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Abstract: The endocannabinoid system (ECS) is a critical regulatory network composed of endogenous
cannabinoids (eCBs), their synthesizing and degrading enzymes, and associated receptors. It is integral to
maintaining homeostasis and orchestrating key functions within the central nervous and immune systems. Given
its therapeutic significance, we have launched a series of drug discovery endeavors aimed at ECS targets,
including peroxisome proliferator-activated receptors (PPARs), cannabinoid receptors types 1 (CB1R) and 2
(CB2R), and monoacylglycerol lipase (MAGL), addressing a wide array of medical needs. The pursuit of new
therapeutic agents has been enhanced by the creation of specialized labeled chemical probes, which aid in
target localization, mechanistic studies, assay development, and the establishment of biomarkers for target
engagement. By fusing medicinal chemistry with chemical biology in a comprehensive, translational end-to-end
drug discovery strategy, we have expedited the development of novel therapeutics. Additionally, this strategy
promises to foster highly productive partnerships between industry and academia, as will be illustrated through
various examples.
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1.2 The ECS and Roche
Due to the enormous therapeutic potential of the ECS, Roche

embarked on small molecule drug discovery programs targeting
specific ECS components as early as the late 1990s. Initially,
the primary focus was on metabolic diseases. Subsequently, our
attention shifted to disorders of the central nervous system, and
later expanded to include ophthalmic and peripheral inflammatory
diseases.

To maximize the chances of delivering effective medicines
to patients, we adopt an end-to-end approach across the entire
discovery and development value chain.This approach is informed
by frameworks such as the ‘Three Pillars of Survival’,[19] the
‘Four Pillars of Target Validation’,[20] both introduced by Pfizer
researchers, and the ‘5Rs’.[21]

In support of our drug discovery efforts, we have generated
labeled chemical probes to facilitate compound profiling, target
localization, mechanism of action studies, target engagement,
selectivity assessments, and biomarker studies throughout the
value chain.[22]

Dr. Uwe Grether completed his PhD in
organic chemistry under the mentorship
of Prof. Herbert Waldmann in 2000 at
the University of Karlsruhe, Germany.
Following his doctoral studies, he pursued
postdoctoral research with Prof. James D.
White at Oregon State University. In 2001,
Dr. Grether commenced his career at the
Pharma Research and Early Development
division of F. Hoffmann-La Roche Ltd. in

Basel, Switzerland. With extensive professional experience in
drug discovery and development, he has consistently emphasized
comprehensive strategies aimed at achieving clinical objectives,
successfully advancing multiple new molecular entities up to
phase 3 clinical trials. Dr. Grether’s research interests span
medicinal chemistry, the applicationof late-stage functionalization
techniques, and the expanding field of chemical biology.

1. Introduction

1.1 The Endocannabinoid System
Theendocannabinoidsystem(ECS)isacomplexlipidsignaling

network ubiquitously expressed inmammalian tissues.[1] It plays a
crucial role inmaintaining body homeostasis and regulates several
vital bodily functions, including sleep, body temperature, appetite,
learning, memory, and emotional processing. The ECS comprises
endogenous signaling molecules known as endocannabinoids
(eCBs), their receptors, enzymes, and transporters (Fig. 1).[1b,1c,2]
The ECS components facilitate and regulate the diverse actions of
eCBs in both the central nervous system[3] and peripheral tissues.[4]
Themost active andwell-studied eCBs are 2-arachidonoylglycerol
(2-AG)[5] and anandamide (N-arachidonoylethanolamine,
AEA).[6] These eCBs activate various receptors located on the
plasma membrane and within the nucleus. Key eCB-binding
receptors include the G protein-coupled receptors cannabinoid
receptor type-1 (CB

1
R) and type-2 (CB

2
R), which are also

the molecular targets of the phytocannabinoid (−)-trans-Δ9-
tetrahydrocannabinol (THC).[7]Additionally, nuclear peroxisome
proliferator-activated receptors (PPARs) α,[8] γ,[9] and δ,[10] which
are transcription factors regulating gene expression, are integral
components of the ECS.[11]

The receptor-mediated activities of eCBs are tightly
controlled spatiotemporally, with their cellular concentrations
being regulated by a balance between synthesis and degradation
via various biosynthetic and hydrolytic enzymes.[1b] 2-AG is
synthesized by diacylglycerol lipases (DAGL) α and β,[12] and its
signaling activity is primarily terminated by monoacylglycerol
lipase (MAGL).[13] N-Acyl phosphatidylethanolamines-specific
phospholipase D (NAPE-PLD)[14] catalyzes the release of
AEA from phospholipid precursors, while fatty acid amide
hydrolase (FAAH)[15] hydrolyzes AEA to arachidonic acid and
ethanolamine.

The metabolic control of eCB tone is further modulated by
transporters that facilitate eCB movement across the plasma
membrane via a purported eCB membrane transporter (EMT)[16]
and intracellularly by different proteins, e.g. fatty acid binding
proteins (FABP) 5 and 7.[17]Dysregulation of the ECS and changes
in eCB concentrations have been linked to various pathological
conditions, including cancer, osteoporosis, neuromotor,
neuropsychological, and neurodegenerative diseases, respiratory
diseases such as asthma, cardiovascular diseases such as stroke,
atherosclerosis, myocardial infarction, metabolic disorders,
arrhythmias, and hypertension.[18]

Given its extensive role in physiological regulation, the ECS
holds significant therapeutic potential. Multiple small molecules
targeting the ECS have either been approved or are in advanced
clinical stages.[18]

Fig. 1. Schematic illustration of the essential elements of the
endocannabinoid system (ECS). 2-Arachidonoylglycerol (2-AG) and
N-arachidonoylethanolamine (AEA) extracellularly activate G protein-
coupled receptors (GPCRs) such as cannabinoid receptor type-1 (CB1R)
and type-2 (CB2R). Intracellularly, they interact with transient receptor
potential (TRP) channels and, either directly or after metabolism, with
nuclear hormone receptors such as peroxisome proliferator-activated
receptors (PPARs) in the nucleus. 2-AG is released from membrane
lipids through the action of diacylglycerol lipase (DAGL) and can
be hydrolyzed to glycerol and arachidonic acid (AA) by cytosolic
monoacylglycerol lipase (MAGL). AEA is primarily synthesized by
N-acylphosphatidylethanolamine-specific phospholipase D (NAPE-
PLD) and degraded by fatty acid amide hydrolase (FAAH) to form
arachidonic acid (AA) and ethanolamine. A specific endocannabinoid
membrane transporter (EMT) facilitates the transmembrane exchange
of eCBs. Intracellular traffic is facilitated by eCB intracellular
transporters (EIT). Oxidative metabolism of eCBs involves the addition
of oxygen to the fatty acid moiety by cyclooxygenase-2 (COX-2) to
generate prostaglandins (PGs) and by lipoxygenases (LOXs) to form
hydroxyeicosatetraenoic acids (HETEs). ABHD = α/β-hydrolase domain;
cAMP = cyclic adenosine monophosphate; ERK = extracellular signal-
regulated kinase; MAPK = mitogen-activated protein kinases; RXR =
retinoid X receptor.
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three key elements (Fig. 3): an acidic element that forms up to four
pivotal hydrogen bonds with hydrophilic amino acid residues of
the respective protein, which is indispensable for obtaining potent
agonists, an aromatic center, and a partly solvent-exposed cyclic
tail.[31]These three elements are interconnected by linkermoieties,
which can optionally be branched to access additional subpockets
in the receptor.

The fibrates, such as fenofibrate, a prodrug of the PPARα
agonist fenofibric acid, are clinically used to treat dyslipidemia
and its associated cardiovascular risk (Fig. 4).[32] New-generation
PPARα agonists with more sophisticated acidic head groups, such
asNS-220, exhibit enhanced potency and subtype selectivity.[33]We
licensed NS-220 (R-1593) and initiated phase 1 clinical trials for
the potential treatment of lipid metabolism disorders. In parallel,
we have also developed in-house ligands with high potency for
PPARα, including pyridine 1,[34] and dual-acting PPARα/δ co-
agonists, such as pyrimidine 2.[35]

The thiazolidinediones (TZDs) are PPARγ agonists that
have been shown to improve insulin sensitivity and glucose
homeostasis,[38] in addition to exhibiting anti-inflammatory[39] and
antihypertensive effects.[40]Acommon feature of these compounds
is their thiazolidinedionemoiety, as seen in edaglitazone,[41]which
provides selectivity over the PPARα subtype. Edaglitazone,
developed by Chugai, was Roche’s first advanced PPAR ligand
and was investigated in phase 3 clinical trials for the treatment
of type 2 diabetes.[42] To set-up a PPARγ scintillation proximity
binding assay, we tritiated the molecule at the benzylic position
between the thiazolidinedione and benzthiophene moiety.[43] For
functional assays, a homogeneous time-resolved fluorescence
resonance energy transfer (TR-FRET) cofactor recruitment assay
proved to be highly beneficial.[44] Furthermore, we also discovered
a partial non-TZD based PPARγ agonist.[45]

To harness the beneficial effects of both PPARα and PPARγ
agonism within a single molecule, glitazars have been develop-
ed.[46] These dual PPARα/γ co-agonists, such as aleglitazar,[31]
phenylpropionic acid 3,[46b] and indole 4,[47] contain an α-alkoxy
acid moiety as a common structural motif. Additionally, the
discovery of selective PPARδ ligands, such as L-165041,[48]
and PPARδ ligands with concomitant PPARα activity, such as

Fig. 3. Simplified structure of typical synthetic PPAR agonists. The
linkers may be branched to reach additional subpockets within the
receptor.

1.3 Labeled Chemical Probes and Reverse Design
A labeled chemical probe is a small molecule that acts as a

ligand for a specific target and includes a reporter unit that enables
the characterization of ligand-target interactions, optionally
connected by a linker (Fig. 2). To develop effective and reliable
probes, we employed a reverse-design approach, leveraging prior
optimization performed by medicinal chemists.[23]

By initiating probe generation from optimized ligands
and utilizing existing structure-activity relationship (SAR)
knowledge, we expedite the incorporation of reporter units.
This approach ensures that the affinity for the biological target is
maintained, while also preserving selectivity against off-targets
and suitable absorption distribution metabolism excretion
and toxicology (ADMET) characteristics, such as cellular
permeability for targeting intracellular proteins.

2. Agonists and Labeled Chemical Probes Targeting
Peroxisome Proliferator-activated Receptors

The peroxisome proliferator-activated receptors (PPARs) α,
γ, and δ are ligand-dependent nuclear transcription factors that
belong to the nuclear hormone receptor superfamily. PPARs
form heterodimers with members of the retinoid X receptor
(RXR) family,[24] which transactivate PPAR-responsive elements
(PPREs) of target genes in the presence of specific cofactors.
These target genes are involved in insulin signaling, lipid/glucose
metabolism, immune response, cell cycle, and differentiation
of epithelial or mesenchymal cells.[25] PPARs are selectively
activated by natural ligands, such as endocannabinoids (eCBs)
and their metabolites, e.g. prostaglandins (PGs), or by synthetic
PPAR agonists.[26] Multiple PPAR ligands with diverse subtype
selectivity have been introduced to the market or reached
advanced clinical stages, primarily aimed at combatingmetabolic
syndrome.[26,27]

The link between PPAR activation and metabolic syndrome
was identified in the early 1970s. Patients with type 2 diabetes
taking clofibrate, the first of the fibric acid derivatives developed
for the treatment of hypertriglyceridemia, showed a reduction
in fasting blood glucose concentrations.[28] Subsequent studies
revealed that PPARα is mainly expressed in skeletal muscle,
liver, and heart.[29] Its activation is largely associated with
lipid metabolism, inflammation reduction, and stabilization of
atheroscleroticplaques. Incontrast,PPARγ,whichhas threehuman
isoforms (PPARγ1, γ2, and γ3), is widely distributed throughout
the body, including muscle and fat cells. PPARδ (also known as
PPARβ) is ubiquitously expressed and is particularly important
for regulating fatty acid uptake, transport, and oxidation, as well
as insulin secretion and sensitivity.[30]

PPARs are highly druggable targets, and the generation of
novel ligands for all three subtypes has been supported by
structure-based drug design. Generally, PPAR ligands consist of

Fig. 2. Reverse-design strategy for labeled chemical probes and examples of reporter units. Reproduced from ref. [23], CCBY.
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has approved a mixture of THC and CBD (cannabidiol) extracted
and purified from cannabis (nabiximols) for the treatment of
spasticity and pain in multiple sclerosis (MS). Dronabinol,
nabilone, and nabiximols exhibit agonist activity at both CB

1
R

and CB
2
R, with therapeutic responses and side effects attributed

to one or both CB receptors, as determined by pharmacological
characterization in in vivo or in vitro models.

Despite these challenges, targeting CB
1
R for unmet

therapeutic needs has continued to evolve based on preclinical
investigations.[18] Several experimental studies have shown that
THC and 2-AG stimulate appetite and food intake in animal
models.[64] CB

1
R knock-out mice exhibit markedly lower daily

food intake and body weight, even when fed a high-fat diet
(HFD).[65] This led to the search for CB

1
R inverse agonists for

controlling appetite, food intake, and ultimately body weight,
which commenced in the late 1990s.[66]

Target-based drug discovery has progressed and delivered
many different series of CB

1
-receptor antagonists.[67] Through

the application of the evolutionary fragment-based de novo
design tool TOPologyAssigning System (TOPAS), starting from
a known CB

1
R ligand and followed by further optimization, we

identified a novel benzodioxole CB
1
R inverse agonist series.[68]

Extensive multidimensional optimization yielded the promising
lead compound 5, which showed reduced body-weight gain and
fat mass in diet-induced obese Sprague-Dawley rats.

The most advanced CB
1
R antagonist, rimonabant

(SR141716A), received marketing authorization in the European
Union as an anti-obesity medication but was later withdrawn
due to an increased incidence of anxiety, depression, and
suicidality.[69] These psychiatric side effects appear to preclude
the use of CB

1
receptor antagonists for non-life-threatening

diseases or chronic treatment. However, it has become apparent
that the CB

1
receptor has peripheral functions, suggesting that

peripherally active and selective agents may have therapeutic
potential with reduced psychiatric side effects.

Roche preclinical research identified 6-alkoxy-5-aryl-3-
pyridinecarboxamides (cf. compound 6) as potent CB

1
receptor

GW501516,[49] has been reported. The latter was tritiated to set
up a PPARδ radioligand binding assay.[43]

More recently, PPAR pan agonists, which activate all three
subtypes in a balanced manner, have been proposed for improved
management of the global cardiovascular risk in type 2 diabetes
mellitus patients. This pan activity could potentially lower the
risk of adverse side effects, such as obesity, fluid retention, and
edema.[27] A recent publication using prospective de novo drug
design with deep interactome-based learning for ligand- and
structure-based generation of drug-like molecules focused on the
discovery of novel PPAR ligands, demonstrating the continued
interest in this target class.[50]

3. Cannabinoid Receptor Type-1 Ligands
The G-protein coupled receptor (GPCR) cannabinoid

receptor 1 (CB
1
R) was identified as the specific brain receptor

for THC (Fig. 5), the psychoactive constituent of marijuana,[51]
by the Howlett group in 1988.[52] CB

1
R is highly abundant in

the central nervous system (CNS) and many peripheral tissues
and organs.[53] It plays a critical role in regulating mood and
appetite, pain perception, learning and memory, as well as motor
control.[54]

CB
1
R has been recognized as a target for pharmacotherapeutic

development based on extensive preclinical data (for reviews see
Mackie, 2008;[55] Pertwee, 2008,[56] 2012;[57] Tsang, 2016;[58] Lu,
2017;[59]Amin, 2019;[60] Schurman, 2020;[61]Wilkerson, 2021[62]).
However, the development of CB

1
R agonists and antagonists

has faced challenges related to selectivity due to the widespread
distribution of CB

1
R throughout the brain, including expression

by both neuronal and non-neuronal cells. This broad distribution
increases the likelihood of unwanted side effects accompanying
therapeutic benefits.

The only FDA-approved CB
1
R agonists are THC itself

(synthesizedasdronabinol) and itsdimethylheptyl analognabilone
(LY-109514), specifically for treating cancer chemotherapy-
induced nausea and vomiting. These medicines remain within the
US Pharmacopeia.[63] The European Medicines Agency (EMA)

Fig. 4. Chemical structures, EC50 and IC50 values, and highest development phase of reference and Roche PPARα, γ and δ agonists. The tritium
labeling positions for the radiolabeled ligands [3H]edaglitazone and [3H]GW501516 have been specified. [a]Effects are reported in relation to reference
compounds whose activity was set to 100%: farglitazar (GW262570)[36] for PPARα; edaglitazone for PPARγ; GW501516 for PPARδ. [b]PPARα, γ, and
δ radioligand binding and functional transactivation (luciferase transcriptional reporter gene) assays were performed as described in Binggeli et al.[37]

Radioisotopes are highlighted in green.
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antagonists with high selectivity over CB
2
receptors.[70] The series

was optimized to reduce lipophilicity, achieving peripherally
active molecules with minimal central effects. This led to the
development of a highly potent and selective CB

1
R inverse agonist,

pyridine 7, with markedly reduced brain exposure compared to
rimonabant. Despite high peripheral exposures, the ligand had
no significant effect on body weight and only a marginal effect
on body fat reduction in high-fat-fed rats. These data, consistent
with reported effects in tissue-specific CB

1
receptor KO mice,

suggest that the metabolic benefits of CB
1
receptor antagonists are

primarily centrally mediated.
Interestingly, ligands from the 5-arylnicotinamide series

became important seed structures for further drug discovery
programs. Compound 6 was found to stimulate cholesterol efflux
to extracellular apoAI in a phenotypic screening assay using
cholesterol-loaded humanmacrophages (THP1 cells).[71]Oxysterol
Binding Protein Like 7 (OSBPL7) was identified as the molecular
target of this ATP-binding cassette transporter (ABCA1)-mediated
cholesterol efflux. Compound 8, devoid of CB

1
R activity, was

highly efficacious in improving renal function in mouse models
reflecting two diverse etiologies of progressive renal disease. These
compounds may offer a potential new therapy for renal disease by
targeting cellular cholesterol metabolism through a new mode of
action, addressing the significant unmet need in chronic kidney
disease (CKD).

Furthermore, specifically decorated 5-arylnicotinamides were
found to be selective for CB

2
R and devoid of CB

1
R activation,

becoming a lead series for a Roche CB
2
R program focusing on

the treatment of diseases with an inflammatory background. In
contrast, a pyrrole carboxamide CB

1
R ligand became the seed

structure for the generation of reverse design-approach-based
fluorescently labeledCB

1
Rprobes incollaborationwith theNazaré

group.[72]A modular design concept with a diethyl glycine-based
building block as the centerpiece, supported by computational
docking studies, allowed for the generation of pyrrole-basedCB

1
R

fluorescent probes such as tetramethyl-6-carboxyrhodamine
(TAMRA) derivative 9. These probes were successfully applied in
time-resolved fluorescence resonance target-engagement studies
(TR-HTRF) and CB

1
R live cell imaging studies, holding great

potential for deepening the understanding of mechanistic aspects
of CB

1
R localization, trafficking, and activation essential for the

function and role of this receptor in pathological conditions.

4. Cannabinoid Receptor Type-2 Ligands
CB

2
R was discovered in 1993.[75] Like CB

1
R, it belongs to the

class A (rhodopsin-like) GPCRs. CB
2
R and CB

1
R share a high

degree of homology, with 44% overall sequence identity and 68%
homology in the ligand-binding domain. Remarkably, no natural
ligands have been identified that exhibit exclusive selectivity
for either of the two cannabinoid receptors. Selectivity, if any,
seems to be regulated by the varying expression of receptors and
endocannabinoidmetabolizing enzymes in different cell types and
tissues.[76]

CB
2
R is highly abundant in immune tissues such as the spleen,

lymph nodes, and bone marrow, where it is found in immune
cells including macrophages, T and B cells, natural killer cells,
monocytes, mast cells and polymorphonuclear neutrophils.[53b,77]
CB

2
R has also been identified in other peripheral tissues such as

the liver,[78] kidney,[79] spleen,[77b] gastrointestinal tract,[80] and
bone,[80,81] predominantly in immune-derived cells (e.g. Kupffer

Fig. 5. Chemical structures, in vitro pharmacology data and highest development phase of reference and Roche CB1R ligands. [a]Binding affinity on
human cannabinoid receptors.[73] [b]Consensus data for human CBRs from a collaborative multicentric profiling effort between multiple independent
academic laboratories and industry.[74] Fluorophore is highlighted in red.
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CB
2
R agonists to explore their potential for reducing chemotaxis,

oxidative stress, and tissue protection. Initially, we focused on
damage resulting from ischemia-reperfusion injury and fibrosis,
as these are closely linked to both acute kidney injury (AKI) and
chronic kidney disease (CKD), for which there is a high unmet
medical need. To identify hits, we employed a three-pronged
approach: a high-throughput screening campaign, an information-
based approach leveraging our CB

1
R inverse agonist program, and

a licensing deal for HU-910[91c] from the Mechoulam lab (Fig. 6).
All approaches were successful and provided highly potent and
very selective CB

2
R agonists that matched our target compound

profile. High selectivity over CB
1
R was particularly important, as

CB
1
R agonism in the brain and its associated psychotropic effects

were considered a significant drawback for indications such as
diabetic nephropathy.

HU-910 belongs to the group of non-classical cannabinoids,
in which the pyranyl ring of classical cannabinoids such as THC
is not present. It exhibits a favorable overall profile, including
high binding and functional selectivity against CB

1
R and a

representative set of further off-targets. Therefore, HU-910
has been recommended as a selective CB

2
R agonist to study

the role of CB
2
R in biological and disease processes.[74] HU-

910 demonstrated a sustained beneficial effect in liver post-
ischemia paradigms[91c] and limited albuminuria and renal
injury in mice with type 2 diabetic nephropathy (10 mg/kg
p.o. for 11 weeks) to a similar extent as the clinically approved
angiotensin-converting enzyme (ACE) inhibitor lisinopril,
thereby suggesting that CB

2
R agonism has the potential to

become a treatment for type 2 diabetic nephropathy.[92a] In a
mouse in vivo model of endotoxin-induced uveitis (EIU), HU-
910 showed beneficial immunomodulating actions in the eye
by decreasing leukocyte adhesion through inhibition of resident
ocular immune cells.[100]

Highly selective and potent bicyclic (het)aryl-derived CB
2
R

agonists were developed from a high-throughput screening
(HTS) hit.[101] Hit-to-lead work culminated in the discovery
of triazolopyrimidine RO6871304, which demonstrated equal
potency toward the human and mouse CB

2
receptor isoforms

in the subnanomolar range (human CB
2
R cAMP EC

50
= 1 nM,

mouse CB
2
R cAMP EC

50
= 0.5 nM). The selectivity in binding

versus CB
1
R was exceptionally high (41’190-fold). Average

free plasma concentrations were high after both intravenous
(i.v.) and oral (p.o.) administration, translating into efficacy in
a kidney ischemia–reperfusion model and protective properties
in a model of renal fibrosis. Furthermore, RO6871304
effectively reduced leukocyte–neutrophil activity in an in vivo
mouse model of endotoxin-induced uveitis (EIU) after topical
administration.[100] In vitro, triazolopyrimidine RO6871304
decreased neutrophil migration of wild-type (WT) neutrophils
but not neutrophils from CB

2
R-/- mice, and attenuated adhesion

of adoptively transferred leukocytes in EIU.
The selective 2,4,5-trisubstituted pyridine-derived CB

2
R

agonist RO6871085, which was derived from CB
1
R starting

points, also showed decreased leukocyte-endothelial adhesion
in the samemouse model of EIU.[100]This ligand is a full agonist
for human andmouse CB

2
Rwith cAMPEC

50
values of eight and

three nM, respectively.[102] Due to its favorable overall ADME
profile, the molecule achieves high bioavailability in mice
(F = 68% at 3 mg/kg p.o.).

To gain a better understanding of CB
2
R, we also generated

highly potent and selective CB
2
R inverse agonists such as

RO6851228.[100] Importantly, this structurally close analogue of
RO6871085 was able to antagonize the therapeutically beneficial
decrease in leukocyte-endothelial adhesion observed with the
agonist RO6871085.As leukocyte adhesion and inflammation are
key pathological features of diabetic retinopathy (DR), the rodent
in vivo efficacy data generated with structurally diverse, highly

cells, osteoblasts, and osteoclasts, among others). Furthermore,
CB

2
R mRNA has been found in microglia, particularly during

neuroinflammation, where microglia are activated and CB
2
R

levels are upregulated.[82] Apart from immune cells, CB
2
R

expression levels are generally very low, making it challenging to
definitively establish its presence.[82,83]

CB
2
R has been reported to be expressed both at the cell

surface and intracellularly.[84] Inflammation and tissue injury can
trigger rapid elevations in local endocannabinoid (eCB) levels,
with likely contributions from both infiltrating immune cells and
damaged parenchymal cells. This is often accompanied by an
increase in CB

2
R expression levels, most likely originating from

the infiltration of immune cells and the activation of resident
ones. Such changes in eCB levels and CB

2
R expression have been

reported for a plethora of diseases affecting humans.[85] These
eCB level changes modulate CB

2
R-mediated signaling responses

in immune and other cells.
At the molecular level, CB

2
R couples to Gαi/o protein and

inhibits cyclic adenosine monophosphate (cAMP) production via
adenylate cyclase, which in turn stimulates downstream signaling
cascades. Internalization and ERK phosphorylation (pERK)
are additional important signaling pathways. The signaling
fingerprint may vary among structurally diverse orthosteric
binders, illustrating the phenomenon of biased signaling.[74] This
variability gives rise to distinct cellular responses, ultimately
opening the door to the potential development of tailored CB

2
R

therapeutics.[86]
Generally,CB

2
Ractivation in immuneor immune-derivedcells

mediates immunosuppressive effects; proliferation is inhibited,
apoptosis is induced, and cytokine and chemokine production as
well as migration of stimulated immune cells is suppressed.[87]
Furthermore,regulatoryTcellsareinduced,leadingtoanattenuation
of autoimmune inflammatory responses.[88] In summary, critical
functions are modulated, leading to the prevention, attenuation,
and repair of inflicted damage, thereby limiting tissue injury in
a variety of pathological conditions such as cardiovascular,[89]
gastrointestinal/inflammatory bowel,[90] liver,[91] kidney,[79,92]
lung,[53b] and neurodegenerative diseases,[93] systemic sclerosis
and scleroderma,[94] diabetes and its complications (retinopathy,
nephropathy, and cardiomyopathy),[95] and pain,[96] especially in
those associated with sterile inflammatory responses. In various
forms of tissue injury or inflammation, the activation of CB

2
R

is generally protective. However, in certain disease states or
stages, the immunosuppressive effects of CB

2
R activation may

context-dependently exacerbate tissue damage.[85] In such cases,
CB

2
R inverse agonists and antagonists might offer therapeutic

benefits.
The immense therapeutic potential of CB

2
R modulation

has garnered recognition from both academic and industry
institutions, resulting in the discovery of numerous ligands
and chemical probes designed to target CB

2
R.[73, 97] The first

manuscripts and patents appeared in 1991[98] and 1996,[99]
respectively. Since then,more than 1130basic patent applications
have been filed until the date of submission of this article. The
reported structures cover a vast, structurally diverse chemical
space and can be divided into endogenous cannabinoids and
related fatty acid derivatives, marijuana-derived cannabinoids,
and synthetic cannabinoids.

In recent years, there has been a notable shift in the focus
of CB

2
R ligand development, with an emphasis on agonists

exhibiting a high degree of selectivity over CB
1
R and specificity

towards CB
2
R. This shift aligns with an increased interest

in indications associated with inflammation or tissue injury.
Concurrently, more than 20 CB

2
R agonists have undergone

human studies.[97h]
Starting activities in kidney diseases and recognizing the

therapeutic potential of CB
2
R agonism, we began generating
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potent, and selective CB
2
R agonists enabled the repurposing of

the program toward the treatment of DR.
Lead optimization work culminated in the discovery of CB

2
R

agonist RG7774, a highly potent, selective, and orally bioavailable
ligand with a favorable systemic and ocular pharmacokinetic
profile.[103] Oral administration of RG7774 (vicasinabin)
demonstratedbeneficialeffectsonvascularpermeability, leukocyte
adhesion, and ocular inflammation – key pathological features of
DR – in animal models of retinal disease. Due to its drug-like
properties, the CB

2
R agonist showed a favorable outcome in the

single ascending dose (SAD) andmultiple ascending dose (MAD)
phase 1 studies. However, due to a lack of efficacy, vicasinabin
was discontinued in the phase 2 DR trial.[104]

Since activation of CB
2
R holds potential for the treatment of

neuroinflammatory diseases, we explored therapeutic options
for our ligands beyond retinal diseases.[102,105] To support these
activities and enhance the understanding of CB

2
R expression and

its molecular and cellular mechanisms of action, we embarked
on the generation of labeled chemical probes for translational
imaging, thus overcoming specificity issues of existing anti-
CB

2
R antibodies.[83] Such translational imaging, including the

generation of therapeutically effective occupancy levels, is
critically important for designing clinical trials.

To this end,weaimed todeveloppositronemission tomography
(PET) probes in collaboration with the group of SimonAmetamey
at ETH Zurich. Starting from the pyridine-derived lead series,
reverse design led to the discovery of the PET imaging agent
[11C]RSR-056, which demonstrated specific binding to CB

2
R-

positive spleen tissue of rats and mice in vitro and in vivo.[106] A
tritiated version of this highly potent and selective CB

2
R inverse

agonist, [3H]RO6957022, was successfully employed together
with the Heitman group to study drug-target binding kinetics for

a wide range of CB
2
R reference ligands, spanning full, partial, and

inverse agonists.[107]
In the search for a fluorine-18 labeled CB

2
R PET tracer,

we commenced from [11C]RSR-056 with the aim of finding a
suitable analogue for radiofluorination and further improving the
pharmacological properties. Fluorine atoms were incorporated
at all three exit vectors and the pyridine core,[108] resulting in
the discovery of [18F]RoSMA-18-d

6
.[109] The CB

2
R PET tracer

exhibits a sub-nanomolar affinity (K
i
for CB

2
R = 0.8 nM)

and a remarkable selectivity factor of >12’000 over CB
1
R.

[18F]RoSMA-18-d
6

showed exceptional CB
2
R attributes as

demonstrated by in vitro autoradiography, ex vivo biodistribution,
and in vivo PET studies across species, and thus progressed
into clinical trials to monitor neuroinflammatory processes in
amyotrophic lateral sclerosis (ALS) patients.[110]

In collaboration with the groups of Mario van der Stelt, Erick
Carreira, and Marc Nazaré, we developed highly specific CB

2
R

fluorescent probes, which allow for ex vivo target occupancy
studies and were successfully applied for live cell imaging of
CB

2
R-positive cell populations and even the in vivo visualization

of CB
2
R. LEI121 is a CB

2
R-specific bifunctional photoreactive

probe.[111] It allows for monitoring endogenous GPCR expression
and engagement in human cells using tandem photoclick
chemistry. It covalently captures CB

2
R upon photoactivation of

the diazirine moiety, while the incorporated alkyne serves as a
ligation handle for the introduction of reporter groups such as
fluorescent dyes and biotin.

Together with the groups of Marc Nazaré and Erick Carreira,
the reverse design concept was applied for the generation of
reversible CB

2
R fluorescent probes. Key to success was the

structure-based design of core linker tag constructs, which aimed
to place the fluorophore toward the extracellular space so that the

Fig. 6. Chemical structures, in vitro pharmacology data and highest development phase of reference and Roche CB2R ligands. [a]Consensus data
for human CBRs from a collaborative multicentric profiling effort between multiple independent academic laboratories and industry. The effect of
agonists is normalized to the effect of 10 μM CP55’940.[74]Radioisotopes are highlighted in green (3H) and purple (18F). Photoactivatable group is
highlighted in cyan. Ligation handle is highlighted in pink. Fluorophores are highlighted in red. Covalent labeling moiety is highlighted in orange.
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large fluorescence dye would not compromise binding affinity,
an issue found in early attempts where the reporter dye was
incorporated within the binding cavity. Silicon-rhodamine labeled
CB

2
R agonist 10 is cell-permeable, allowing the labeling of extra-

and intracellular CB
2
R pools.[112] It preserves interspecies affinity

and selectivity for both mouse and human CB
2
R and was applied

for CB
2
R detection in endogenously expressing living cells and

zebrafish larvae.
DY480XL labeled CB

2
R agonist 11, based on a HU-308

probe platform,[113] is also a highly versatile tool for studying
CB

2
R and was successfully applied for setting up FRET-based

CB
2
R kinetic and equilibrium binding assays.[114] Rational design

enabled the conversion of functionality and allowed for the design
of fluorescently labeled CB

2
R inverse agonists (cf. compound 12),

thus complementing the toolbox for an in-depth understanding of
CB

2
receptor pharmacology.[115]
Furthermore, a sophisticated tool for visualizing and studying

CB
2
R while maintaining its ability to bind other ligands at the

orthosteric site was generated using ligand-directed covalent
(LDC) labelingofCB

2
R.[116]Covalent labelingof aperipheralCB

2
R

lysine residue by exploiting fluorescent O-nitrobenzoxadiazole
(O-NBD), N-sulfonyl pyridone (N-SP), and N-acyl-N-alkyl
sulfonamide (NASA) (cf. probe 13) LDC functionalized probes
was applied to specifically visualize CB

2
R in conventional and

imaging flow cytometry as well as in confocal fluorescence
microscopy using overexpressing and endogenously expressing
microglial live cells.

These and other recently developed high-quality labeled CB
2
R

fluorescent and PET probes have significantly contributed to a
better understanding of CB

2
R expression and function. However,

numerous unanswered questions remain regarding the receptor’s
mechanism of action and how this translates to clinical benefit.
Biased signaling induced by different ligands, resulting from the
existence of different ligand-dependent CB

2
R conformations, is

yet poorly understood but highly relevant as it results in distinct
pharmacological responses.[74,117] Additionally, determining
binding kinetics, i.e. the association rates as well as residence
time of a ligand, may provide important insights and rationale
for in vivo efficacy and might even influence signaling bias.[107]
Association equilibria of CB

2
R receptors homo- and heterodimers

might translate intodifferent functional properties and thusprovide
yet another mode of therapeutic intervention. Lastly, improving
the understanding of translatability from promising preclinical
in vivo efficacy studies to humans is key. A feedback loop and
back-translation of clinical data and knowledge from patients or
human systems to preclinical research will tremendously increase
the chance of success.

5. Monoacylglycerol Lipase Inhibitors
The eCB 2-AG is a full agonist for both CB

1
R and CB

2
R.[118]

2-AG is the most relevant eCB in the brain.[119] MAGL is the key
enzyme that controls the lifespan of 2-AG and, consequently,
its biological activity. In the mouse CNS, MAGL activity is
responsible for degrading approximately 85% of 2-AG.[120]
MAGL is a cytosolic membrane-bound serine hydrolase with two
known isoforms of ~33 and ~35 kDa in mice and humans. The
hydrolysis of 2-AG by MAGL leads to the formation of glycerol
and most of theAA produced in the brain, which is then available
for conversion to pro-inflammatory eicosanoids, including
prostaglandins by the cyclooxygenases COX-1 and COX-2.[121]

Acute pharmacological blockade or genetic deletion ofMAGL
in wild-type mice increases the levels of 2-AG and achieves a
rapid and sustained reduction in AA levels. For example, brain
2-AG levels increase by approximately 10-fold in MAGL-/- mice,
reflecting a 90% decrease in the rate of 2-AG degradation.[122]
Due to their pivotal involvement in eCB and eicosanoid signaling,
MAGL inhibitors have emerged as promising therapeutic options

for a range of disorders, including (neuro-)inflammatory and
neuropsychiatric diseases, as well as conditions involving acute
tissue injury and cancer.[123]

CNS-penetrant MAGL inhibitors have shown efficacy in
multiple preclinical models of neuropathic pain, encompassing
models of traumatic nerve injury, chemotherapy-induced
peripheral neuropathy, and multiple sclerosis via cannabinoid
CB

1
and CB

2
receptor mechanisms.[124] First-generation MAGL

inhibitors[125] act irreversibly by forming a covalent bond with
the catalytic Ser122 residue of MAGL.[126] However, prolonged
exposure to irreversible MAGL inhibitors can lead to unwanted
CNS-mediated side effects. Additionally, irreversible hydrolase
inhibitorsoften lackselectivity, leading topotential adverseeffects
that can be fatal in some cases.[127] Therefore, the development
of highly selective reversible MAGL inhibitors was proposed
to improve the pharmacological control of enzyme activity and
reduce the risk for off-target and adverse effects.

To identify novel reversible MAGL inhibitors with high
potency and selectivity for the target, as well as ADME
properties, we employed various hit-finding approaches. Through
optimization of a DNA-encoded library (DEL) screening hit,
we arrived at the bicyclopiperazine inhibitor MAGLi 432
(Fig. 7).[128] This ligand potently and reversibly inhibits MAGL
across species and was found to be highly selective against other
hydrolases by competitive Activity-Based Protein Profiling
(ABPP). The brain-penetrant ligand significantly ameliorated
experimental autoimmune encephalomyelitis (EAE) clinical
disability and striatal inflammatory synaptopathy through
potent anti-inflammatory effects in C57/BL6 female mice with
EAE.[129] These findings provide new mechanistic insights into
the neuroprotective role of the ECS during neuroinflammation
and highlight the therapeutic potential of MAGLi-based drugs in
mitigating MS-related inflammatory and neurodegenerative brain
damage.

By means of a focused screening approach, we were also able
to develop oxazinone-based reversible MAGL inhibitors exhibiting
picomolar potencies, such as azetidine urea 14.[130] In collaboration
with the Butini and Campiani groups, covalent brain-penetrant
azetidin-2-one-derivedMAGL inhibitors, such as 15, showing potent
in vivo target engagement, have been elaborated.[131]Considering the
ubiquitous and high expression of MAGL in the CNS and periphery,
we explored the brain-periphery crosstalk by developing peripherally
preferred, highly potent, and selective reversible MAGL inhibitors
such as triazole 16.[132]

Together with the van der Stelt group, we recently reported
on the discovery of the peripherally preferred covalent MAGL
inhibitor LEI-515, which suppressed chemotherapy-induced
neuropathic nociception in mice without inducing cardinal signs
ofCB

1
Ractivation.This highlights peripheralMAGL inhibition as

a promising therapeutic strategy for developing safe and effective
anti-inflammatory and analgesic agents.[123c]

To support our drug discovery activities, we embarked on
the generation of labeled chemical probes using the reverse
design concept. An initial probe was the tritiated analogue of
the covalent PET tracer [¹¹C]MA-PB-1.[133] This ligand enables
specific ex vivo autoradiography target binding in mouse and rat
brain slices. In MAGL knockout (k.o.) brain slices and after pre-
treatment with 10 µM of MAGLi 432, no specific binding of the
tracer was observed.[134] These data served as the starting point
for the generation of MAGL PET tracers to exploit this technique
for non-invasively measuring target occupancy in clinical studies.
Quantification and kinetic modeling of such interactions require
reversible PET tracers.[135] Thus, we embarked on the search for
¹¹C and 18F-labeled reversible MAGL ligands in collaboration
with the Mu and Schibli groups.

Multiparameter optimization scores guided the selection and
synthesis of two morpholine-3-one-derived reversible MAGL
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PET tracer candidates.[136] [¹¹C]1 and [¹¹C]2 were radiolabeled by
direct [¹¹C]CO

2
fixation. Dynamic PET imaging usingMAGL k.o.

and wild-type mice confirmed the in vivo specificity of [¹¹C]2.
Further structural optimization, particularly based on MAGL
inhibitory potency, in vitro metabolic stability, and surface
plasmon resonance assays, led to the discovery of [¹¹C]7, which
demonstrated an improved kinetic profile compared to the lead
structure.[136]

To develop an 18F-labeled PET tracer with a longer half-life
of 109.8 minutes compared to ¹¹C labeled probes (half-life =
20.4 minutes), we also worked on a piperazinyl pyrrolidin-2-one
scaffold that builds on work from Takeda.[137] (R)-[18F]YH149
((R)-[18F]13) was identified through the preliminary evaluation of
two carbon-11-labeled racemic structures [¹¹C]11 and [¹¹C]16.[138]
High brain uptake and brain-to-blood ratio were achieved by (R)-
[18F]13 in comparison with previously reported reversible MAGL
PET radiotracers. Target occupancy (TO) studies with a therapeutic
MAGL inhibitor revealed a dose-dependent reduction of (R)-
[18F]13 accumulation in the mouse brain. However, subsequent
work detected a radiometabolite in the mouse brain, complicating
quantitative PET and kinetic modeling.

Thus, we investigated a novel compound, (R)-[18F]YH134,
the meta-fluorine–substituted analog of (R)-[18F]YH149, which
turned out to be a highly specific and selective PET tracer
with favorable kinetic properties for imaging MAGL in rodent
brain[132b] and non-human primates.[139]

To support various other translational investigations, such
as setting up a bioluminescence resonance energy transfer
(BRET)-based cellular assay, cell-free fluorescence polarization
assays, fluorescence-activated cell sorting analysis, and confocal
fluorescence microscopy in live cells and organoids, we
collaboratedwith theNazarégroupon thegenerationof fluorescent
MAGL probes. This resulted in BRET fluorescent probe 17[140]
and miniaturized probes such as the boron-dipyrromethene

(BODIPY) ligand 18, exhibiting a 0.77 nanomolar potency (IC
50
)

for human MAGL.[141]

6. Conclusions
The endocannabinoid lipid signaling network plays a crucial

role in many human health and disease states, making the ECS a
significant focus for drug discovery activities. Among the various
components of the ECS, Roche has embarked on medicinal
chemistry programs targeting PPARα, γ, and δ, CB

1
R, CB

2
R,

and MAGL to develop therapeutic drugs for human diseases.
To conduct this science of drug discovery with the highest
possible quality and maximize the chance of success, we have
continuously invested in exploiting synergies between chemical
biology and medicinal chemistry. This includes the application of
best practices in developing and using chemical probes to explore
cellular pathways, identify and validate therapeutic targets, and
generate and optimize hits.[22]

In particular, we employed labeled chemical probes consisting
of a target recognition element and a reporter group, optionally
interconnected by a linker, to achieve these aims.[23] The reverse-
design approach leverages the generation of chemical probes
from leads already optimized by medicinal chemists, thereby
maximizing the chances for successful outcomes. Furthermore,
research towards the discovery of labeled chemical probes and
chemical biology in general often allows for collaborations
with academic partners.[142] This collaboration bridges industry
activities, which are highly goal-oriented and often do not allow
for following up on promising side discoveries, with academic
research, which can explore these interesting scientific avenues
in more depth.

On the example of the ECS, we successfully showcased that
this approach can be mutually rewarding for both parties. Our
holistic drug discovery and development approach, fostering an
end-to-end thinking philosophy, has organically grown. While

Fig. 7. Chemical structures, in vitro pharmacology data and applications of reference and Roche MAGL ligands. Radioisotopes are highlighted in
green (3H) and purple (11C and 18F). Fluorophores are highlighted in red.
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the PPAR programs were accompanied by limited chemical
biology activities mainly concentrating on radiolabeled ligands,
activities around CB

1
R involved ‘clickable’ ligands allowing for

the identification of OSBPL7 as a novel attractive target and, more
recently, the generation of fluorescently labeled CB

1
R inverse

agonists. The reverse-design-based generation of multiple labeled
chemical probes accompanied and supported the CB

2
R drug

discovery program, culminating in the phase 2 ligand RG7774
(vicasinabin), a thorough understanding of target localization,
mechanism of action, and a phase 1 PET tracer for non-invasively
measuring therapeutically relevant target engagement levels.

In the course of the MAGL inhibitor program, the concept
of intertwining medicinal chemistry and chemical biology
has fully matured, allowing the progression of RG6182 as an
innovative treatment for MS towards clinical trials within only four
years.[143] Multiple labeled chemical probes enabled the setup of
cellular assays, target localization and expression studies, selectivity
and target occupancy assessment,[144] thus highlighting the enormous
potential of this symbiotic end-to-end approach by linkingmedicinal
chemistry and chemical biology to translational drug discovery. We
are convinced that this approach can serve as a blueprint for further
applications in drug discovery and development.
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