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Chapter 8 
 

 

The cannabinoid receptor type 2 (CB2R) is, together with the cannabinoid receptor type 1 
(CB1R), an established target of Δ9-tetrahydrocannabinol (Δ9-THC), the psychoactive 
substituent of the plant Cannabis sativa.1 Preparations of the cannabis plant have been used 
throughout history as a medicine for a wide variety of conditions.2 The CB2R is 
predominantly found in immune cells and has been proposed as a therapeutic target for 
several neuroinflammatory diseases.3-9 The CB1R is predominantly located in the central 
nervous system,10 and is responsible for the psychoactive side effects associated with 
cannabis use. Drug discovery efforts have focused on the development of CB2R-selective 
ligands,11-13 because it is anticipated that these drugs will lack the CB1R-mediated side 
effects.10, 14-16 Since not all THC-induced biological effects are abolished in CB1R KO mice, 
research efforts have also focused on the identification of other (non-CBR) protein targets of 
THC.17 Ultimately, these developments could lead to the discovery of novel CB2R 
therapeutics with fewer side effects.18 The work described in this thesis has focused on the 
discovery, synthesis and application of chemical tools and strategies to study the CB2R 
(Chapters 3-6) as well as on the identification of unknown protein targets of THC (Chapter 
7). This chapter summarizes the work described in this thesis and provides possible future 
directions for the research towards CB2R-based therapeutics. 
 
8.1 Development of chemical tools to study the CB2 receptor 
 
Chapter 1 provides a general introduction to the drug discovery concepts applied in this 
thesis (i.e. target identification, target validation, hit-to-lead optimization, target 
engagement), followed by a general description of G protein-coupled receptors (GPCRs) and 
their signaling pathways. The cannabinoid receptors type 1 and 2 (CB1R and CB2R) are 
introduced, which are both members of an endogenous signaling system, i.e. the 
endocannabinoid system (ECS). Both cannabinoid receptors (CBRs) are targeted by 
endogenous ligands, such as anandamide (AEA) and 2-arachinoylglycerol (2-AG). Despite 
two decades of drug discovery efforts on the development of CB2R-selective ligands, no 
CB2R-selective drugs have yet reached the market.11-13 More information on CB2R 
distribution, expression level, occupancy, internalization and pharmacology, both in vitro 
and in vivo models, is essential to guide the development of novel CB2R-based therapeutics. 
Therefore, new chemical tools (“probes”), such as radioligands, PET tracers, fluorescent or 
biotinylated small molecules as well as covalent probes, like electrophilic or photo-
activatable ligands, are required to aid drug discovery and development efforts.19, 20  

Chapter 2 provides an extensive summary of various types of CB2R probes reported 
in the literature and discusses their advantages and limitations. In general, CB2R probes 
suffer from low metabolic stability,21-26 low CB2R selectivity,27, 28 significant losses in 
receptor affinity, or high non-specific binding.29-33 Covalent probes for CB2R have been 
successfully applied in CB2R binding site mapping when used in conjunction with site-
directed mutagenesis.  

Summary and Future Prospects 

 

The covalent probes do not possess a detection element, which makes it difficult to use 
them to study CB2R expression and ligand engagement. Previously, drug-target engagement 
in living systems has been successfully studied using two-step photoaffinity-based protein 
profiling (pAfBPP).34 This technique combines the covalent addition to the receptor’s active 
site with a detection element, but avoids the problems associated with large reporter 
groups (see Figure 11 in Chapter 2). It has previously been predominantly applied to soluble 
proteins, but in this thesis it was used to study CB2R expression (i.e. a membrane-bound 
protein) and ligand engagement (Chapter 6) as well as for target identification studies 
(Chapter 7). 

In Chapter 3, the development of the PathHunter® β-arrestin recruitment assay is 
described.35, 36 In this assay, β-arrestin activity is measured in live CBR-overexpressing cells 
using enzyme complementation and a chemoluminescent read-out. These CBRs are tagged 
at their C-terminus with a small fragment of β-galactosidase. This cell line stably co-
expresses β-arrestin that is fused to a catalytically inactive N-terminal deletion mutant of β-
galactosidase.36 Recruitment of β-arrestin to the activated CBR induces the 
complementation of both enzyme fragments, resulting in the formation of an active β-
galactosidase enzyme.37 The active enzyme is able to convert a substrate into a 
chemiluminescent product.38  Therefore, the light emission by the product is directly related 
to the activity of the β-galactosidase, and thus the level of β-arrestin recruited to the 
receptor after ligand binding.35 The Pathhunter® β-arrestin recruitment assay is an easy-to-
use assay that has shown to deliver reproducible results.36, 39, 40 In addition, its 384-well 
format enables high-throughput screening, a useful feature for lead optimization in early 
drug discovery research. This assay was successfully validated and applied to characterize a 
set of cannabinoid receptor reference ligands (Chapter 4), to identify a suitable ligand for 
CB2R target validation, and novel CB2R chemical tools (Chapters 5 and 6). 

Chapter 4 describes a multi-laboratory, comprehensive profiling of cannabinoid 
ligands to identify the most suitable ligand for CB2R target validation.12 To study therapeutic 
relevance of CB2R in early stage drug discovery,41 it is essential to use selective ligands with 
a well-defined molecular mode of action. In this chapter, the 18 most widely used CB2R 
ligands were profiled. This ‘cannabinoid reference library’ consisted of widely used ligands 
to explore CBR biology, such as dual CBR agonists Δ9-THC, CP55940, WIN55212-2, HU210, 2-
AG and AEA, CB1R-selective antagonists SR141716A (rimonabant) and AM251, CB2R-
selective agonists HU308, HU910, Gp-1a, JWH015, JWH133 and AM1241 and CB2R-selective 
antagonists AM630 and SR144528.18, 42, 43 These ligands were profiled on receptor binding of 
human and mouse CB2R, and on multiple signal transduction pathways (GTPγS, cAMP, β-AR, 
pERK and GIRK). Their physico-chemical, in vitro ADME, pharmacokinetic parameters and 
cross-reactivity in the CEREP panel of 64 common off-targets were also determined. The 
‘best’ three CB2R agonists (good selectivity over CB1R, mininal off-target activity, reasonable 
pharmacokinetics) were further investigated in vivo to study potential CB1R-mediated 
effects by their metabolites.  
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Interspecies differences in CB2R selectivity over CB1R were identified for several ligands as 
well as marked differences in signal transduction preference (i.e. biased signaling). For 
example, HU308 and HU910 were balanced agonists on human CB2R, but showed significant 
biased agonism on mouse CB2R. Most ligands were found to display a rich poly-
pharmacology, but CB2R-selective agonists HU308, HU910 and JWH133 and CB2R-selective 
inverse agonist SR144528 had the least off-targets. Although the pharmacokinetic profile of 
these ligands was far from optimal,44 in vivo experiments showed that effective drug 
concentrations can be achieved after intravenous as well as oral administration. Finally, 
HU308, HU910 and JWH133 were found to have no CB1R activity in vivo when tested in the 
mouse cannabinoid triad (anti-nociception, catalepsy and hypothermia). All together, 
HU910, HU308 and JWH133 (Figure 1) were identified as the most suitable CB2R agonists to 
study CB2R biology for target validation purposes. SR144528 was selected as the most 
suitable antagonist, because of its high selectivity profile for CB2R in both humans and mice.  
 

 
Figure 1. Structures of HU910, HU308, JWH133 and SR144528. 
 
Chapter 5 describes the synthesis and molecular pharmacology of an agonist library, based 
on the recently reported in vivo active CB2R-selective agonist, LEI101.45 The aim of this 
chapter was to identify relationships between physicochemical properties, ligand binding 
kinetics and functional activity on CB2R. To this end, a series of 24 agonists, for which the 
lipophilicity and basicity was systematically varied, was synthesized. The equilibrium binding 
affinity and Kinetic Rate Index (KRI), a high-throughput measure as an indication for ligand-
receptor (dissociation) kinetics,46 was measured for all compounds. In addition, the full 
kinetic profile, as well as functional potency and efficacy in G protein activation and β-
arrestin recruitment, was measured for 14 of these ligands. This led to the finding that 
increasing lipophilicity, specifically on the R2 position, led to increased receptor residence 
time, which was correlated with increased potency, but not with efficacy, in the two 
signaling pathways without biased agonism. In contrast, basicity of the agonists did not 
show a relationship with affinity, residence time or functional activity. These findings 
provide important insights how CB2R agonists can be designed to have optimal kinetic 
profiles. This may aid the lead optimization process to study or treat inflammatory diseases.  

Chapter 6 reports on the design, synthesis and application of a LEI101-based 
photoaffinity probe as a tool to detect endogenous CB2R expression and target engagement 
in primary human immune cells.  

Summary and Future Prospects 

 

Previously reported structure-activity relationships (SAR) of LEI10147 combined with a 
docking study in a homology model of the human CB2R (hCB2R)48, 49 were used for the 
rational design of the two-step photoaffinity probe LEI121 (Figure 2). The probe LEI121 was 
applied in a photoaffinity-based labeling workflow as introduced in Chapter 2. The probe 
possesses a diazirine as photoreactive group to capture CB2R and an alkyne as ligation 
handle to enable visualization or isolation of the protein by conjugation to fluorophores or 
biotin, respectively. LEI121 was identified as a potent CB2R inverse agonist and shown to be 
selective over CB1R. The ability of LEI121 to target CB2R was validated in CB2R-
overexpressing CHO cells using gel-based imaging. Two main fluorescent bands, probably 
corresponding to different glycosylated forms of the receptor, were visualized. The labeling 
was dependent on UV-irradiation and copper-catalyzed conjugation of a fluorophore and 
could be prevented by pre-incubation with various, structurally diverse CB2R ligands. In 
addition, LEI121 could be used to identify the CB2R via chemical proteomics using live cells 
by bioorthogonal ligation with biotin, followed by streptavidin enrichment, tryptic digestion 
and mass spectrometry analysis. Finally, LEI121 was successfully applied to determine 
endogenous CB2R expression and target engagement in HL-60 cells and in a specific subset 
of human immune cells using flow cytometry. 

The development of LEI121 as a two-step photoaffinity probe provides new 
opportunities to study CB2R biology. For example, it is envisioned that LEI121 may serve as 
an alternative to the highly unselective CB2R antibodies to profile CB2R expression levels in 
PBMCs of patients suffering from inflammatory pain and/or other diseases, such as 
rheumatoid arthritis, multiple sclerosis and Crohn’s disease. Additionally, isolation of CB2R 
using primary cells and tissues may facilitate the identification of potential protein 
interaction partners of the receptor to further elucidate the cellular processes of CB2R and 
to enable drug discovery efforts for e.g. dual inhibitors. The photoreactive probe may also 
help stabilizing CB2R to facilitate crystallization studies of the protein. 
 

 
Figure 2. Structure of LEI121 

 
Finally, to study the THC protein interaction landscape, the development of a THC-based 
photoaffinity probe, is described in Chapter 7. In this chapter, a Δ8-THC-based photoaffinity 
probe (“probe 1”), carrying a diazirine as the photoreactive moiety and a terminal alkyne as 
the ligation handle, was designed and synthesized in 14 steps. While probe 1 had high 
affinity for both CBRs it was unable to covalently label the CBRs.  
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Probe 1 enriched ~150 proteins in mouse Neuro2A cells. The abundance of four of these 
proteins (i.e. Cox4i1, Reep5, Mtch2 and Gnb1) was significantly lowered by pretreatment 
with either Δ9-THC or Δ8-THC, indicating these proteins are putative protein targets of THC. 
Follow up studies should validate the interaction of THC with these targets and whether 
modulation of these proteins by THC can be attributed to the beneficial effects of THC 
observed in several mouse models.  
 
8.2 Towards CB2R-based therapies 
 
The work described in this thesis provides important insights in CB2R ligand pharmacology 
for target validation (Chapter 4) and binding kinetics in lead optimization (Chapter 5), and 
has resulted in the development of a two-step photoaffinity-based strategy to study CB2R 
expression and target engagement (Chapter 6) and to identify novel protein targets of THC 
(Chapter 7, Figure 3 upper right). It is anticipated that this work may help in the discovery 
and development of CB2R-based therapeutics that have fewer side effects than medicinal 
cannabis or purified THC (Figure 3).  

CB2R expression is highly upregulated in several conditions that have an unmet 
medical need, such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, Crohn’s 
disease, neuropathic pain and rheumatoid arthritis.6, 7, 50-61 Development of CB2R-selective 
drugs for these type of diseases would be highly valuable, but clinical trials to evaluate the 
efficacy of CB2R agonists in these diseases have only recently started (Alzheimer’s disease 
(NTRX-07/MDA7),62 dermatomyositis, cystic fibrosis, systemic lupus erythematosus and 
diffuse cutaneous systemic sclerosis (Resunab/JBT-101, NCT02466243, NCT02465450, 
NCT03093402 and NCT02465437, respectively) and an analgesic for visceral pain associated 
with Crohn’s disease (APD371, NCT03155945). Previously, CB2R-selective ligands have only 
been tested in clinical trials for their analgesic properties in a third molar tooth extraction 
model, osteoarthritis or atopic dermatitis.13,63-66 The development of these ligands as drugs 
was discontinued due to a lack of in vivo efficacy (or unspecified reasons), despite 
compelling evidence of efficacy in preclinical settings. Although the reasons for this non-
translatability are unknown and could be related to the predictive quality of the preclinical 
animal models, it is hypothesized that the therapeutic role of CB2R is not properly validated 
for these applications.67 Furthermore, a lack of target engagement might also explain the 
lack of efficacy observed in the clinical trials. 

For future development of CB2R drug candidates, it is essential that the therapeutic 
relevance of CB2R in a particular disease is properly validated, using highly selective, well 
characterized molecules (Figure 3, upper left). Ligands used for target validation should lack 
inter-species differences in CB2R selectivity (both affinity and activity) as well as in signal 
transduction preference (i.e. biased signaling).  
  

Summary and Future Prospects 

 

Differences in selectivity and signaling profile of ligands between rodents and humans may 
have important consequences in the translation of preclinical models to the clinic when 
testing novel drug candidates (reviewed in Kenakin and Miller68 and Violin et al69). For CB2R, 
it is currently unknown whether different signaling pathways may lead to different 
(patho)physiological outcomes, and it is therefore not clear which signal transduction 
pathways (or combinations thereof) are relevant for therapeutical purposes.   
 

 
Figure 3. Drug discovery challenges for CB2R-based therapies with fewer side effects. The puzzle pieces 
represent the different stages of drug discovery, in which the parameters are listed that need to be taken into 
account in these stages. After target identification from therapeutic relevant molecules (e.g. THC, Chapter 7), 
the therapeutic relevance of the target need to be validated per disease type and progession, using selective 
ligands with a well-defined molecular mode of action (Chapter 4). In the hit-to-lead optimization stage, 
selectivity, activity and drug-target binding kinetics (Chapter 5) as well as pharmacokinetics need to be 
optimized. Finally, selective small molecules are essential to verify that the compound engages with its target 
at the site-of-action in a dose-dependent manner (Chapter 6). 
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compelling evidence of efficacy in preclinical settings. Although the reasons for this non-
translatability are unknown and could be related to the predictive quality of the preclinical 
animal models, it is hypothesized that the therapeutic role of CB2R is not properly validated 
for these applications.67 Furthermore, a lack of target engagement might also explain the 
lack of efficacy observed in the clinical trials. 

For future development of CB2R drug candidates, it is essential that the therapeutic 
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inter-species differences in CB2R selectivity (both affinity and activity) as well as in signal 
transduction preference (i.e. biased signaling).  
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account in these stages. After target identification from therapeutic relevant molecules (e.g. THC, Chapter 7), 
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at the site-of-action in a dose-dependent manner (Chapter 6). 
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In the hit-to-lead optimization stage, it is equally important to take biased signaling into 
account, because small structural changes have been associated with changes in signaling 
preference (Figure 3, lower left).70 In addition, structural changes may lead to significant 
differences in binding kinetics, which in turn may have important implications for the 
functional activity of ligands, in potency or efficacy, but also in signaling preference.71 For 
example, biased signaling was observed for the endocannabinoids 2-AG and AEA (Chapter 
4), but not for the LEI101-based library reported in Chapter 5. This indicates that the key 
determinants for ligand binding kinetics as well as biased signaling is dependent on the 
scaffold of the ligand. Previously, it was reported that JWH133 and HU308, both in vivo 
active cannabinoid ligands have different kinetic profiles.72 This suggests that the optimal 
kinetic profile of CB2R ligands for in vivo activity is not a determinant factor and can be 
flexible, or may be dependent on disease type and its progression. The binding kinetics of 
endogenous ligands has been hypothesized to be an indication of the kinetics required to 
maintain homeostasis.73,74 The divergent binding kinetics of three different 
endocannabinoids72 may, therefore, support the notion that the CB2R accepts flexible 
kinetic profiles.   

Next to the determination of the efficacy and safety profile of a drug candidate, it is 
also essential to verify that the compound engages with its target at the site-of-action in a 
dose-dependent manner in preclinical animal models as well as in humans (Figure 3, lower 
right). Proof of target engagement has not been possible for CB2R with the current reported 
chemical tools (as summarized in Chapter 2). The development of LEI121 (Chapter 6) 
enables, for the first time, proof of in vitro CB2R engagement in human cells using FACS 
analysis and may enable target engagement ex vivo in clinical trials, for example to 
determine whether a clinical candidate targets CB2R on these cell types.  
 
8.3  Conclusions 
 
This thesis has shown that comprehensive profiling of ligands on protein binding, kinetics, 
functional activity on both human and rodent CB2R as well as off-target activity may reveal 
important consequences for the interpretation of biological results and the drug discovery 
process. In addition, this thesis described the design, synthesis and application of the first 
two-step photoactivatable probe that allows the visualization of CB2R expression on human 
cells and its engagement by various ligands. It is anticipated that these new chemical tools 
and insights will help to improve the drug discovery and development of CB2R ligands. 
  
References 
 
1. Mechoulam, R.; Hanus, L. O.; Pertwee, R.; Howlett, A. C., Early phytocannabinoid chemistry to 

endocannabinoids and beyond. Nat Rev Neurosci 2014, 15, (11), 757-764. 
2. Zias, J.; Stark, H.; Sellgman, J.; Levy, R.; Werker, E.; Breuer, A.; Mechoulam, R., Early medical use of 

cannabis. Nature 1993, 363, (6426), 215. 

Summary and Future Prospects 

 

3. Steffens, S.; Pacher, P., Targeting cannabinoid receptor CB(2) in cardiovascular disorders: promises 
and controversies. Br J Pharmacol 2012, 167, (2), 313-323. 

4. Lotersztajn, S.; Teixeira-Clerc, F.; Julien, B.; Deveaux, V.; Ichigotani, Y.; Manin, S.; Tran-Van-Nhieu, J.; 
Karsak, M.; Zimmer, A.; Mallat, A., CB2 receptors as new therapeutic targets for liver diseases. Br J 
Pharmacol 2008, 153, (2), 286-289. 

5. Francois, H.; Lecru, L., The role of cannabinoid receptors in renal diseases. Curr Med Chem 2017. 
6. Cassano, T.; Calcagnini, S.; Pace, L.; De Marco, F.; Romano, A.; Gaetani, S., Cannabinoid Receptor 2 

Signaling in Neurodegenerative Disorders: From Pathogenesis to a Promising Therapeutic Target. 
Front Neurosci 2017, 11, 30. 

7. Guindon, J.; Hohmann, A. G., Cannabinoid CB2 receptors: a therapeutic target for the treatment of 
inflammatory and neuropathic pain. Br J Pharmacol 2008, 153, (2), 319-334. 

8. Chakravarti, B.; Ravi, J.; Ganju, R. K., Cannabinoids as therapeutic agents in cancer: current status and 
future implications. Oncotarget 2014, 5, (15), 5852-5872. 

9. Idris, A. I., Cannabinoid receptors as target for treatment of osteoporosis: a tale of two therapies. Curr 
Neuropharmacol 2010, 8, (3), 243-253. 

10. Mackie, K., Distribution of cannabinoid receptors in the central and peripheral nervous system. Handb 
Exp Pharmacol 2005, (168), 299-325. 

11. Ostenfeld, T.; Price, J.; Albanese, M.; Bullman, J.; Guillard, F.; Meyer, I.; Leeson, R.; Costantin, C.; 
Ziviani, L.; Nocini, P. F.; Milleri, S., A randomized, controlled study to investigate the analgesic efficacy 
of single doses of the cannabinoid receptor-2 agonist GW842166, ibuprofen or placebo in patients 
with acute pain following third molar tooth extraction. Clin J Pain 2011, 27, (8), 668-676. 

12. Soethoudt, M.; Grether, U.; Fingerle, J.; Grim, T. W.; Fezza, F.; de Petrocellis, L.; Ullmer, C.; 
Rothenhausler, B.; Perret, C.; van Gils, N.; Finlay, D.; MacDonald, C.; Chicca, A.; Gens, M. D.; Stuart, J.; 
de Vries, H.; Mastrangelo, N.; Xia, L.; Alachouzos, G.; Baggelaar, M. P.; Martella, A.; Mock, E. D.; Deng, 
H.; Heitman, L. H.; Connor, M.; Di Marzo, V.; Gertsch, J.; Lichtman, A. H.; Maccarrone, M.; Pacher, P.; 
Glass, M.; van der Stelt, M., Cannabinoid CB2 receptor ligand profiling reveals biased signalling and 
off-target activity. Nat Commun 2017, 8, 13958. 

13. Pereira, A.; Chappell, A.; Dethy, J.; Hoeck, H.; Arendt-Nielsen, L.; Verfaille, S.; Boulanger, B.; Jullion, A.; 
Johnson, M.; McNearney, T., a proof-of-cocept (POC) study including experimental pain models 
(EPMs) to assess the effects of a CB2 agonist (LY2828360) in the treatment of patients with 
osteoarthritic (OA) knee pain. Clin Pharmacol Ther 2013, 93, S56-S57 

14. Ledent, C.; Valverde, O.; Cossu, C.; Petitet, F.; Aubert, L. F.; Beslot, F.; Bohme, G. A.; Imperato, A.; 
Pedrazzini, T.; Roques, B. P.; Vassart, G.; Fratta, W.; Parmentier, M., Unresponsiveness to 
cannabinoids and reduced addictive effects of opiates in CB1 receptor knockout mice. Science 1999, 
283, (5400), 401-404. 

15. Navarro, M.; Hernandez, E.; Munoz, R. M.; delArco, I.; Villanua, M. A.; Carrera, M. R. A.; deFonseca, F. 
R., Acute administration of the CB1 cannabinoid receptor antagonist SR 141716A induces anxiety-like 
responses in the rat. Neuroreport 1997, 8, (2), 491-496. 

16. Haller, J.; Bakos, N.; Szirmay, M.; Ledent, C.; Freund, T. F., The effects of genetic and pharmacological 
blockade of the CB1 cannabinoid receptor on anxiety. Eur J Neurosci 2002, 16, (7), 1395-1398. 

17. Zimmer, A.; Zimmer, A. M.; Hohmann, A. G.; Herkenham, M.; Bonner, T. I., Increased mortality, 
hypoactivity, and hypoalgesia in cannabinoid CB1 receptor knockout mice. Proc Natl Acad Sci U S A 
1999, 96, (10), 5780-5785. 

18. Han, S.; Thatte, J.; Buzard, D. J.; Jones, R. M., Therapeutic Utility of Cannabinoid Receptor Type 2 (CB2) 
Selective Agonists. J Med Chem 2013, 56, (21), 8224-8256. 

19. Bunnage, M. E.; Chekler, E. L.; Jones, L. H., Target validation using chemical probes. Nat Chem Biol 
2013, 9, (4), 195-199. 

20. Cooper, A.; Singh, S.; Hook, S.; Tyndall, J. D. A.; Vernall, A. J., Chemical Tools for Studying Lipid-Binding 
Class A G Protein-Coupled Receptors. Pharmacol Rev 2017, 69, (3), 316-353. 

21. Evens, N.; Bosier, B.; Lavey, B. J.; Kozlowski, J. A.; Vermaelen, P.; Baudemprez, L.; Busson, R.; Lambert, 
D. M.; Van Laere, K.; Verbruggen, A. M.; Bormans, G. M., Labelling and biological evaluation of [C-
11]methoxy-Sch225336: a radioligand for the cannabinoide-type 2 receptor. Nucl Med Biol 2008, 35, 
(7), 793-800. 

22. Gao, M. Z.; Wang, M.; Miller, K. D.; Hutchins, G. D.; Zheng, Q. H., Synthesis and in vitro biological 
evaluation of carbon-11-labeled quinoline derivatives as new candidate PET radioligands for 
cannabinoid CB2 receptor imaging. Bioorgan Med Chem 2010, 18, (6), 2099-2106. 



199

Ch
ap

te
r 8

Chapter 8 
 

 

In the hit-to-lead optimization stage, it is equally important to take biased signaling into 
account, because small structural changes have been associated with changes in signaling 
preference (Figure 3, lower left).70 In addition, structural changes may lead to significant 
differences in binding kinetics, which in turn may have important implications for the 
functional activity of ligands, in potency or efficacy, but also in signaling preference.71 For 
example, biased signaling was observed for the endocannabinoids 2-AG and AEA (Chapter 
4), but not for the LEI101-based library reported in Chapter 5. This indicates that the key 
determinants for ligand binding kinetics as well as biased signaling is dependent on the 
scaffold of the ligand. Previously, it was reported that JWH133 and HU308, both in vivo 
active cannabinoid ligands have different kinetic profiles.72 This suggests that the optimal 
kinetic profile of CB2R ligands for in vivo activity is not a determinant factor and can be 
flexible, or may be dependent on disease type and its progression. The binding kinetics of 
endogenous ligands has been hypothesized to be an indication of the kinetics required to 
maintain homeostasis.73,74 The divergent binding kinetics of three different 
endocannabinoids72 may, therefore, support the notion that the CB2R accepts flexible 
kinetic profiles.   

Next to the determination of the efficacy and safety profile of a drug candidate, it is 
also essential to verify that the compound engages with its target at the site-of-action in a 
dose-dependent manner in preclinical animal models as well as in humans (Figure 3, lower 
right). Proof of target engagement has not been possible for CB2R with the current reported 
chemical tools (as summarized in Chapter 2). The development of LEI121 (Chapter 6) 
enables, for the first time, proof of in vitro CB2R engagement in human cells using FACS 
analysis and may enable target engagement ex vivo in clinical trials, for example to 
determine whether a clinical candidate targets CB2R on these cell types.  
 
8.3  Conclusions 
 
This thesis has shown that comprehensive profiling of ligands on protein binding, kinetics, 
functional activity on both human and rodent CB2R as well as off-target activity may reveal 
important consequences for the interpretation of biological results and the drug discovery 
process. In addition, this thesis described the design, synthesis and application of the first 
two-step photoactivatable probe that allows the visualization of CB2R expression on human 
cells and its engagement by various ligands. It is anticipated that these new chemical tools 
and insights will help to improve the drug discovery and development of CB2R ligands. 
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