half-

maximal inhibitory concentration (IC50), or the related dissociation constant (Kd) are useful 

and typically used measures to quantitatively characterize the affinity and/or activity of 

therapeutic agents toward their targets on a molar scale. Existing small-molecule drugs 

average a value of around 20 nM, and it is generally desirable to have sub-micromolar (<1 

μM) potency for lead compounds [88]. It is no coincidence that traditional drug targets, such 

as GPCRs, ion channels, or enzymes, have well-defined cavities or clefts for binding their 

natural ligand. Their relatively small volume allows ligands to focus multiple interactions 

(ionic, polar, hydrogen bond, and others) achieving a good enough ligand efficiency (binding 

energy per unit size, see below) [89]. The existence of such binding pockets also makes 

these targets more amenable to therapeutic modulation as well-fitting small-molecules can 

utilize the same binding strategy as the natural ligand(s) to effectively and selectively replace 

or displace them while still retaining favorable physicochemical properties. PPIs, on the 

other hand, tend to occur over a larger area and lack features that allow this kind of focused 

binding interactions. Since pockets suitable for small-molecule binding on protein-protein 

interfaces are generally smaller than those of traditional protein-ligand interactions, 

SMPPIIs must interfere with more than one such pocket to achieve adequate binding energy. 

According to one analysis, most existing clinically approved drugs target a single pocket 

occupying a volume that averages 271 Å3, whereas PPIIs target from 3 to 5 pockets with an 

average occupied volume of 100 Å3 [47]. As maximum binding energy is limited by pocket 

size, PPIIs must reach an appropriate number of binding pockets to achieve nanomolar 

potency [90]. Thus, SMPPIIs tend to be larger molecules, which can be undesirable in terms 

of ADME (absorption, distribution, metabolism, excretion) properties (e.g., decreased 

likelihood of oral bioavailability with MW > 500). In fact, SMPPIIs show a tendency toward 

larger molecular sizes when compared to existing drugs, such as receptor ligands, enzyme 

inhibitors, or ion channel modulators [91].

Screening out compounds with undesirable properties that break Lipinski’s “rule-of-five” 

[92] had been accepted practice for the past two decades, and the relatively large molecular 

sizes of SMPPIIs tend to result in molecular properties that fall outside of the acceptable 

criteria, i.e., high molecular weight (MW > 500), high number of hydrogen bond donors 

(HBD > 5) or acceptors (HBA > 10), and high lipophilicity (CLOGP > 5). Consequently, 

their size is also likely to be detrimental to ease of formulation, oral bioavailability, and 

membrane permeability. Nevertheless, an increasing number of new drugs have been 

launched recently that significantly violate these empirical rules proving that oral 

bioavailability is achievable even in the “beyond rule of five” chemical space [93].

2.2.2. Ligand efficiency—Ligand efficiency (LE) characterizes binding as a function of 

ligand size by normalizing binding energy to ligand size. LE is defined as binding energy 

per unit size, typically, the binding free energy (ΔG = –RTlnKd) per non-hydrogen atom, LE 

= ΔG0/N [89]. This metric is well-suited to characterize optimized ligand structures for any 

given target and can give an informative assessment of differences within ligand classes or 

binding sites. Typical protein–ligand interactions average LEs around 1.5 kJ/atom [39, 89, 

90, 94, 95]; whereas, the most potent PPI-targeted small molecules or fragments average 
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only around 1.0 kJ/atom [39, 42, 89, 90, 94–96]. Considering the definition of LE, a value of 

1.5 kJ/atom means that the addition of one non-hydrogen atom has to be accompanied by an 

approximately two-fold increase in affinity to maintain the same LE [42, 90].

Given that SMPPIIs likely bind shallow pockets on the surface of their target protein, they 

can exhibit binding interactions only along part of their surface and are thus less efficient 

than drugs fully buried in traditional binding pockets. Therefore, larger structures are 

required to achieve the desired (i.e., nanomolar) affinities. To reach the average affinity of 

current small molecule drugs (Kd ≈ 20 nM [88]) with a LE of only ~1 kJ/atom, a SMPPII 

structure would need to have more than 45 non-hydrogen atoms, which puts it around the 

upper limit of drug-like compounds, as defined by rule-of-five type criteria. The sizes of 

SMPPIIs such as venetoclax (4; 868 Da), lifitegrast (2; 615 Da), and idasanutlin (5; 616 Da) 

(Figure 2), nicely illustrate this point as they are already above the rule-of-five limits 

discussed earlier, while still avoiding very large molecular sizes that would hinder their 

ADME characteristics.

2.2.3. Chemical space—There are not yet enough adequately potent and successful 

SMPPIIs to more definitively characterize their chemical space. As many examples illustrate 

already, PPI inhibition is achievable without blatant structural mimicry of proteins. However, 

it is also evident that the chemical space of these SMPPIIs lacks significant overlap with 

those of current drugs. From out of close to 5,000 compounds in the DrugBank small set, 

only seven showed structural similarity with one of 66 SMPPIIs analyzed in a 2010 study 

[97]. Aside from a larger molecular size, SMPPIIs tend to be more hydrophobic and contain 

more rigid aromatic scaffolds than existing drug structures. As a number of studies 

corroborated discrepant structural profiles between typical screening libraries and SMPPIIs 

[91, 97, 98], commonly utilized high-throughput screening (HTS) chemical libraries that 

give preference to “drug-like” criteria are not the best places to look for potential SMPPIIs. 

This may explain the failure of some early HTS efforts to find promising SMPPIIs. 

However, increasing SMPPII structural data has made it possible to perform computationally 

enriched library selection, which has been shown to accelerate hit discovery [64], and there 

are now PPII-focused screening libraries [99, 100]. Natural products and structures inspired 

by them could also provide additional diversity, since their chemical space is different from 

those of synthetic drugs and drug-like chemical libraries [101].

The need for alternative chemical spaces becomes even more apparent when considering that 

existing drugs exhibit relatively low structural diversity [102–105] and that bioactive 

molecules feature a relatively limited number of unique ring types [104]. An analysis of the 

basic ring-structure framework of existing drugs revealed surprisingly low diversity: half of 

the drugs had shapes described by only 32 of the 1179 possible frameworks [102]. Even the 

diversity that side chains provide to drug molecules is quite low with the average number of 

side chains per molecule being four, and the average number of heavy atoms per side chain 

being two [103]. In fact, this seems to be true for existing organic chemical compounds in 

general: an analysis of the molecular framework data from more than 24 million organic 

compounds in the CAS Registry found that half can be described by only 143 framework 

shapes [106]. The framework distribution conformed well to a power law with a rapidly 

decreasing probability of occurrence suggesting that the exploration of the chemical space is 
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governed by a “rich get richer” type process, whereby the more often a framework has been 

used in the past, the more likely chemists are to use it to design and synthesize new 

compounds [106].

Regardless, some structural elements do exhibit good protein-binding, and privileged 

chemical spaces can be ascertained from frequent appearance among good protein binders, 

for example, biphenyl scaffolds or carboxyl moieties [107]. A number of studies suggested 

various scaffolds, many of them based on flat aromatic structures, as appropriate for design 

of effective SMPPIIs [108–110]. Notably, along these lines, we have identified certain 

xanthene-based organic dyes, such as erythrosine B and rose bengal, as the first promiscuous 

SMPPIIs [111, 112]. While their inhibitory mechanism is not entirely clear, it might be 

related to their rigid flat structures, since planar or partially planar aromatic and hydrophobic 

residues are over-represented at PPI interfaces [113], and they may make the binding of such 

structures here particularly likely.

3. SMALL-MOLECULE INHIBITORS FOR COSTIMULATORY AND 

COINHIBITORY PPIS

3.1. Costimulatory and Coinhibitory Signaling in Immune Responses

The status of immune responses is determined by costimulatory and coinhibitory signaling 

(cosignaling). T cell activation requires a primary signal in the form of an engagement of its 

T cell receptor (TCR) by the major histocompatibility complex (MHC) – peptide system of 

antigen-presenting cells (APCs). A secondary signal is provided by cosignaling protein 

molecules binding to their counterparts within this immunosynapse (Figure 3). In the 

absence of a secondary signal, T cells will not proliferate or differentiate into effector cells. 

While the underlying mechanisms are not yet fully elucidated, the two signal concept of T-

cell activation has been around for a long time [114, 115], and it is also generally accepted 

that antigen recognition in the absence of costimulation alters the immune response and may 

ultimately lead to tolerance [116, 117]. Thus, the inhibition of costimulatory interactions can 

provide activation- and antigen-specific therapies for transplant recipients and autoimmune 

diseases that might avoid the broad and nonspecific immunosuppression caused by all 

existing immunosuppressive agents [118–125]. Conversely, coinhibitory (immune 

checkpoints) proteins contact their counterparts and promote attenuation of immune 

activation by T cell apoptosis, anergy, or functional exhaustion. As a therapeutic strategy, the 

inhibition of such coinhibitory interactions can be used to counteract the immunosuppressive 

properties of various cancer cells and boost intrinsic T cell surveillance or engineered anti-

cancer activity (CAR-T).

Cosignaling proteins are distinguished by their general structural features and fall into two 

main classes: the tumor necrosis factor superfamily (TNFSF; e.g., CD40–CD40L, OX40–

OX40L, and 4-1BB–4-1BB-L) and the immunoglobulin-like superfamily (IgSF; e.g., CD28–

CD80/86, ICOS–ICOS-L, and PD-1–PD-L1) (Figure 3, Figure 4) [122]. There are now >25 

IgSF as well as TNFRSF cosignaling molecules shown to be expressed on T cells; hence, a 

large number of possible therapeutic targets for immunomodulation [126]. TNFSF proteins 

are prominent members of the costimulatory repertoire, and feature >20 ligands and ≥30 
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receptors, involved in limited cross-talk, with each ligand engaging from one to five 

receptors [124, 127–132]. The importance of this superfamily is illustrated by the fact that 

there are modulatory biologics in clinical development targeting essentially all of its 

members. In fact, the development of biologics (both antibodies and fusion proteins) 

inhibiting the binding of TNF to one of its receptors resulted in five FDA-approved anti-TNF 

biologics (e.g., etanercept, infliximab, adalimumab), and this is one of the relatively few 

recent immunopharmacology and rational drug design success stories [132, 133].

3.2. CD40–CD40L

The CD40 (TNFRSF5) – CD40L (CD154, TNFSF5) interaction is one of the most 

extensively studied among the TNFSF members, and they were, in fact, the first TNFSF 

costimulatory molecules identified [122]. CD40 (~48 kDa) is a type I transmembrane 

glycoprotein expressed constitutively on antigen-presenting cells (APCs; macrophages, 

dendritic cells, and B cells) and on certain non-immune cell types [134]. CD40L (~30 kDa) 

is a type II transmembrane protein that can exist in both membrane-bound and soluble (~18 

kDa) form [135, 136]. Membrane-bound CD40L is found on mast cells, natural killer (NK) 

cells, macrophages, T cells, B cells, endothelial cells, vascular smooth muscle cells 

(VSMCs), and activated platelets, while soluble CD40L is derived mostly from platelet 

stores [137]. The broad expression of this PPI pair indicates its prominent role in various 

physiological processes. Its aberrant signaling is associated with pathologies, such as 

autoimmune thyroiditis, inflammatory bowel disease (IBD), MS, psoriasis, RA, SLE [123], 

cardiovascular disease [138], and possibly even obesity related insulin resistance [139–141]. 

Recent studies indicate that the CD40–CD40L interaction also plays an important role in 

glucolipotoxicity-induced β-cell death [142]. The therapeutic effects of inhibiting the 

CD40–CD40L interaction are largely due to suppression of B- and T cell-mediated 

inflammation and autoimmunity. An increasing number of studies confirmed a multitude of 

interactions between CD40 and CD40L on a wide variety of immune cell types as well as 

the critical role of this pathway in generating both humoral and cell-mediated alloreactive 

responses [143]. Furthermore, there is mounting evidence that CD40 could be a biomarker 

for auto-aggressive T cells and plays particularly important roles in autoimmune diseases 

such as MS (EAE) and T1D [125, 144, 145].

3.2.1. Structure and signaling—CD40L is fairly conserved across species; e.g., ~78% 

amino acid (AA) sequence similarity between human and mouse. However, like TNFSF 

ligands in general, it shares little sequence similarity with other TNFSF members (20–30%) 

[129]. Crystal structure studies show that the CD40L homotrimer has a truncated pyramid-

like shape whose monomers are comprised of sandwiched anti-parallel β-sheets arranged in 

a Greek key topology (Figure 4). The interface between the trimer subunits is formed mainly 

by aromatic and hydrophobic residues. Mutations on CD40L that cause hyper-IgM 

syndrome, a condition marked by the inability of CD40L to properly engage CD40, have 

been mapped to its trimerization interface, the protein core, and the area contacting CD40 

directly [146, 147]. The extracellular portion of CD40 is an elongated ladder-like structure 

comprised of three cysteine-rich domains (CRDs), all of which participate in binding 

CD40L along the crevice formed by two CD40L subunits. The CD40–CD40L binding 

interface itself contains a mixture of both hydrophilic and hydrophobic residues. Upon 
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binding, two CD40L subunits interact with the extracellular domain of one CD40 subunit 

with most of the binding energy coming from hydrophilic and ionic interactions [148]. The 

CD40 contact area is dominated by interactions with its CRD2 and is twice the size on one 

CD40L subunit than the other [148]. A surface-distorting Ser132 point mutation on CD40L 

did not affect its binding affinity to CD40; however, it did significantly reduce ERK and p38 

signaling without affecting JNK signaling. This showed that CD40L-induced CD40 

trimerization was insufficient for full activation of its downstream effects, and a proper 

spatial orientation was also necessary.

Engagement by the CD40L trimer induces clustering of the CD40 protein and promotes the 

binding of adapter proteins called TNFR-associated factors (TRAFs) to its cytoplasmic 

domain. Ceramide enrichment of the cell-membrane further plays a critical role in the 

stabilization of these clusters on either end of the immunosynapse contact. The context-

specific combination of CD40-bound TRAFs determines the utilized signaling pathway and 

its functional outcome. These include: mitogen-activated protein kinase (MAPK), 

extracellular signal-regulated kinase (ERK), NF-κB nuclear factor-κB (NF-κB), stress 

activated protein kinase (SAPK), and signal transducers and activators of transcription 

(STAT) [130, 149, 150]. Additionally, JAK3 can associate with CD40 directly and deliver 

anti-apoptotic signals via PI3K and STAT2 in B cells [151–153]. Besides CD40, CD40L can 

also bind to integrins, such as αIIbβ3 and Mac-1 (αMβ2), and mediate different inflammatory 

pathologies [154, 155].

3.2.2. Biologics—Identified as the first TNFSF costimulatory proteins, CD40L and CD40 

are implicated in a myriad of immune-related pathological conditions, and have since 

become high profile targets [122, 143]. Blockade of this PPI has been confirmed as a potent 

immunomodulatory therapy, and a number of biologics have reached clinical development 

[124, 150, 156–158]: an anti-CD40 antagonist bleselumab (ASKP1240/4D11) for focal 

segmental glomerulosclerosis in kidney transplants and psoriasis [159, 160], a depleting 

anti-CD40 antagonist lucatumumab (HCD122) for Hodgkins and non-Hodgkins lymphoma 

[161] as well as a depleting anti-CD40 agonist dacetuzumab (SGN 40) for chronic 

lymphocytic leukemia and non-Hodgkin’s lymphoma [162, 163], a depleting anti-CD40 

agonist Chi Lob 7/4 for non-Hodgkin’s lymphoma [164], and an anti-CD40 agonist 

CP-870893 for melanoma and pancreatic cancer [124, 165–168]. Efforts to target CD40L 

have been met with setbacks, as promising clinical trials of a humanized anti-CD40L 

antibody ruplizumab (hu5c8) had to be halted due to thromboembolic adverse effects [169–

173]. The antibody was found not to activate CD40L-expressing platelets on its own, but 

rather as an immunocomplex whose platelet-aggregating effect was primarily driven by its 

Fc region via an FcyRIIa-dependent mechanism [174]. Identification of the mechanism 

causing the thromboembolic side effects has led to a resurgence of interest in CD40–CD40L 

blockade [143]. Along these lines, recently developed so-called Fc-silent domain antibodies 

(dAbs) that do not bind to FcgRIIa, including letolizumab and dapirolizumab pegol, were 

found to retain immunomodulatory activity, but do not activate platelets [175, 176]. 

Letolizumab (BMS-986004) is being developed by Bristol-Myers Squibb for the treatment 

of immune thrombocytopenic purpura. Dapirolizumab pegol (CDP7657) is a PEGylated 
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anti-CD40 antagonist antibody fragment (Fab) developed by UCB Pharma currently in 

clinical trials for SLE [177].

Among possible non-antibody alternatives, a set of CD40 targeted RNA aptamers have been 

explored for the control of B lymphoma and bone-marrow aplasia in mouse models [178]. 

Nucleic acid-based aptamers are being explored as functionally comparable alternatives to 

antibodies that maintain the advantage of strong and specific binding to diverse targets, 

while also offering several further benefits, including smaller physical size, fast and 

inexpensive chemical synthesis, versatile chemical modification, and lack of 

immunogenicity [179–181]. Two sets of peptides have also been explored. A cyclic 

heptapetide (CLPTRHMAC) has been shown to functionally block the CD40–CD40L 

interaction without inducing platelet activation [182]. Another peptide mimicking the 

binding domain of CD40L (VLQWAKKGYYTMKSN, designated as KGYY15 mouse) 

showed some efficiency in preventing and even reversing early onset of T1D in NOD mice 

[183]. Activity was dependent on peptide length with the 15-mer being the most potent. A 

similar human KGYY15 peptide (VLQWAEKGYYTMSNN), which is 87% homologous, 

was also prepared as a first step toward translation to clinical relevance [183]. In our hands, 

this peptide showed only a relatively weak activity in inhibiting human CD40–CD40L 

interaction in a direct ELISA assay (IC50 of ~150 μM) [184].

3.2.3. Small-molecules

3.2.3.1. Organic dyes (naphthalenesulphonic acid derivatives): Suramin was the first 

published small-molecule found to have CD40–CD40L inhibitory activity [185]. Using a 

cell-free direct ELISA assay, we found suramin to be a considerably more potent inhibitor of 

the CD40–CD40L PPI (IC50 = 15 μM) than of the TNFR1–TNF-α PPI (IC50 ≈ 500 μM). Its 

activity has also been confirmed in cell based assay with human B cells and pancreatic islets 

[185]. Using suramin as a structural guide, we have also identified a number of organic dye 

inhibitors with low micromolar activity and acceptable specificity over other TNFSF 

costimulatory PPIs [186–188]. Several of them, such as direct red 80, crocein scarlet 7B (6), 

direct fast red B (7) (Figure 5), and mordant brown 1, concentration-dependently reduced 

CD40L-induced activation in human B and THP-1 cells. Assays aimed at identifying the 

binding-partner of these compounds indicated CD40L and not CD40 as the likely binding 

partner [186, 187]. Molecular docking studies also indicated an allosteric site on the CD40L 

trimer as the likely binding site [189].

3.2.3.2. DRI-C21045 and other novel small-molecules: In general, such organic dye 

compounds, however, cannot be used for clinical applications not only because of their 

strong color, but also because most of them (e.g., azo dyes) are susceptible to quick 

metabolic degradation by intestinal microorganisms and hepatic enzymes [190, 191]. 

Therefore, we developed novel CD40–CD40L SMPPIIs starting from the chemical space of 

these organic dyes, but eliminating the aromatic azo chromophores responsible for their 

vivid color and metabolic susceptibility. We used an iterative design, synthesis, test, and 

redesign approach and were able to identify a set of new compounds such as DRI-C21045 

(8, Figure 5) that showed inhibitory activity (IC50) in the high nanomolar / low micromolar 

range [184]. Activity was confirmed in cell assays, such as the inhibition of CD40L-induced 
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activation in NF-κB sensor cells, THP-1 myeloid cells, and primary human B cells, and it 

was present at concentrations well below genotoxic or cytotoxic levels. More importantly, in 
vivo activity has also been confirmed. DRI-C21045 (30 mg/kg, s.c.) prolonged graft survival 

in a murine allogeneic skin transplant model with statistical significance. It dose-

dependently suppressed alloantigen-induced T cell expansion in a draining lymph node 

experiment – with its highest dose approaching the efficacy of the MR-1 antibody used as 

the positive control [184]. While further optimization might still be required, these 

compounds provide clear proof-of-principle evidence that small molecule modulation of the 

CD40–CD40L costimulatory PPI is feasible with drug-like structures amenable to 

translation toward clinical applications.

These novel compounds such as DRI-C21045 (8) retained the aromatic ring scaffold of the 

original dye compounds, but the chromogenic azo linker groups were replaced with amide 

groups (compare 8 versus 6 and 7; Figure 5). A biphenyl linker markedly improved activity 

over a single ring one, and a naphthalene moiety and polar substitutions on both terminal 

aromatic rings were required to maintain activity [184]. Notably, because of the relatively 

small molecular weight (e.g., 580 Da for DRI-C21045), LE for these compounds is in line 

with most other known SMPPIIs. For the best DRI-C compounds, LE is in the 0.91–0.93 kJ/

atom range, similar to that of typical PPI inhibitors (~1.0 kJ/atom), as discussed above [39, 

42, 96].

3.2.3.3. BIO8898: BIO8898 (9, Figure 5) was identified to bind CD40L by an affinity 

selection-mass spectrometry method at Biogen Idec [192]. It is a large molecule, composed 

of a 4, 4′-bipyridine core and four arms: two 2-(N-pyrrolidinomethyl) pyrrolidine, one 2-

cyclohexyl-2-aminoacetic acid, and one biphenyl arm (Figure 5). It was shown to inhibit the 

binding of mycCD40L to plated CD40-Ig fusion protein with an IC50 of 25 μM, as measured 

by a dissociation-enhanced lanthanide fluorescence immunoassay (DELFIA). Its ability to 

reduce CD40L-induced death in baby hamster kidney (BHK) cells was limited by its 

solubility, but the corresponding IC50 seemed to be within three-fold of the 25 μM value. 

Analysis of the crystal structure of the CD40L–BIO8898 complex revealed that BIO8898 

binds in a deep pocket between two subunits of CD40L and disrupts the three-fold symmetry 

of the CD40L trimer [192], but it does not cause the dissociation of a CD40L monomer. 

Nevertheless, the interjection of BIO8898 is sufficient to negatively impact the CD40–

CD40L binding because high affinity binding of CD40 to CD40L requires a CD40 protein to 

cooperatively contact two sites on adjacent CD40L monomers [192]. Hence, BIO8898 

inhibits binding not by direct (orthosteric) interference at the CD40–CD40L interface, but by 

allosteric disruption of the overall CD40 binding sites on the CD40L trimer. Intriguingly, 

such allosteric binding can actually lead to improved LE for some SMPPIIs. In such cases, 

because the small molecule intercalates between the subunits in a deeper, permanent pocket, 

it can interact with the protein along its entire surface, while at orthosteric sites, it can only 

bind to shallower surface pockets making it more difficult to achieve adequately competitive 

binding affinities.

3.2.3.4. CD40–TRAF6 and CD40 downstream inhibitors: Some small-molecule 

inhibitors of the intracellular CD40–TRAF6 PPI, which is downstream from CD40–CD40L, 
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have been identified via a screening approach of an existing chemical library that started 

with in silico drug docking and optimization [193]. The selected structures such as 10 
(ChemBridge ID 6877002 and the similar 6860766; Figure 5) are relatively small, but very 

hydrophobic (CLOGP of 5.2 for 10) with activities in the micromolar range; e.g., IC50 of 16 

and 50 μM for 10 in inhibiting the CD40-induced expression of IL1β and IL6 in bone 

marrow-derived macrophages [193]. In rodent models, they have been shown to improve 

obesity-associated insulin resistance [139, 141], sepsis [193], and neuroinflammation [194] 

(10 μmol/kg, s.i.d., i.p.).

In a separate study, some small-molecule inhibitors of the CD40-mediated NF-κB signaling 

pathway have been identified through a library screening approach using an NF-κB 

luciferase reporter assay in BL2 cells activated with trimerized CD40 ligand [195]. They 

include molecules such as 11 (NSC204493, PubChem ID 306804) and 12 
(AN-829/40458058, PubChem ID 7309015) that previously were not implicated in 

inflammation, NF-κB signaling, or inflammatory arthritis. These molecules, however, seem 

more likely to be possible downstream regulators rather than direct CD40–CD40L 

inhibitors. Detailed reviews are not included here as they are beyond the scope of the present 

paper focusing on cosignaling PPIs.

3.3. OX40–OX40L

OX40 (CD134, TNFRSF4) and OX40L (CD252, TNFSF4) are inducible costimulatory 

proteins [196–198]; detailed reviews of their critical role in immunity and autoimmunity 

have been published [199, 200]. OX40 (~48 kDa) is a type I transmembrane glycoprotein 

that is upregulated on CD4 and CD8 T cells following activation, while OX40L (~21kDa) is 

a type II transmembrane protein that is similarly upregulated on APCs (DCs, B cells, 

macrophages) and other cell types (NK cells, mast cells). Although OX40L lacks an 

extracellular proteolytic site, giving rise to thoughts that it exists only in membrane bound 

form, soluble OX40L has been detected in patients with RA and acute coronary syndrome 

[201, 202]. Ligation of OX40 by OX40L promotes the late-phase clonal expansion of 

effector T cell populations and their survival, thus also ensuring a greater pool of post-

contraction memory T cells. Although OX40 is downregulated to basal levels on resting 

memory T cells, it is subsequently re-expressed upon re-exposure to antigen, and it was 

found necessary for a full in vivo response of CD4 memory T cells [203]. Concordant with 

other T cells, OX40 is also induced on immunosuppressive regulatory T (Treg) cells; 

however, signaling here antagonizes Treg activity to further promote T cell activation [199, 

200]. Mouse studies have shown that inhibition of the OX40–OX40L PPI can control the 

development of inflammation in animal models of asthma, colitis, transplantation, graft-

versus-host disease (GVHD), MS, RA, and T1D [204–209].

3.3.1. Structure and signaling—The brick-shaped OX40L monomer is very compact 

and exhibits the least amount of AA sequence similarity with other TNFSF ligands (~10–

15%). OX40L has only about 132 residues in the entire extracellular region versus about 195 

residues found in other TNFSF members [129]. It trimerizes into a non-pyramidal structure 

consisting of subunits that are sandwiched antiparallel β-sheets with a jelly roll motif [210, 

211]. The peculiar shape and arrangement of OX40L (Figure 4) stands out also by its 
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significantly smaller trimer interface versus other TNFSF members, as well as the 

replacement of traditionally alternating hydrophobic and hydrophilic residues in the trimer 

axis by generally hydrophobic ones [212]. The extracellular region of OX40 is comprised of 

three full CRDs and a partial vestigial one at the C-terminus. OX40 contacts OX40L 

extensively at the trimerization interface of subunits, with one OX40 protein bridging two 

OX40L monomers. The OX40 contact area is split evenly between each OX40L subunit, and 

mutational analysis of binding interface residues corroborated that hot-spots localize to these 

two different areas. The two critical OX40L residues located at diagonally opposite ends of 

the subunit trimerization interface, Phe180 and Asn166, interact with a hydrophobic region 

of CRD1 and via hydrogen bonds at the CRD2–CRD3 juncture, respectively [212].

Engagement by the OX40L trimer clusterizes OX40 into lipid-rich microdomains, 

promoting recruitment of TRAF2, TRAF3, and TRAF5 to its cytoplasmic tail by a TNFSF-

conserved QEE motif [213–215]. OX40 acts either as an antigen-independent receptor or as 

a classic costimulator, synergizing with the TCR signal. Independently, OX40 activates the 

NF-κB1 pathway, leading to the expression of antiapoptotic Bcl-2 family proteins, such as 

Bcl-2, Bcl-xL, and Bfl-1 [214–217]. In the presence of antigen-dependent signaling, OX40 

synergizes with TCR to promote and prolong PI3K/Akt activation as well as NFAT 

accumulation in the cell nucleus [218, 219].

3.3.2. Biologics—Although no biologics targeting the OX40–OX40L interaction have yet 

been approved for clinical use, several ongoing trials are evaluating agonistic anti-OX40 

antibodies, such as MEDI-0562, MEDI-6469, PF-04518600, INCAGN0194, BMS-986178, 

and GSK3174998, in various cancers [220]. An anti-OX40L antagonist (oxelumab) failed 

Phase II trials on efficacy versus placebo in a mild allergic asthma trial. This may have been 

due to the short duration of the trial and the use of a non-stratified mild asthmatic patient 

population [124]. The transient expression of OX40 might have caused only a negligible 

effect on the acute phase and mildness of the disease, and this antibody might be better 

suited for treatment of a more chronic and severe asthmatic profile [221, 222].

3.3.3. Small-molecules

3.3.3.1. Organic dyes (naphthalenesulphonic acid derivatives): We have identified four 

compounds within the chemical space of organic dyes by a direct ELISA assay as capable of 

blocking the OX40–OX40L interaction with chlorazol violet N (13, Figure 6) as one of the 

most promising [223]. They inhibited the binding of human OX40L to plated human OX40 

with low micromolar potency (IC50 ≈ 2 μM) while also showing acceptable target specificity 

when tested across other TNFSF members (RANK–RANKL, 4-1BB–4-1BBL, CD40–

CD40L, and TNF-R1–TNF-α). Functional studies with an OX40-expressing NF-κB SEAP 

reporter HEK cell line, showed 13 to act as a partial agonist of OX40. In other words, 13 can 

produce OX40 activation, but only to a lesser maximum degree than the natural OX40L 

ligand (~70%), while in the presence of sufficiently high OX40L, it actually slightly 

decreases activation by competing out the full agonist natural ligand [223]. Overall, data 

could be fitted well with a generalized minimal two-state theory (Del Castillo-Katz) model 

[224] for receptor activation. Cell-based assays have also shown that under polarizing 

conditions based on TGF-β, 13 (50 μM) was able to mimic the effects of an agonistic anti-
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OX40 mAb in suppressing Treg generation as well as in diverting central memory T cells 

(CD4+CD62L+Foxp3–) to a Th9 phenotype [223].

3.4. BAFFR–BAFF

The two ligands of this signaling network, BAFF (BLyS, CD257, TNFSF13B) and APRIL 

(CD256, TNFSF13), have different affinities toward three receptors, namely, BAFFR 

(CD268, TNFRSF13C), BCMA (CD269, TNFRSF17), and TACI (CD267, TNFRSF13B) 

[225–229]. Both BAFF (~32 kDa) and APRIL (~32 kDa) are type II transmembrane proteins 

expressed mainly by myeloid cells (macrophages, monocytes, neutrophils, and DCs), but 

also by malignant B cells, activated T cells, and epithelial cells. BAFFR (~19 kDa), BCMA 

(22 kDa), and TACI (32 kDa) are all type III transmembrane glycoproteins that are 

expressed mainly on B cells. BAFFR expression increases with the maturation stage of B 

cells, but is not found on bone marrow plasma cells. It is upregulated by activated T cells 

and constitutively expressed by Tregs. BCMA is restricted to antibody-producing cells, 

while TACI can be found on all peripheral B cells as well as monocytes and DCs [230–232].

Found as a membrane-bound or a proteolytically released soluble (~18 kDa) homotrimer, 

BAFF binds BAFFR and BCMA, while a multimerized “sixtymer” form is necessary to 

effectively activate TACI. Secreted soluble APRIL (~17 kDa) does not bind BAFFR, but 

possesses stronger affinity than BAFF for BCMA (Kd of 16 vs. 1600 nM) while both ligands 

bind TACI equally well [233–236]. For a biologically functional interaction with TACI, 

APRIL also requires a multimerized form, which it achieves by utilizing heparan sulfate 

proteoglycans as a scaffold, and their disruption can diminish general APRIL signaling [237, 

238]. Ligation of BAFFR and BCMA provides survival signals to B cells, while ligation of 

TACI serves a more complex role, promoting survival and differentiation while countering 

proliferation [239]. The BAFFR–BAFF interaction is implicated in B cell-mediated 

autoimmunity and related lymphomas [240–242]. In addition of being a therapeutic target 

for autoimmune type 1 diabetes (T1D) [243–245], BAFF was also identified more recently 

as a possible therapeutic target for prevention of type 2 diabetes (T2D) and obesity-related 

insulin resistance [246, 247].

3.4.1. Structure and signaling—Protein crystal studies show that, following the general 

theme of other TNFSF ligands, monomeric BAFF is made up of sandwiched antiparallel β-

sheets arranged in a Greek-key topology [248–250]. It exhibits low AA sequence similarity 

with other TNFSF members (22% TNFα, 17% CD40L, and 20% TRAIL), but preserves the 

well conserved residues found in hydrophobic TNFSF cores [129]. The BAFF trimerization 

interface is characteristically aromatic, and trimer assembly is driven by hydrophobic 

interactions with a few buried polar sites forming hydrogen bonds. BAFFR contains a single 

partial CRD that utilizes a β-hairpin DxL motif to contact two conserved arginines in a 

hydrophobic pocket on BAFF in a 1:1 molar ratio. The DxL motif was confirmed as a hot 

spot by mutations that abrogated binding to all three receptors. Other nearby residues were 

more ligand-specific and important for structural determination of affinity [251–253]. The 

BAFFR–BAFF contact surface is characterized by positive and negative charge 

complementarity, and the buried surface is rather small compared to other TNFSF members 

[250]. While this more focused interaction also implies a higher binding efficiency, it may 
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actually confer an advantage to SMPPII design and discovery efforts targeting BAFFR–

BAFF by the same principles that guide inhibition of focused interactions of traditional drug 

targets [254].

Engagement by BAFF trimerizes BAFFR at the cell surface, recruiting TRAF3 to its 

cytoplasmic domain. This releases NF-κB inducing kinase (NIK) from a TRAF3–TRAF2 

complex and constitutive ubiquitinylation-driven proteosomal degradation. NIK 

subsequently activates the downstream alternative NF-κB pathway [255–257]. Furthermore, 

BAFFR can also independently activate the PI3K/Akt pathway as well as synergize with the 

BCR signal to promote the phosphorylation of Syk and activate the STAT3 pathway [258]. 

All three pathways seem to converge on upregulation of Bcl2-family survival genes, 

specifically, Mcl1 [259, 260].

3.4.2. Biologics—Several biologics targeting BAFF and APRIL have reached clinical 

development [124]. The anti-BAFF antagonist belimumab has been approved by the FDA in 

2011 for the treatment of SLE, even though in the phase III clinical trials, only ~50% of the 

patients categorized as displaying B cell dysfunction in the form of circulating antinuclear 

antibodies responded to treatment [261]. Belimumab is also under evaluation for RA and 

Waldenstrom’s globulinemia (WG) [262, 263]. Several other biologics have reached 

different clinical evaluation phases for various indications. These include [124, 222]: an anti-

BAFF antagonist tabalumab (LY2127399) for SLE, RA, MS and multiple myeloma (MM); a 

dual anti-BAFF/APRIL TACI-Ig fusion protein atacicept for SLE, RA, non-Hodgkins 

lymphoma, refractory MM, and WG [264–266]; and an anti-BAFF antagonist Ig-peptibody 

blisimimod (AMG 623) for SLE [267].

Progress has been relatively slow because, despite obvious signs of efficacy, BAFF and/or 

APRIL blockade in some cases showed only modest superiority compared to standard 

therapies, specifically, a substantially greater effect on decreasing IgM rather than IgG titers. 

The general consensus seems to be that compensatory (i.e., T cell dependent) mechanisms 

contribute toward disease heterogeneity and plasma cell survival, and that adverse events 

(i.e., infections) caused by excessive immunosuppression at higher dosages limit the ability 

to properly address disease severity [241]. Nevertheless, it is clear that there are specific 

patient subsets that benefit from BAFF and/or APRIL targeted therapies, which can also be 

useful as part of combinatorial therapy approaches. A recent antibody-design approach using 

phage-display based on nurse shark single variable domain new antigen receptor (VNAR) 

sequences yielded a DxL motif mimic and potently reduced B cell numbers in mice [268]. 

Furthermore, although designed as a delivery vehicle for STAT3 siRNA, a BAFFR-binding 

aptamer also showed nanomolar affinity and competitively inhibited BAFF-induced B cell 

proliferation [269].

3.4.3. Small-molecules

3.4.3.1. Guanidine derivatives (KR33426): So far there seems to have been only a single 

attempt at identifying SMPPIIs for BAFFR–BAFF, which has been done by a group at 

Sejong University, Korea [270, 271]. They found a number of guanidine derivatives to 

inhibit BAFFR–BAFF binding by flow cytometry screening of their ability to diminish 
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fluorescence induced by binding of a biotinylated human BAFF-murine CD8 construct 

(BAFF-muCD8) to BAFFR in WIL2-NS human B lymphoblasts [270]. The compounds 

showed activity in the low micromolar range at concentrations levels determined by an MTT 

assay to be non-cytotoxic. Their binding target was determined to be BAFFR, as only 

preincubation with WIL2-NS cell, but not BAFF, managed to diminish the fluorescent 

signal. The lone exception was KR33426 (14, Figure 6), which retained inhibitory activity in 

both settings.

KR33426 (14), the most promising compound of this series, was further evaluated for its 

potential to inhibit BAFFR–BAFF [271]. For example, it has been shown to inhibit the 

BAFF-induced increase of WIL2-NS cell density and to attenuate BAFF-induced anti-

apoptotic activity on splenocytes. It has also been shown to have some beneficial effects in a 

SLE mouse model (MRLlpr/lpr mice) when injected for 4 weeks (5–10 mg/kg, i.p.) [271]. 

The biological targets of these effects seem to be a variety of B cell populations. It should be 

noted, however, that these compounds were selected from a set of compounds prepared 

originally as inhibitors of the sodium/hydrogen exchanger (NHE-1) [245], and these 

functional studies lack a proper control to differentiate the possible contribution of NHE 

inhibition of these compounds from BAFFR–BAFF inhibition with respect to their cell-

based activity.

3.5. CD80/CD86–CD28/CTLA4

The CD28 (~44 kDa) and CTLA4 (CD152) (~33 kDa) protein ligands and their respective 

receptors CD80 (B7-1) (~60 kDa) and CD86 (B7-2) (~70 kDa) are all type I transmembrane 

glycoproteins from the immunoglobulin superfamily (IgSF) and are one of the most studied 

costimulatory interactions [29, 122]. Their main function is to prime the immune response 

and temper its activity upon antigenic stimulus, and their corresponding expression profiles 

are related to this. CD28 is a monovalent homodimer constitutively expressed on naïve and 

resting T cells, whereas CTLA4 is a bivalent homodimer that appears significantly only after 

T cell activation, with the exception of being constitutively expressed on Tregs [272, 273]. 

CD86 is constitutively expressed on APCs like dendritic cells, B cells, and monocytes, while 

CD80 appears more prominently on these cells post-activation. CD80 and CD86 can bind 

either of the ligands. However, CTLA4 interactions are stronger (0.4 and 4 μM with CD80 

and CD86, respectively) than those of CD28 (4 and 40 μM). Engagement of CD28 in 

conjunction with the TCR signal co-stimulates T cell activation by upregulating 

antiapoptotic genes and stabilizing cytokine mRNA [274]. Conversely, engagement of 

CTLA4 attenuates this activation by repressing kinase activity and diminishing downstream 

signaling [275]. Thus, their collective expression profile is also functionally important, as 

CD86/CD80 first drive T cell activation, only to attenuate it when a higher-affinity inhibitory 

ligand appears. On Tregs, selective antagonism of CD28 prolonged contact with APCs and 

increased Treg immunosuppressive activity, as concurrent CTLA4 binding promoted 

immunosynapse formation and Treg activity [276].

3.5.1. Structure and signaling—CD28 features a single IgV-like domain in its 

extracellular region. This domain has a hydrophobic proline-rich MYPPPY loop motif in its 

complementarity determining region 3 - like (CDR3-like) region that is crucial for binding 
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its cognate receptor [277]. CTLA4 shares ~31% AA sequence similarity with CD28. It also 

features a single IgV-like domain and an MYPPPY loop; thus, it is able to bind the same 

cognate receptors as CD28 [278, 279]. It has been proposed, however, that additional factors 

also mediate binding affinity, and so, specificity. The extended C-terminus region of the 

MYPPPY loop, also essential for binding, features a distinctly hydrophilic character in 

CD28 compared to the dominantly hydrophobic residues in CTLA4. This may explain the 

difference in CD80/CD86 binding affinities [280]. CD80 and CD86 share ~25% AA 

sequence similarity with each other and feature a single IgV-like and a single IgC-like 

domains in their extracellular regions [281]. For both proteins, it was determined that the 

IgV-like domains participate dominantly in binding of the cognate ligands; specifically, 

conserved residues on the GFFC′C″ face of the β-sheet fold. However, mutagenesis of 

certain residues on the ABED face of the β-sheet fold of the IgC-like domain completely 

prevented binding [282]. The IgC-like domain was then found to also contribute to binding 

by affecting quaternary structure and to be necessary for full co-signaling function [283].

Ligation of CD28 by CD80/CD86 localizes it to the immunosynapse and promotes the 

phosphorylation of tyrosine residues within recognition motifs on its cytoplasmic tail. PI3K 

and Grb2/Gads can localize to CD28 via their SH2 and SH3 domains to boost signaling 

through the Akt/JNK and ERK/MAPK pathways, thereby potentiating the TCR signal [284, 

285]. The downstream effects of these are ultimately antiapoptotic and proliferative, most 

notably, the increased expression of Bcl-XL and the production of IL-2 and Glut-1 through 

the upregulation of NF-κB, AP-1, and NFAT transcription factors [286–288]. Ligation of 

CTLA4 by CD80/CD86 (Figure 4) counters the activity of CD28 by competitive inhibition 

within the immunosynapse and the attenuation of APC–T cell contact [289]. It can also 

interact with the serine/threonine phosphatase PP2A to reduce kinase signaling and possibly 

remove CD80/CD86 from the immunosynapse by transendocytosis for subsequent 

degradation using established intracellular trafficking of CTLA4 [290–292].

3.5.2. Biologics—An anti-CTLA4 antibody (ipilimumab) was approved by the FDA for 

the treatment of melanoma in 2011, and this was a turning point that initiated the recent 

expansion in the field of immuno-oncology, which has become the fastest-growing area not 

just within oncology, but within the entire pharmaceutical industry [293]. Since then, 

anticancer therapies targeting immune checkpoint (co-inhibitory) receptors such as CD80–

CTLA4 and, to an even greater extent, PD-1–PD-L1 have witnessed a remarkable success 

[293, 294]. Another anti-CTLA4 antibody, tremelimumab, failed in a Phase III clinical trial, 

but has been reintroduced into clinical trials by AstraZeneca [293]. Together with surgery, 

radiation, and traditional chemotherapies, immune checkpoint therapies have now become a 

major approach used in the treatment of cancer, and they represent a novel approach (i) by 

targeting not the tumor cells, but molecules involved in the regulation of T cells and (ii) by 

focusing not on the activation of the immune system to attack particular targets on tumor 

cells, but on removing inhibitory pathways that block effective antitumor T cell responses 

[295].

On the other hand, looking at biologics targeting this pathway for immunosuppressive 

purposes, abatacept (CTLA4-Ig, the Fc region of the immunoglobulin IgG1 fused to the 

extracellular domain of CTLA4) was approved by the FDA for use in patients with RA in 
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2005, and it was the first selective costimulation modulator approved for clinical use [29]. It 

is in clinical trials for SLE arthritis and primary biliary cirrhosis [296, 297]. Abatacept has a 

considerably higher (~100-fold) affinity for CD80 than for CD86, and a search for a 

biologics that have a higher affinity to CD86 led to the discovery of belatacept, which differs 

by two AAs and was approved in 2011 for use in kidney transplant recipients. Detailed 

reviews can be found in [29, 298]. A more potent version of the CTLA4-Ig fusion protein, 

XPro9523, shows increased affinity for CD80/CD86/FcN and has demonstrated improved 

efficacy in a murine RA model and in cynomolgous monkey immunosuppression [299]. 

Bivalent anti-CD28 antibodies display cross-linking agonism; a monovalent Fab≈ CD28 

antagonist, FR104, seeks to overcome this, and it has shown efficacy in nonhuman primate 

renal transplants [300]. This strategy also leaves CTLA4 signaling unaffected.

3.5.3. Small-molecules—One of the earliest efforts to block the CD28 costimulatory PPI 

were done at Schering-Plough by a scintillation proximity assay (SPA) based HTS testing 

for the ability to inhibit the binding of CD28-Ig to CD80-Ig using a natural product library 

[301]. A selected microbially-sourced cyclic polypeptide, NP1835-2, was shown to 

concentration-dependently inhibit T cell proliferation, surface activation marker expression, 

and the production of several T cell cytokines [302]. Here, we will focus on nonpeptidic 

SMPPIIs identified afterwards.

3.5.3.1. Dipyrazolopyridinone (Wyeth Research) compounds: A screen for CD80–CD28 

binding antagonists from the Wyeth Research proprietary library identified several 

nanomolar potency inhibitors, two of which, C1 (15, Figure 7) (IC50 ≈ 60 nM) and C2 (IC50 

≈ 30 nM), were selected for further characterization [303]. They were shown to be specific 

for CD80 by selective enrichment of the CD80-Fc protein in equilibrium dialysis, while no 

binding to CD28-Fc, CTLA-4-Fc, or CD86-Fc was detected. They inhibited the binding of 

CD80 to both CD28 and CTLA4; however, in the direct ELISA assay they inhibited the 

CTLA4–CD80 binding at much higher concentrations than the CD28–CD80 binding (likely 

due to the slower off-rate of CTLA4). Fortuitously, they failed to bind mouse CD80; thus, 

the AA differences between species and known antibody epitopes could be used to guide 

mapping efforts. Both compounds were determined to bind to residues near or within two 

loops of T41-I49 and L85-E95 on the GFCC′C″ face of the N-terminus IgV-like domain, a 

site shared with a blocking antibody (EW3.1F1) and the binding interface of both CD28 and 

CTLA-4. In a cell-based assay of CD80–CD28 binding, these compounds however failed to 

show inhibition for concentrations of up to 100 μM [303].

3.5.3.2. Pyrazoloquinolinone (Active Biotech Research) compounds: Another set of 

compounds was identified as CD80–CD28 interaction inhibitors by first screening a 

commercial library of nearly 4,000 drug-like compounds in SPA [304]. Only one compound 

was shown to inhibit the interaction of CD28-transfected Chinese hamster ovary (CHO) cells 

and CD80-Ig by more than 50% with less than 20% inhibition in an LFA-3 transfected CHO 

cell counter-screen. The identified compound was then used to generate a sub-library of 

around 250 compounds which, along with 29 structurally related in-house compounds, were 

screened again by SPA. Selected hits were then screened by a cell-free homogeneous time-

resolved fluorescence (HTRF) assay using CTLA4 as a positive control. It was determined 
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that the substitution of a p-OH phenyl moiety by a p-COOH phenyl moiety on compound ‘1’ 

(IC50 = 1 μM) generated the most potent compounds ‘6’ (IC50 = 0.2 μM) and ‘9’ (16, Figure 

7) (IC50 = 0.3 μM). Further analysis by surface plasmon resonance (SPR) showed that 

compounds ‘6’ (Kd = 0.59 μM) and ‘9’ (Kd = 0.28 μM) had dissociation constants 7–10 fold 

lower than ‘1’ (Kd = 3 μM). For both compounds, it was determined that the increased 

affinity was mainly related to a slower off-rate, and less so to a faster on-rate.

3.5.3.3. Pyrrazolocinnoline (Avidex/Medigene) compounds: Starting from the results of 

the above research, the chemical space of the most potent compounds identified there was 

used to generate another set of structural derivatives, which were then screened in a TR-

FRET assay for inhibition of the sCD80-fAb–sCD28-Fc interaction [305]. SPR was also 

used to evaluate the dynamics of the inhibition of the binding of CD28-Fc to immobilized 

biotinylated CD80 on the sensor surface. Both experiments confirmed compounds with 

affinities in the low nanomolar range. The substitution of the hydroxyl group in the p-COOH 

phenyl moiety by a bulkier pyridine ring structure such as 17 (Figure 7) generated a dramatic 

increase in activity. These compounds were also specific for CD80, did not bind CD86 or 

CD28 in SPR, and had significantly slower off-rates from CD80 than CD28. Cell-based 

functional assays were used to investigate the ability of these compounds to inhibit CD80-

induced IL-2 secretion by Jurkat and primary CD4+ T cells. The most potent ones were 

found to do so in the sub-micromolar range; hence, they were considered promising leads 

for the development of novel therapeutics for immune-mediated inflammatory diseases 

[305]. RhuDex (AV-1142742), a compound related to those investigated here whose 

structure has not been disclosed (but likely similar to 17), was investigated in clinical trials. 

It completed a Phase IIa study with 29 patients with RA (Medigene) and is currently being 

evaluated in primary biliary cirrhosis. Its activity has also been confirmed in a number of 

nonhuman primate and human assays [306–308]. For example, in a model of intestinal 

inflammation, RhuDex showed greater efficacy than abatacept in inhibiting the proliferation 

of lamina propria leukocytes and peripheral blood monocytes. Rhudex was also able to 

inhibit LPS-induced carotid artery plaque formation via reduced T cell activation and 

suppress protein-induced delayed type hypersensitivity (DTH) response in the skin of rhesus 

monkeys.

3.6. PD-1–PD-L1

PD-1 (CD279) (~50 kDa) is a monomeric type I transmembrane glycoprotein whose 

expression on T cells, B cells, and monocytes is induced by their activation. PD-L1 (CD274) 

(~40 kDa) is a type I transmembrane glycoprotein that is constitutively and inducibly 

expressed on T cells, B cells, monocytes, mast cells, and some non-immune cell types [309]. 

Ligation of PD-1 receptor by its ligand PD-L1 suppresses immune activity, as it functions to 

temper pre- and post-activation inflammatory signaling and limit T cell proliferation. Under 

normal physiological circumstances, the presence of these immune checkpoint proteins 

serves to maintain self-tolerance and minimize collateral tissue damage in an immune 

response. The PD-1–PD-L1 interaction is also implicated in autoimmunity, as a decreased 

ability to induce PD-L1 expression was seen in immune cells of SLE patients, and increased 

soluble PD-1 in RA patients is thought to potentially exacerbate disease severity [310, 311]. 

Sjögren’s syndrome (SSD) and RA patients have been found to have upregulated PD-1 in 
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target tissues [312, 313]. Treatment of NOD mice by antagonistic biologics accelerated the 

onset of T1D and SSD [314, 315]. More importantly, this interaction is a major focus in 

cancer therapy since it was demonstrated that expression of PD-L1 by cancer cells allows 

evasion of T cell surveillance, and expression levels correlate with aggressiveness [316]. 

Inhibition of the PD-1–PD-L1 coinhibitory PPI can revert the exhausted phenotype of T 

cells to allow efficient elimination of cancer cells, and this approach of immune checkpoint 

(co-inhibitory) inhibition has led to remarkable clinical success recently [293, 295, 317–

319]. Thus, there is great interest to develop inhibitors for this PPI, and several anti-PD-1–

PD-L1 biologics are in clinical use as they have been shown to shrink solid tumors, repress 

metastasis, increase patient survival, and reduce treatment toxicity [320, 321].

3.6.1. Structure and signaling—PD-1 and PD-L1 belong to the B7 homology family. In 

its extracellular region, PD1 features a single IgV-like domain, while PD-L1 features both an 

IgV-like and an IgC-like domain. PD-L1 is relatively conserved between human and mouse 

with 70% AA sequence similarity, while human and mouse PD-1 share 64% AA sequence 

similarity [322, 323]. PD-L1 can also bind to CD80 with weaker affinity than PD-1 (Kds of 

1.4 vs. 0.77 μM), but it does not bind CD86. The CD80–PD-L1 interaction is stronger than 

the CD80–CD28 one, but weaker than CD80–CTLA-4 (Kds of 4.0 vs. 0.4 μM) [324]. PD-L1 

binds to PD-1 in a 1:1 molar ratio and their interaction (Figure 4) differs from those of other 

B7 family members in the sense that the IgV-like domains interact from the front of the 

GFCC′ β-sheets, specifically residues in the C′CFG strands, with no contribution from 

CDR-like loops, as opposed to the CTLA-4 and CD80 interaction. Structurally, this 

arrangement resembles the antigen-binding domain of antibodies and T cell receptors. The 

PD-1–PD-L1 PPI is mediated by both hydrophobic and polar contacts constructed around a 

partially solvent-accessible hydrophobic core [325]. The polar residues found at the 

periphery of the PPI site contribute to stability by forming hydrogen bonds as well. The hot 

spots are largely hydrophobic, with a distinctive cleft on PD-1 that relies on surface 

complementarity with PD-L1 featuring a Tyr123 residue inserting deep into it; a great spot 

for a phenyl anchor. A nearby hot spot groove offers an opportunity for a branched aliphatic 

moiety to anchor with a terminal hydrogen bond donor [326].

Ligation of PD-1 clusters it around the immunosynapse, essentially blocking the 

downstream signaling generated by the TCR-antigen complex and CD28 costimulation. The 

abrogation of related kinase activity is mediated by the recruitment of SHP-2 phosphatases 

to its intracellular ITHM motif, downregulating the expression of IL-2 and the antiapoptotic 

Bcl-xL protein [327, 328]. PD-1 can also activate Smad3 and arrest the cell cycle, as well as 

upregulate an E3 ligase Cbl-b to internalize the TCR and decrease its cell-surface presence 

[329, 330].

3.6.2. Biologics—Within the last three years (since 2014), two anti PD-1 antibodies 

(nivolumab and pembrolizumab) and three anti-PD-L1 antibodies (atezolizumab, 

durvalumab, and avelumab) have received FDA approval for clinical use in various forms of 

cancer, and several others are currently undergoing clinical trials [293, 317, 318]. This wave 

of PD1–PD-L1-blocking antibodies approved in 2014–2015 are the second generation 

therapies responsible for the current rapid growth of immuno-oncology; recent detailed 
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reviews can be found in [293, 319]. Immunomodulation, however, is always a double-edged 

sword, and while this type of cancer immunotherapy has revolutionized cancer treatment, it 

is becoming increasingly clear that it is unavoidably associated with serious immune-related 

adverse effects and autoimmune diseases, most notably T1D, surface after such treatments 

[331, 332]. Among possible alternatives to PD-1–PD-L1 targeting biologics, peptides 

developed at Aurigene (Bangalore, India) such as ‘compound 8’, explored in a mouse model 

of sepsis [333], and NP-12/AUR-012, tested in models of melanoma, breast, kidney and 

colon cancers [334], have shown some efficacy. A set of macrocyclic-peptide inhibitors have 

also been explored recently [335].

3.6.3. Small molecules

3.6.3.1. Phenoxymethyl-biphenyl BMS series: The first published nanomolar potency 

SMPPIs of the PD-1–PD-L1 interaction were identified from an in-house library of 

synthesized derivatives based on a phenoxymethyl-biphenyl hydrophobic core at Bristol-

Myers-Squibb [336, 337]. Several of these compounds were then resynthesized and 

evaluated for their binding and inhibitory properties at Jagiellonian University, Poland [317, 

338–340]. Two representative structures, ‘BMS-37’ (18) and ‘BMS-1166’ (19) are shown in 

Figure 7. A number of these compounds were crystallized in their bound form with PD-L1, 

and they were found to bind in a hydrophobic pocket on PD-L1 shown to be at the core of 

the PD-1–PD-L1 PPI [338–340]. To determine the PD-1–PD-L1 inhibitory activity in a cell-

based assay, Jurkat T cells constitutively expressing PD-1 and carrying a TCR-inducible 

NFAT-luciferase reporter construct were incubated with CHO-K1 cells constitutively 

expressing a TCR agonist and PD-L1. The validity of the assay was confirmed by PD-1 and 

PD-L1 antagonistic antibodies, which showed activity in the 0.33–1.15 nM range. Some 

compounds showed good activity in this assay; for example, 19 had EC50 around 0.3 μM, 

considerably below its cytotoxic concentration (LC50 ≈ 40 μM). Other compounds were 

more cytotoxic, e.g., 18 with an LC50 ≈ 3 μM [340].

3.6.3.2. CA-170: CA-170 (AUPM-170) is a small molecule antagonist that targets PD-L1 

and VISTA (V-domain Ig-containing suppressor of T-cell activation). It was developed at 

Aurigene (Bangalore, India) and has been licensed for clinical development in patients with 

advanced tumors and lymphoma by Curis (Lexington, MA, USA) [334]. Structure has not 

been disclosed, but it is likely to be a peptidomimetic based on earlier peptide inhibitors 

from Aurigene. Preclinical (ex vivo) studies showed that CA-170 can induce effective 

proliferation and IFN-γ production by T cells that are specifically suppressed by PD-L1 or 

VISTA. CA-170 was claimed to have anti-tumor effects similar to anti-PD-1 or anti-VISTA 

antibodies in in vivo tumor models and to be orally bioavailable and safe in preclinical 

studies [334]. It is being investigating in a Phase 1 trial in patients with advanced solid 

tumors and lymphomas (NCT02812875, www.clinicaltrials.gov). Recent emerging clinical 

data seem to suggest that CA-170 has an acceptable safety profile and approximately dose-

proportional PK profile with some preliminary evidence of immune modulation in tumor 

(http://www.curis.com/pipeline/ca-170) [334].
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4. CONCLUSIONS

Cosignaling PPIs represent particularly valuable immunomodulatory therapeutic targets, and 

biologics targeting several of these interactions have already achieved considerable clinical 

success. Small-molecule modulators could represent possible alternatives that are orally 

bioavailable, easier to develop and manufacture, and less likely to be immunogenic or to 

encounter post-market safety problems. Several compounds proving the feasibility of 

SMPPII approaches have been identified through various drug discovery approaches for a 

number of important costimulatory and coinhibitory PPIs, including CD40–CD40L, OX40–

OX40L, BAFFR–BAFF, CD80–CD28, and PD1–PD-L1. While so far only a few have 

advanced to preclinical (DRI-C21045 and KR33426) and clinical development (RhuDex and 

CA-170), there is proof-of-principle evidence that several cosignaling PPIs are susceptible to 

small-molecule modulation, and such SMPPIIs can lead to alternative immunomodulatory 

therapies.
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5. LIST OF ABBREVIATIONS

AA amino acid

ADME absorption, distribution, metabolism, and excretion

APC antigen-presenting cells

CRD cysteine-rich domain

GPCR G-protein coupled receptor

HTS high-throughput screening

IgSF immunoglobulin-like superfamily

JNK c-Jun N-terminal kinase

LE ligand efficiency

MHC major histocompatibility complex

MM multiple myeloma

MS multiple sclerosis

NME new molecular entity

PPI protein-protein interaction

PPII protein-protein interaction inhibitor

RA rheumatoid arthritis
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RGS regulators of G-protein signaling

SLE systemic lupus erythematous

SSD Sjögren’s syndrome

SMPPII small-molecule protein-protein interaction inhibitor

SPA scintillation proximity assay

SPR surface plasmon resonance

TCR T cell receptor

T1D type 1 diabetes

T2D type 2 diabetes

TNF tumor necrosis factor

TNFSF TNF superfamily

TRAF TNF receptor associated factor

WG Waldenstrom’s globulinemia
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Figure 1. 
According to current estimates, druggable disease-modifying targets represent only a 

relatively small subset of the total human protein targets and existing drugs target only a 

fraction of them. Data estimates are from references [9, 12, 15, 16, 20]; see text for details.
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Figure 2. 
Chemical structures of selected SMPPIIs that are FDA approved for clinical use or in 

advanced clinical development for extracellular and intracellular targets.
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Figure 3. 
Schematic illustration of some of the most important costimulatory and coinhibitory 

interacting pairs [121, 122]. They belong to two main families, the immunoglobulin 

superfamily (CD28–CD80/86 and ICOS–ICOS-L), shown in the top half of the figure, and 

the TNF superfamily, shown in the bottom half of the figure, each containing more than 25 

already identified members [126]. The repertoire of cosignaling pathways contains both 

immune-stimulatory (green) and -inhibitory (red) specific pathways as well as some 

ambiguous ones.
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Figure 4. 
Illustrative 3D structures of the protein-protein interacting surfaces for cosignaling PPIs. 

Structures shown are for CD40–CD40L, OX40–OX40L, CD80–CTLA4, and PD-1–PD-L1 

based on PDB IDs 3QD6, 2HEV, 1I8L, and 4ZQK, respectively (the trimeric structure for 

CD40–CD40L is lacking one of the CD40 monomers). Proteins mainly expressed on T cells 

(Figure 3) are shown in reddish colors.
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Figure 5. 
SMPPIIs for the CD40–CD40L costimulatory PPI.
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Figure 6. 
SMPPIIs for the OX40–OX40L and BAFFR–BAFF costimulatory PPIs.
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Figure 7. 
SMPPIIs for the CD80–C28 and PD-1–PD-L1 cosignaling PPIs.
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