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PainRelief

e GPCRs and the evolving view of their pharmacology: experimental strategies to
investigate new GPCR ligands with potentially improved pharmacological profile.

e Background information on opioid receptors and ligands.

 Promises and pitfalls in the quest for more effective and safer analgesics: biased
agonists vs low intrinsic efficacy agonists.

o« e . . . . . / -right tected
e Kappa opioid receptor: an intriguing pharmacological target for improved o

therapeutics to treat pain and psychiatric disorders.

e Quantitative Systems Pharmacology as an innovative avenue for more effective and
safer therapeutics: molecular pathway analysis to implement predictive QSP
platforms.
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GPCRs AND DRUG DEVELOPMENT
PainRelief

Classic view of GPCR pharmacology

=, e For decades believed to couple only to G proteins in order to elicit cellular responses
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GPCRs AND DRUG DEVELOPMENT
PainRelief

Present view of GPCR pharmacology

A -

}
M‘& BEECO000606 GPCR engagement by agonists
O may result

0 VA, deh in different signalling outputs

C o>

oo}

000000000800 ( g} X ‘? a i% PN 000000000000 )( i G ? v »% 12O DODRODS DS
SHEHEROCOTED D'l ‘ D'G i D'l !1 PEHL0DRBCBD 9080000000000 "l l ED'( l E't .l3 220D GATE

\_r A -/ \_» £

<

[Pupo et al., 2016]

AN .
Q 71
\!
W ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

:_,:;;/ This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 848068.




GPCRs AND DRUG DEVELOPMENT

PainRelief Present view of GPCR pharmacology
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GPCRs AND DRUG DEVELOPMENT
PainRelief

Intrinsic efficacy was the linchpin of GPCR pharmacology

AFFINITY _
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EFFICACY E =¥ Full agonist
i == Partial agonist
B‘ =& Antagonist
‘ é - - Inverse agonist
FULL AGONIST j
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PARTIAL AGONIST
ANTAGONIST Log(Drug) (M)
INVERSE AGONIST

Activity of a ligand at a GPCR described in terms of
INTRINSIC EFFICACY

- (e.g.: full agonists activate all the signalling pathways linked to a receptor to
el the same degree as the endogenous ligand for that receptor)
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. PainRelief

GPCRs AND DRUG DEVELOPMENT

From intrinsic efficacy to functional selectivity
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GPCRs AND DRUG DEVELOPMENT

PainRelief The dawn of functional selectivity
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PainRelief The dawn of functional selectivity
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NEED TO EXPAND RESEARCH TO ELUCIDATE
* how functionally selective ligands determine differential signalling

e which effects are elicited at the level of target tissues and organisms

o what are the physiological and pharmacological consequences of functional selectivity
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FUNCTIONAL SELECTIVITY AND DRUG DEVELOPMENT

PainRelief How to investigate functional selectivity in vitro

e Employ different cell models (with both heterologous and endogenous expression of

the desired GPCR)

e Always include the appropriate reference balanced agonist

 Employ multiple assays to determine the activation of & protein-dependent (GTPyS
assay, cCAMP assay) vs arrestin-mediated (BRET, enzyme complementation assay)
intracellular signalling

e Possibly investigate more highly complex patterns of functional
selectivity and not only the simple dichotomy between G
protein- or arrestin-dependent signalling

Quantification of agonist bias
to guide structure-activity studies,

. compare different ligands and select drug candidates
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PainRelief Beyond G protein-dependent vs arrestin-mediated signalling

G-protein-dependent vs Arrestin-mediated signalling is considered the first
branching point within functional selectivity

More highly complex patterns of FUNCTIONAL SELECTIVITY

e DIFFERENTIAL ACTIVATION OF SIGNAL TRANSDUCERS (e.g.: MAPKSs)
 DIFFERENTIAL MODULATION OF GENE EXPRESSION
* LIGAND-DEPENDENT MODULATION OF CELLULAR  RESPONSES

(e.g.: cell proliferation)
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FUNCTIONAL SELECTIVITY AND DRUG DEVELOPMENT

PainRelief The challenge of translating functional selectivity to in vivo settings

e Ligand bias has been studied 7n vitro mainly in heterologous expression systems.

e Many of the limitations for evaluating downstream behavioural effects are that
the responses may be due to agonist acting non-selectively /[Zhou & Bohn, 2014].
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FUNCTIONAL SELECTIVITY AND DRUG DEVELOPMENT
PainRelief

The complex scenario of functional selectivity in vivo

@ Conventional Agonist @ Conventional Agonist
)" Blased Agonist | Blased Agonist
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ENDOGENOUS OPIOID SYSTEM
PainRelief

Main receptors and mediators

* Opioid Receptors * Endogenous Opioid Peptides

** Mu opioid receptor MOR or MOP) +* Endorphins (END)
¢ Delta opioid receptor (DOR or DOP) +* Enkephalins (ENK)
¢ Kappa opioid receptor (KOR or KOP) ¢ Dynorphin (DYN)
¢ Nociceptin/Orphanin FQ Receptor (NOP) ¢ Nociceptin
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enkephalins endorphins dynorphins nociceptins )
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i [Palmer et al., 2021] e e
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ENDOGENOUS OPIOID SYSTEM

PainRelief Main receptors and mediators
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enkephalins endorphins dynorphins nociceptins

¢ Class A G protein-coupled receptors (GPCRs)
¢ Involved in a variety of physiological and pathophysiological events, including but not limited to pain
modulation, immune function and emotional response
% Typically coupled to Ga,

[Palmer et al., 2021]
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ENDOGENOUS OPIOID SYSTEM
PainRelief

Main receptors and mediators

Ca’* channel inhibition Adenylyl
K* channel activation cyclase

ATP cAMP
l o E=
I

Analgesia

< Ga,,-dependent inhibition of adenylyl cyclase
% GPy-dependent activation of post-synaptic GIRK and inhibition of pre-synaptic VGCC
s MAPKSs activation (i.e.: ERK1/2, p38MAPK, JNK)

*¢ GRK activation, arrestin recruitment leading to internalization, desensitization, arrestin-dependent signalling

VN

7 [Palmer et al., 2021]
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HUMAN p-OPIOID RECEPTOR (MOR)
PainRelief

Main target of currently available opioid analgesics

ENDOGENOUS EXOGENOUS

Endorphins Morphine
Endomorphins T;El@)éﬁ Fentanyl

Oxycodone
Inhibition of adenylyl Modu]atlon of ionic channels: PLC activation
cyclase | pre-synaptic Ca2* influx T PKA
| cAMP | pro-nociceptive T P-MAPK
| PKA neurotransmitters release
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HUMAN p-OPIOID RECEPTOR (MOR)
PainRelief

Main target of currently available opioid analgesics
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Side offects #*

Respiratory depression

IMMUNOMODULATION
TOLERANCE
ADDICTION
Blockade of pre-synaptic Ca2* channels:
Inhibition of neurotransmitters release
N Activation of post-synaptic K* channels:
G N .
Q g o /, hyperpolarization => blockade of neurotransmission
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PainRelief Clinical relevance, treatment options and unmet needs

e Opioid analgesics (e.g.: morphine, fentanyl, oxycodone) are still the mainstay in the treatment of
moderate to severe pain, both acute and chronic; however, their clinical use may be limited due to their
relevant side effects and their abuse liability.

* 60% of patients treated for chronic pain responds poorly [Van Hecke et al, 2013] and opioids may be
even detrimental in some chronic pain states

e QOpioid over-prescription and misuse led to an exponential increase in addicted people and deaths due
to opioid use disorders and opioid abuse (i.e.: «<opioid crisis» or «epidemics»)
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PainRelief Clinical relevance, treatment options and unmet needs
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moderate to severe pain, both acute and chronic; however, their clinical use may be limited due to their
relevant side effects and their abuse liability.

* 60% of patients treated for chronic pain responds poorly [Van Hecke et al, 2013] and opioids may be
even detrimental in some chronic pain states
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PainRelief The quest for the Holy Grail or an achievable goal?

e Molecules provided with higher affinity, selectivity, potency

e Molecules provided with “mixed pharmacology” (e.g.: MOR agonist/DOR antagonist, MOR
agonist/NOP agonist, etc.)

e Biased agonists
e Low intrinsic efficacy agonists

e Combination treatments (e.g.: analgesic + “augmentation” drug aimed at potentiating effects
and/or attenuating toxicity)
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PainReIief

BIASED AGONISM AT GPCRs

Definition, overview and pharmacological implications

Ability of a ligand at a G-protein coupled receptor to selectively activate
particular cell signalling pathways over others
GPCRs are dynamic entities that exist in multiple conformations: diverse ligands stabilize

different active states and elicit distinct conformational changes within the receptor, thus
resulting in a selective modulation of intracellular signalling [Kenakin and Christopoulos.,

2013]

Ligand-directed signalling represents an intriguing opportunity to design tailor-made
therapeutics

Selective

agonist B O

Selective

agonist A

R

= Therapeuic |

Kenakin and Christopoulos, Nature reviews 2013

Adverse

(.

= =
Wracker et al., Science 2013
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PainReIief

POTENCY, EFFICACY AND GPCR MODULATION

Overview and potential pharmacological implications
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COMBINATION TREATMENTS
PainRelief

A strategy to potentiate effects and/or mitigate toxicity
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BIASED AGONISM AT MOR

PainRelief A promising avenue for more effective and safer analgesics

Hypothesis-driven => Morphine administered to arrestin 3 KO mice produced enhanced
analgesia with reduced tolerance and fewer adverse events as compared to wild-type mice

[Bohn et al., 2000; Raehal et al., 2005].

Similar improved morphine potency with reduced side effects in mice and rats treated with
siRNAs targeting arrestin 3 expression /L7 et al., 2009; Yang et al., 2011].

Numerous MOR agonists have been developed over the years in a global effort to improve
opioid safety and tolerability, but all these structurally diverse opioids display morphine-
like side effects (tolerance, nausea, vomiting, sedation, constipation, respiratory
depression).

Ligand z B-Conformation
a ; - b) A-Conformation C
( ) Classification Unbiased ( ) Biased (G-protein) ( ) Biased (Arrestin)
G-protein
Conformation u n
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BIASED AGONISM AT MOR

PainRelief Promises and pittalls: the paradigmatic story of TRV130

Table 1
G protein-biased MOR agonists™

R
S
H 2
N -.L,,_\ R
R1
o
1 2-4
Compound R', RZ, R? MOR cAMP pECsp MOR cAMP Epy (%) MOR farr2 pECsg MOR parr2 Emay (%)
Morphine MNA 7.4 100 6.3 100
1 MNA 63 74 5.7 32
2 H,H, H 7.8 95 6.6 15
3 H, Me, Me 83 104 6.3 197
4 (TRV-130) OMe, H, H 8.1 84 7.3 15
A B
§ 1001 g 100
w w g
754 o 751
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BIASED AGONISM AT MOR

Promises and pitfalls: the paradigmatic story of TRV130

PainRelief
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[De Wire et al., 2013]
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BIASED AGONISM AT MOR

Promises and pitfalls: the paradigmatic story of TRV130

PainRelief

e In healthy volunteers TRV130 produced analgesia with less reduction in respiratory drive
and less severe nausea as compared to morphine [Soergel et al., 2014].

e In a phase 2, randomized, placebo- and active-controlled study in acute pain following
bunionectomy: i.v. administration of TRV130 determined greater categorical pain relief
as compared to morphine; however, no improvement in respiratory effects as compared
to morphine [Viscusi et al., 2015].

Figure 2

Analgesia
(TWA NPRSchange from baseline)
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53"
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Current Opinion in Pharmacology

¥ Placabo Top-line results of a randomized, double-blind, placebo-controlled and

active-controlled study of oliceridine in patients following
abdominoplasty (ClinicalTrials.gov Identifier: NCT02335294). Patients
experiencing pain of at least 5 on a numeric pain rating scale (NPRS)
of 0-10 following surgery were randomized to receive oliceridine,
morphine, or placebo administered by patient-controlled analgesia.
Dosing regimens were as follows: morphine: 1.5 mg loading dose
followed by on-demand patient-administered doses of 1.0 mg no more
frequently than every 6 min (n = 83); oliceridine A: 1.5 mg loading dose,
0.1 mg on-demand dose (n = 39); cliceridine regimen B: 1.5 mg
loading dose, 0.35 mg on-demand dose (n = 39); placebo was volume
matched (n = 39). (a) Analgesic effects of oliceridine, morphine, and
placebo in patients following abdominoplasty surgery over 24 hours.
Analgesia was measured as the time-weighted average (TWA) of
NPRS change from baseline. Data are least squares mean -+ standard
error. *p = 0.0001 versus placebo; **p = 0.0005 versus placebo;

#p < 0.0001 versus placebo. (b) Percentage of patients with key opioid
related adverse events. Nausea and vomiting are spontaneously
reported adverse events; respiratory depression was clinically
apparent and persistently decreased respiratory rate, respiratory effort
or oxygen saturation (*p < 0.05 versus placebo; *p < 0.05 versus
morphine).

Figures adapted from Singla N et al. American Society of Regional
Anesthesia 2016 Regional Anesthesiology and Acute Pain Medicine
Meeting Poster Presentation.
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BIASED AGONISM AT MOR

PainRelief Promises and pittalls: the paradigmatic story of TRV130

OLINVO ™ (oliceridine injection)
The first p receptor G protein Pathway Selective modulator (uGPS)

Lead Preclinical Phase Phase Phase
Optimization Development 1 2 3

™
(oliceridine injection)}
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Trevena Announces FDA Acceptance for Review of New Drug Application for OLINVO™ (oliceridine)

Target Indication

Injection

SO o [ = B o

T Inc.
January 02, 2018 16:01 ET| Source: Trevena Inc. revena Inc.

CHESTERBROOK, Pa., Jan. 02, 2018 (GLOBE NEWSWIRE) — Trevena, Inc. (NASDAQ: TRVN) today announced that the U.5. Food and ey
Drug Administration (FDA) has accepted the Company's New Drug Application (NDA) for OLINVO™ (oliceridine) Injection. The Company

expects that the PDUFA date for the NDA will be in the fourth quarter of 2018. OLINVO is an investigational product for the management of U EF PR TR AT
moderate to severe acute pain. It is the first G protein biased ligand of the mu receptor designed to provide IV opioid pain relief with fewer

i B ipt
associated adverse effects. B ssvascr
“The NDA file acceptance represents another major step in our progress towards delivering OLINVO to patients and healthcare providers in @ Chesierbeook, Pennsylvania, UNITED STATES

need of new options for managing moderate to severe acute pain in the hospital setting,” said Maxine Gowen, Ph.D_, chief executive officer.
“We look forward to working with the FDA as they evaluate the OLINVO application.”

@ hittp:/fwww. trevena. com/
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BIASED AGONISM AT MOR

Promises and pitfalls: the paradigmatic story of TRV130

PainRelief

OLINVO ™ (oliceridine injection)
The first p receptor G protein Pathway Selective modulator (uGPS)

Lead Preclinical Phase Phase Phase
Optimization Development 1 2 3

Mu-receptor Meoderate to Severe Pain intravenous

Target Indication

QLINVG™
(oliceridine injection)}

IN OCTOBER 2018, US FDA VOTED 8 to 7 AGAINST
OLICERIDINE APPROVAL /Azzam et al., 2019/;
THUS, DAMPENING THE ENTHUSIASM AROUND
BIASED AGONISTS TARGETING MOR

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 848068.



PainRelief Promises and pitfalls: the paradigmatic story of TRV130

e Oliceridine retained undesirable constipating and abuse-related effects in rodents following repeated
treatment, despite its bias for G-protein signalling [Altarifi et al., 2017].

e Oliceridine was shown to elicit reinforcing and antinociceptive effects comparable to oxycodone in
rats; thus, pointing out that a biased-signalling profile at MOR does not necessarily reduce abuse
potential [Zamarripa et al, 2018].

e Two further phase 3 clinical studies were carried out to assess oliceridine efficacy for treating moderate
to severe acute pain following bunionectomy and abdominoplasty (i.e., APOLLO-1 and APOLLO-2
clinical trials)[Viscusi et al., 2019; Singla et al., 2019].
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PainRelief The sunset of biased opioid agonists?
e Respiratory depression induced through MOR has been shown to be at least partially mediated by receptor
coupling to GIRK channels through the activation of GBy proteins [Montandon et al., 2016].

e Neurons in several regions of the brainstem respiratory network are hyperpolarized by activation of classical,
arrestin-independent MOR signalling pathway [Levitt et al, 2015].

e Robust physiological evidence for arrestin signal from MOR affecting respiratory function is absent [Raheal and

Bohn, 2014].

e Opioid side effect profile is not improved in a knock-in mouse expressing phosphorylation deficient, G protein

biased MOR [Kliewer et al., 2019].

e Several laboratories have been unable to repeat the primary result of reduced morphine respiratory depression
in arrestin knock-out mice [Kliewer et al., 2020].

e Different levels of signal amplification between experimentally measured G-protein-dependent vs arrestin-
mediated events may represent a relevant confounding factor [Gillis et al., 2020].
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BIASED AGONISM AT MOR

The sunset of biased opioid agonists?

DAMGO
Fentanyl
Methadone
Morphing
Cxycodone
Clliceridine
PZM21
SR-17018

Buprencrphine

— :?/' f
o>

7] MOR

\

early endosome
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Table 1. Determination of the efficacies (t) of selected agonists for all the pathways measured at the MOR. Values are exprassed as means £ 5EM from 3
to 14 independent experiments. Efficacy of oliceridine, PZM21, SR-17018, and buprenorphine were compared to morphine in a two-way analysis of variance
[ANOVA] with a Holm-5Sidak multiple comparison—corrected post hoc test. ND, not determined,
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WITH REGARD TO ANALGESIA AND RESPIRATORY DEPRESSION
LOW G PROTEIN EFFICACY MAY ALSO PLAUSIBLY UNDERLIE THE
FAVORABLE THERAPEUTIC WINDOW
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PainRelief Which mechanism is responsible for improved pharmacological profile?

Extremely low-efficacy opioid, buprenorphine, induces reasonable analgesia with reduced side effects and

overdose liability [Gillis et al., 2020].

Oliceridine (TRV130) failed to show improvement over an active comparator (morphine), albeit with just a slim
majority against approval [Azzam et al., 2019]; more recent studies pointed out TRV130 as a low efficacy rather
than a biased agonist and showed an inverse correlation between efficacy and therapeutic window [Gillis et al.,

2020].

Functional selectivity at receptors other than MOR was clearly connected to improved pharmacological profiles
(e.g.: kappa opioid receptor, 5HT1 receptor, beta-adrenergic receptor).

Different endogenous opioid peptides were shown to favour particular signalling pathways at the three opioid
receptors leading to biased signalling [Gomes et al., 2020].

...due to bias or
not due to bias?
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KAPPA OPIOID RECEPTOR (KOR)
PainRelief

A promising pharmacological target for pain and neuropsychiatric disorders

* Kappa opioid receptor (KOR) is implicated in various physiological responses including eproteiblasedicoploldagonits
nociception, stress, mood, feeding, gut motility. # )% v VoY

B ~ AN, - \——< Z

¢ KOR agonists are being explored as alternatives to MOR analgesics for their low abuse T e e

potential and minimal gastrointestinal and respiratory side effects

Q K-opioid C T
9 receptor 1@ /(L]

CLINICAL RELEVANCE OF KOR AGONIST IS LIMITED AR5
BY SEVERE SIDE EFFECTS AS DYSPHORIA 8

FIGURE 1| G protein-biased ‘agonist

[Mores et al., 2019]

+* Chronic or repeated exposure to stress or drugs potentiates KOR function ultimately contributing to a hypodopammergrc state
=> endogenous KOR agonist, dynorphin, is released in distinct brain regions following the development of addiction, thus
contributing to craving for substances of abuse.

¢ Prolonged KOR activation in response to chronic stress may lead to persistent symptoms typical of depressive disorders in
human; KOR agonists promotes pro-depressant effects in rodents.

% KOR is expressed on pre-synaptic axons in nigrostriatal and mesolimbic neurons, thus modulating dopamine release: chronic
KOR activation increases dopamine release => KOR activation may contribute to positive symptoms of schizophrenia.
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KAPPA OPIOID RECEPTOR (KOR)

PainRelief A promising pharmacological target for pain and neuropsychiatric disorders

G-protein-biased k-opioid agonists

¢ Kappa opioid receptor (KOR) is implicated in various physiological responses including
nociception, stress, mood, feeding, gut motility.

+* KOR agonists are being explored as alternatives to MOR analgesics for their low abuse
potential and minimal gastrointestinal and respiratory side effects

GROWING INTEREST IN KOR AGONISTS WITH LIMITED
ACTIVATION OF ARRESTIN 3/p38MAPK SIGNALING
=> BETTER AND SAFER ANALGESICS!?

[Mores et al., 2019]

GROWING INTEREST IN KOR ANTAGONISTS
AS NEW POTENTIAL THERAPIES FOR ADDICTION,
DEPRESSIVE DISORDERS, SCHIZOPHRENIA
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ARTICLE OPEN
Efficacy and safety of aticaprant, a kappa receptor antagonist,

adjunctive to oral SSRI/SNRI antidepressant in major depressive
disorder: results of a phase 2 randomized, double-blind,
placebo-controlled study
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Biological
Neurobiology and neurochemistry
Genetics

Age and sex differences

Social Neuronal plasticity Psychological

Social expectations P@ﬁm

A promising target for innovative KOR ligands?

¢ Chronic pain has several psychosocial and functional consequences which,
in turn, and related symptoms.

*»» Depression, anxiety, and emotional distress, along with a cluster of
negative emotions, thoughts, and behaviours referred to as
strongly contribute to important

’

2o S e ** Pre-morbid psychological dysfunction, as well as emotional dlstress
oo s DApty represent a for the subsequent development of various

Social disadvantage

conditions

Distress

Health insurance L
Fear Personality

KOR activation within pain pathways =>

Counteracting KOR dysregulated activation by endogenous dynorphin
in the brain =>

. KOR innovative ligands with specific activity profiles
\ é}c => promising innovative therapeutics
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FUNCTIONAL SELECTIVITY AT KOR
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Pharmacological relevance and potential impact

Functionally New
selective l %&MS’F
KOR ligands

Sedation/Impaired coordination

/

G—Protein/ GRK3/Arr3 Astrocytes proliferation

/ N 7

p38 MAPK

Analgesia/Anti-pruritus \ " Hyperalgesia after pSNL

Dysphoria/Anhedonia

Desensitization

of Kir3.1 channels
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Bruchas MR, Roth BL Trends Pharmacol Sci. (2016)
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P R INNOVATIVE KOR LIGANDS TO TREAT PAIN

TO DETAIL FUNCTIONAL SELECTIVITY AND
SUBSEQUENT PHARMACOLOGICAL EFFECTS

CELL MODELS

— Inhibition of adenylyl cyclase
HEK-293 cells stably expressing human KOR (HEK-293/hKOR)

Arrestin 3 recruitment at KOR

ERK1/2 vs p38 MAPK phosphorylation

U87-MG human astrocytoma cells endogenously expressing KOR — =—

Normal Human Astrocytes (NHA) endogenously expressing KOR

—_

Cell proliferation (in astrocytic models)

ANIMAL MODELS
Male CD1 mice (25-30 g) ‘ Warm-water tail-withdrawal test

Acetic acid-induced visceral pain (writhing test)
Rotarod test (motor coordination) Oxaliplatin-induced neuropathic pain (cold plate)

Hole-board test (locomotor and exploratory activities)

P N Forced swim test (anhedonia-related behaviours)
/& ”
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G protein-mediated vs arrestin-dependent signalling: LOR17 vs U50,488
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TABLE 3 | Inhibitory effects of LOR17 and US0,488 on forskolin-induced cAMP accumulation in diferent cell models. % 3 504
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Bedini A et al., Frontiers in Pharmacologyy2020
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Intrinsic efficacy, potency and efficacy of LOR17

Log (1) > Intrinsic efficacy

0 .
E ax % » Maximal response
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PainRelief Intrinsic efficacy, potency and efficacy of LOR17

L cAMP cAMP cAMP
0 T
g HEK-293/KOR U-87 MG NHA
LOR17 0.7382 =+ 0.026 0.4373 + 0.017 0.5951 =+ 0.028
E o cAMP cAMP cAMP
max 79 HEK-293/KOR U-87 MG NHA
U50,488 86.5 + 5.1 83 + 2 872 + 4.4
LORI17 87.62 + 2.64 75 + 5 79 + 9
ECs, (aM) cAMP cAMP cAMP
> HEK-293/KOR U-87 MG NHA
U50.,488 13+02 1.44 + 0.08 1.68 + 0.21
/5 e o\ S b
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FUNCTIONAL SELECTIVITY AT KOR

Activation of ERK1/2 and p38MAPK: LOR17 vs U50,488

D

//@\

GRK3/arrestin 3-

dependent event

G-protein- N\
G-Protein GRK3/Arr3
dependent event
@ Heterologous
SERT translocation desensitization of
ANALGESIA 1 ion channels
DYSPHORIA
HEK-293/KOR
. US7-MG >
(’ é;érc - NHA
)
\ 2 ,
S

LOR17 or U50,488
(1 uM; 0-120 min)
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PainRelief Activation of ERK1/2 and p38MAPK: LOR17 vs U50,488

A B c
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PainRelief Activation of ERK1/2 and p38MAPK: LOR17 vs U50,488

HEK-293/KOR U87-MG
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Astrocyte cell proliferation: LOR17 vs U50,488

PainRelief
A B
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FUNCTIONAL SELECTIVITY AT KOR

PainRelief Antinociceptive effects of LOR17 in the warm water tail withdrawal test

Adult male CD-1 mice (25-30 g)

Water temperature = 55+2 °C
Cut-off = 10 sec

£

!

Latency to tail withdrawal

Methods described in: Bedini et al., 2010
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Antinociceptive effects of LOR17 in the warm water tail withdrawal
test

Adult male CD-1 mice (25-30 g)

Water temperature = 55+2 °C
Cut-off = 10 sec

Vehicle (1:1 propylene glycol-saline; 0.1 ml/10 g i.p.)
LOR17 (5-20 mg/kg, i.p.) U50,488 (5-20 mg/kg, i.p.)

norBNI (10 mg/kg, i.p.)

’
3

‘\ 5, 15, 30, 45, 60, 90, 120 min

—
Latency to tail withdrawal

4Wg;%o
7 R |
< gzc , Methods described in: Bedini et al., 2010 sy
\ D 1082
\&
\\/ UNIVERSITA DI BOLOGNA
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FUNCTIONAL SELECTIVITY AT KOR

PainRelief Antinociceptive effects of LOR17 in the warm water tail withdrawal
A test
o, EDso = 9.93 + 0.37 n’glkgm _ ———
757 75 ¢
g 50- i = 50
g f e ;
g o§1 | 10 100 0 0'}1 . i
25 [1mg/kg - [ mglkg
- U50,488 30 min - LOR17 30 min
[+ D
100+ 100+

*** p<0.001 vs Vehicle, 5 mg/kg

g
i and norBNI 10 mg/kg+LOR17 20 mg/kg;
o
= ** p<0.01 vs Vehicle and 5 mg/kg;
* p<0.05 vs Vehicle and 5 mg/kg;
n =810
-25 T T T 1 -25 T T T T T 1
0 15 30 45 60 0 15 30 45 60 75 90
T (min) T (min)
e —— norBNI (10mg/kg; 30 min) + LOR17 20 mgrkg
ﬁfﬁ“g%% —o- 150,488 20 mglkg -o- LOR17 20 mg/kg
J ) R o LOR17 10
0 [Bedini et al., 2020] U50,488 10 mglkg o malkg
: ] & U50,488 5 mg/kg —A— LOR17 5 mg/kg
\\ 2 -~ Vehicle -9~ Vehicle
\\ ~~~~~~~~~~~~~~~~ -5~ norBNI (10 mg/kg; 24 h) + LOR17 (20 mg/kg; 30 min) ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

N This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 848068.



FUNCTIONAL SELECTIVITY AT KOR
PainRelief

Effects in a mouse model of chemotherapy-induced neuropathic pain

Adult male CD-1 mice (25-30 g)

LOR17 (1-20 mg/kg, s.c.)
oo — Vehicle (5% glucose solution) U50,488 (10-20 mg/kg, s.c.)

Dept. NEUROFARBA
University of Florence & o
Methods described in: i Y

Italy
Cavaletti et al,, 2001 ‘ 2 weeks ‘ 15.30. 45. 60. 75 min ‘

Brindisi et al., 2016 %/—/

Cold plate (cut-off = 60 sec)

Bedini A et al., Frontiers in Pharmacology 2020

f I;:: J é L]
Vo Safa o 5
PAY L 2
, ) =
\\ 2 : B
‘\, ~~~~~~~~~~~~~~~ / ALMA MATER STUDIORUM
>

. . . . . . . . UNIVERSITA DI BOLOGNA
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FUNCTIONAL SELECTIVITY AT KOR

inReli ' del of ch h ‘nduced hi /
PainRelief Effects in a mouse model of chemotherapy-induced neuropathic pain
A —a—vehicle + vehicle  —A— oxaliplatin + LOR17 1 mglkg B <e—vehiclevaticle . =—d—oxalipistin2U50408 10 moka
. ~—o—oxaliplatin + vehicle —s—oxaliplatin + LOR17 10 mg/kg o, O oxalipistin’«vehicle —S—oxaiplatin -+ US0.488:20 morkg
] —<— oxaliplatin + LOR17 20 mg/kg
24 24
— ﬁ —
L 224 L 22
> . 1 SRS | >
g A g2 ** p<0.05 vs vehicle + vehicle;
% 13: AR % L M\ p<0.01 vs oxaliplatin + vehicle;
— — /\ . . . .
Prof. L. Di Cesare Mannelli eT1] 16__‘ Qo 8 p<005 \E Oxahplatln + VethIe)
Dept. NEUROFARBA L 14 £ u n=9
University of Florence ‘5 1 %
Ttaly | 12- 1 5 ”
10 + *% 10
8 8
*[* v L} v 1 ] ¥ 1 v L} hd ! L L} hd 1 N 1 v 1 v I v T v I v 1 v 1 v Ll v Ll ¥ )
0 10 20 30 40 50 80 70 80 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
TABLE 5 | Maximal efiects digted by LOR17 and US0,4B8 in counteracting o o R )
oxaliplatin induced thermal hypersensitivity, as compared to vehick. TABLE 6 | Efiect of LOR17 on motor coomination (rotarod test®), locomaotor, and exploratory adivitivities (hole-board test”) and pro-depressant like behaviour (foroed
swimming test.
Treatment Licking ltency (s)
Treatment Dose Number of falls® Hole" Board® Mobility time (s)°
oxaliplatin/vehicle 1M4+12 mg kg ' s.c.
oxaliplatin/U50 488 (10 mg/kg; 30 min) 12617 0 min 15 min 30 min 45 min 0 min 30 min 0 min 30 min
oxaliplatin/LOR1 7 (10 mg/kg: 30 min) 182 +1.4
oxaliplatin/U50,488 (20 mg/kg; 30 min) 15816 vehicke 30+08 23+03 18:08 13+03 424+45F 4B2+41 B16+131  1062+860 BOS+96
oxaliplatin/LOR17 (20 mg/kg; 45 min) 196+1.7 LOR17 10 28+07 16+04 12:02 068+02 37239 39046 892:73 Or2:169 .6+123
US0,488 10 29104 32205 26:03% 21104% ! ! / ! 21077

*** p<0.001 vs oxaliplatin/vehicle, oxaliplatin/U50,488

(10 and 20 mg/kg; 30min); n = 10 $ p<0.05 vs vehicle and LOR17; $$ p<0.01 vs vehicle and LOR17;

***p<0.001 vs vehicle and LOR17; n = 12

sa—
/;;;\ecuhr Phap,

#Td S

Bedini A et al., Frontiers in Pharmacology 2020
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PARTIAL AGONISM AT KOR

PainRelief G protein-mediated vs arrestin-dependent signalling: CL39 vs U50,488

=
I
s

§. | v HEK-293/KOR
ENDOMORPHIN-1 i 25 :
Ei_ 75
H-Ty Trp-Phe-NH: L3
O x50
*  Endogenous, MOR-selective agonist 55
*  Antinociceptive upon icv and it administration gt
* Poor metabolic Stabﬂity and BBB penetration Table 1. In Vitro OR Affinities of the [Amo?]EMs and e [-I:i'iga-r%d] (-;\7n) ¢
Reference Compounds for hORs
o 125
K; (nM)* 2
B Nys) Ll 1 o B
J;;[j J‘)L i compd  purity (%)  MOR DOR KOR gE T e U!S MG
[}
DAMGO 15 + 0.1 §§ 751 °
(CL39) DPDPE 3.30 £ 0.0 % 3
U50,488 290 + 0.04 % é 501
oH [ 1 (CL39) 97 >10° >10° 9.8 + 4.1 5% |
< o,{/o o 2 95 >10° >10° >10° -
. N%N@LN NH; o 3 96 >10° >10° >10° R —
o o "o : Wo% o 4 98 240 + 50 >10° >10° 21 "°Lfg[;%a;|] €54
3 N N.(R NH
NHo RN \/’\W N ’ “Determined by RP-HPLC (General Methods). "Mean of 4—6 c 1257
o] o] . . el -~ U50,488
4 \n determinations + SE. §%5 . oL3s NHA
% 2 2 100]
| Z 3 ]
COMPOUND IC;o (NM) Enax (%) 8% 75
EM-1 in CHO? 1.0 +0.2 53 A
SE
§% )
Amo => 5-(aminomethyl)oxazolidine-2,4-dione A PPN o 2

04
121110 -9 -8 -7 -6 -5 4

Log [ligand]
y: N De Marco R, Bedini A et al. ] Med Chem. (2018)

2Zadina JE et al., Nature (1997)
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PARTIAL AGONISM AT KOR

PainRelief G protein-mediated vs arrestin-dependent signalling: CL39 vs U50,488

U2-0§

&
o
g

5% ~ws  HEK293/KOR - s e 10
i3 ~ CL39 = y CEEEEES
E% 1001 i . ] 0 - CL39 ‘“;c‘ ‘::uuul: e
] i1 ok
88 75 E § Slrnulahen “‘f-c“‘ccgcuscumt
%g' =8 Actve gl “Ueiliiceceedeed
=] =% 75
s i [TreY
%’ E 50 E § fi-gal ProLink Peptide Tag “l.‘ d
— (] G
:‘é o 25 c é 50 ‘:‘
s S Substrate
2409 8 T 6 5 4 Eaezs' )
[Ligand] (M) = framestn + E4 Light
0 (Inactive B-gal)
125, 241409 8 7 6 5 4
§ Log [Ligand] (M)
2 I
E »g U87 MG w gﬂ PathHunter B-Amestin GPCR Assay
Eg 1004 -e- U50,488 -
£5 |« cw HEK-293
82 75 °
L g BRET Ratio 25 min i
%: 0. Net BRET CL39vs USD 25 min
58 0.50;
£ . . | .
3 + \ehice (CL39) 010 No interaction Interaction
%5 0045 -~ 10MUS0,488
PA R A a S 5 + 10pMCL® 0G5
Log [ligand] |_04')- E
c 125 &l m
8 _ | -« uso4ss
23 -+ CL39 NHA g 35} 2 :
g & 1] = 0.004 Cotleaterazine h
ig !
:E 7 0.3 Coelenteramids
% ; 50_ l Tt ""l Tt ""l AL ""'l nw 0‘1 & 0‘3 0‘4 0‘5
s 01 0o 1 1
23 FL AL Bedini A. Methods Mol Bicl. (2015)
£= R tVeks) Gimenez LE, Kook S, Vishnivetskiy SA, Ahmed MR, Gurevich EV, Gurevich VV. ] Biol Chem. (2012)
o
21109 8 7 6 5 4 -+ 10MUB0488
Log [ligand]

Baiula et al., in preparation
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PainReIief

PARTIAL AGONISM AT KOR

Intrinsic efficacy, potency and efficacy of CL39

Log (1) > Intrinsic efficacy

0 .
Eax Y0 » Maximal response

EC5) (nM) > Potency

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 848068.
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PainRelief Intrinsic efficacy, potency and efficacy of CL39

Log (9 cAMP cAMP cAMP
0 T
g HEK-293/KOR U-87 MG NHA
CL39 0.1575 + 0072 -0.2017 = 0.032 -0.2316 + 0.022
E o, cAMP cAMP cAMP
max 79 HEK-293/KOR U-87 MG NHA
U50,488 86.5 & 5.1 83 + 2 872 + 4.4
CL39 41.12 + 0.9 39.6 + 1.5 55 + 13
A T cAMP cAMP cAMP
> HEK-293/KOR U-87 MG NHA
U50,488 13+ 02 1.44 + 0.08 1.68 + 021
3 2 e : x\‘
e I CL39 0.23 + 0.01 0.10 = 0.02 0.19 = 0.02
‘ )
\\\\ gzc / A MAT I‘VR STUDIORUM
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PainRelief

COMPOUND

U50,488

(mg/kg)

9.93 + 0.37

MPE (%)

o
o

e e, -+ CL39 (20 mg/kg; 15 min)
%,

~s- CL39 (15 min)
-+ U50,488 (15 min)

-20-
100+

80+

60

40+

20+

T
100

t
0*1 1 10

[agonist] (mg/kg; i.p.)

“** p<0.001 vs Vehicle;
# p<0.05 vs CL39 (20 mg/kg; 15 min)
n=2810

*kk

3 Vehicle

=3 CL39 (20 mg/kg; 15 min)
—.._ =2 norBNI (10 mg/kg; 30 min pre)

PARTIAL AGONISM AT KOR

In vivo pharmacological characterization of CL39

Latency (s)

Baiula et al., in preparation

251

»n
o

—
T

—
<

Paw
pressure

(3,

15 30 45 60 75
T (min)

-o- \ehicle + vehicle
oxaliplatin + vehicle

oxaliplatin + CL39 1 mg/kg
-4~ oxalipltin + CL39 10 mg/kg
-0~ oxaliplatin + CL39 20 mg/kg

Latency (s)

Cold plate

251

)
<

—
i

10

0 15 30 45
T (min)

-0~ vehicle + vehicle
oxaliplatin + vehicle
oxaliplatin + CL39 1 mg/kg
¢~ oxalipltin + CL39 10 mg/kg
-0~ oxaliplatin + CL39 20 mg/kg

** p<0.05 vs vehicle + vehicle;
M\ p<0.01 vs oxaliplatin + vehicle;

A p<0.05 vs oxaliplatin + vehicle;
n= 10

60

Prof. L. Di Cesare Mannelli
Dept. NEUROFARBA
University of Florence

75

Latency (s)

]

251

—
i

10%

Cold plate

{

*% *%
*% *%

*%

(3,

15 30 45 60 75
T (min)

-~ vehicle + vehicle
oxaliplatin + vehicle
-+ oxaliplatin + U50,488 10 mglkg

|- oxaliplatin + U50,488 20 mglkg

|
b
k"

\/{-5_1
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PARTIAL AGONISM AT KOR

PainRelief In vivo pharmacological characterization of CL39

Day2 Day3 Day4 Day5
| p?:ytels: 1 Conﬁ?tvioning 1 cgnd;yioning | Conditioning 1 Condiat‘i’oning lp::t:g 1 Paw COld plate COld plate
I 1 am:Drugor Veh I vt brugor ven I AM: Drugor Veh T vt Drug or veh | |
M n:::gvsh o Eﬂiﬁrﬁh P D:::::v:h M: Drnulgg:v:h 25 pressure 25- 25-
L A Dr. Brian Reed
30minutes P Fe M Laboratory of the Biology
| Conditoning esson of Addictive Diseases
t Rockefeller University, - ~
KOR agonist or New York, NJ (USA) 2 z 2
Vehicle/Saline b > >
injection (IP) g 0 (§)
g c
) o 0
T - T
- _| -
500
400
g o
§
6 200+ 5 T T T T 1 5 T T T T 1 5
8~ 10 0 15 30 45 60 75 0 15 30 45 60 75 0 15 30 45 60 75
© . .
‘gg o T (min) T (min) T (min)
(O] . . . .
BEm, - vefiicle + vehicl - vehicle + vehicle -+ vehicle + vehicle
g w0 oxaliplatin + vehicle N °Xa:!|°:a:!“ : g‘s'g'j \ oxaliplatin + vehicle
o “+ oxaliplatin + CL39 1 mg/kg ox@lipiain mHd —~+ oxaliplatin + U50,488 10 mg/kg
L - oaliplin + CL39 10 mglk ++ oaiplin + CL39 10 mghkg U
] (", p<0.05) PN 9Kg o oxaliplatin + CL39 20 mglkg -8 oxaliplatin + U50,488 20 mg/kg
500 : : : -0~ oxaliplatin + CL39 20 mg/kg
4e}\\c}e © Q&&@
&gb@ 0& ** p<0.05 vs vehicle + vehicle;
e « ¢ M\ p<0.01 vs oxaliplatin + vehicle;
/,é““w N Baiula et al., in preparation A p<0.05 vs oxaliplatin + vehicle; Prof. L. Di Cesare Mannelli
s A(;&: Dept. NEUROFARBA
n-= IO University of Florence
g Zc ' Ttaly
o A TUBIoy
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RDM1127: THE FIRST KOR-SELECTIVE NAM

PainRelief

Table 1. K; Affinity Values for h-ORs as Determined by Displacement Binding Assays for Cyclopeptides 3, 5—13, and the

a A -+ Vehicle + U50,488
Reference Compounds - 1M 11+ U50,488
K, (nM) 8 _ 1201 =100 nM 11 + U50,488
-y .-
compd ring size sequence MOR DOR KOR B £ 1004 4o 10 pM 14 + Li50,488
DAMGO H-Tyr-D-Ala-Gly-NMePhe-Glyol L5 =01 L5 80 N }
DPDPE H-Tyr-c[D-Pen-Gly-Phe-D-Pen]OH 3.30 £ 0.05 E k| ] y B
Uso,488 non peptide 290 + 0.04 £ g \ ; HEK‘293/ KOR
CJ-15,208 12 ¢[Phe-D-Pro-Phe-Trp] 127 £ 13 24 Lo 407 \
5 12 [ D-Trp-Phe-Gly-Gly] »10° =10° »10° 53 20
6 12 ¢[D-Trp-Phe-Gly-Ala] 112 =107 >10° E % o 1
7 12 ¢[D-Trp-Phe-Gly-D-Ala] 0.24 = 0.04" >10° >10° 5
3 13 ¢[D-Trp-Phe-Gly-f-Ala] »10° s10° 119 + 0.28° £ 20 T T T T y 1
8 13 c[D-Trp-Phe-fi-Ala-Gly] >10° =10° >10° = M o2 0 8 6 4 2
9 13 ¢[D-Trp-Phe-Aha] »10° =10° >10° Log [U50,488] (M)
L i = . i
I 11 14 ¢[D-Trp-Phe-fi-Ala-f-Ala] >10° >10° 055 + 004" E - Y?ﬁ'ﬁtuus:a?::a
13 14 ¢[D-Trp-Phe-Gly-GABA] 352 >10° >10° § 5 120 : JOD(IJI:I“: .: Lngi;:s
“Average of 4—6 determinations + SE. b5 Radioligand displacement. “Reference 24. E 'I-:' 100+ '
E
A A 33 o
0 O o SN0 5 T £ 3 401 US7-MG
g7 B am 58
NH "' VT g Py ca 2
( T go- 2L 1004 2= o4
H £ c <
L2 ‘a z 80 2e
2 “ 2 w0 £3 A A A AT
N N o 2 32 9] = Moo 8- :
H @ 40 S 5 Log [U50,488] (M)
LOR17 - ) % g 404
= = 20 g o 204
HN HN o, £ o — Vehicle + Vehicle + US0,488
T T T T 1 =20 n
RDM1127 14 42 -10 I 6 4 £ 2 - ———— <= 100 nM norBNI + Vehicle + U50,488
Log [] (M) - 14 12 10 8 6 4 2 == 100 nM norBNI + 100 nM 11 + U50 488
Log [Ligand] (M) 3
c[D-Trp-Phe-Gly-(B-Ala)]  c¢[D-Trp-Phe-(B-Ala)-(p-Ala)] . o § 120y
. . S ¢ T ]
KOR-selective, KOR-selective, B o - 11 UB0AR : s
. . . . . by o y 120+ .2 804
G protein biased agonist ~ negative allosteric modulator £, AT 37 1o sE
E §= 53 601
. €5 80
[Bedini et al., 2020] [Zhao et al., 2024] % 80~ =" o g 401
...... 3 -4
o 60- e b Sw 5
3 w5 404 g o
o 40+ S8 22 01
S ) T 3%
. < 204 e T 2 i T 20 ———
d/ﬁw " "bq,% I = 3% ° E 4 12 10 & 6 4 2
A) /\qé[ 2 0 T T T T 1 £ -20 T T T T T 1

0 3 & A 44 2 0 83 8 4 2 Log [U50,483] (M)

=
-
.

-
m
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INNOVATIVE KOR LIGANDS FOR PAIN AND DEPRESSION
PainRelief

Two birds with one stone?

Q LOR17

. . c[D-Trp-Phe-Gly-(B-Ala)] .
Chronic pain Q;—N”*’ ] KOR-selective, ~ ~ Depressmn
Lor17 G protein biased agonist ~ -
HN -~ -

0 CL39
e °N w, H-Tyr-Pro-Trp-Phe-NH2

1S NS -L,)J\ ,
o \/\r“,/ L KOR-selective e
(CL39) E"“ H partial agonist,
F-

\ ( G Hj Q RDM1127
c[D-Trp-Phe-(-Ala)-(p-Ala)]
' KOR-selective,

BN negative allosteric modulator
"
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This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 848068.



PainRelief The greater complexity of opioid receptor pharmacology

e Multiple G proteins (e.g., G,;, G,,, G5, G)), as well as arrestin isoforms (i.e., arrestin 2 and arrestin
3), may interact with opioid receptors (also in a tissue-specific and time-specific fashion). [Olsen et

al., 2020].

e Opioid-mediated modulation of the same classes of intracellular effectors (e.g., ERK1/2 or JNK)
may occur through both G protein- and/or arrestin-mediated processes [Kuhar, Bedini et al., 2015].

e Biphasic modulation of MAPK activation by opioids may contribute to the fine-tuning of other Image copy-right protected
physiologically relevant second messengers and mediators [Schattauer, Bedini et al., 2019].

e Opioid receptors (as many GPCRs) are not isolated monads but may interact to form
homodimers and heterodimers [Ferré et al., 2014].

* Physiological conditions (e.g., gender) and different signalling mechanisms in vivo may also
deeply impact the effects elicited by agonists at opioid receptors [Abraham et al., 2018].
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DEVELOPMENT OF BETTER AND SAFER THERAPEUTICS

PainRelief The greater complexity of opioid receptor pharmacology

NEED FOR QUANTITATIVE UNDERSTANDING OF CHRONIC PAIN
AND THE MECHANISMS OF DRUG ACTION IN THE BRAIN THAT RELIEVE PAIN

- IN A SYSTEMATIC AND/OR MECHANISM-BASED MANNER )

T\IEED FOR MORE COMPREHENSIVE, INTEGRATED, NETWORK-CENTRIC APPROACHES\
TO FULLY DISSECT THE MULTIFACETED NETWORK OF SIGNALING EVENTS AND
MOLECULAR PROCESSES UNDERLYING THERAPEUTIC AND ADVERSE EFFECTS

[ QUANTITATIVE SYSTEMS PHARMACOLOGY ]

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA
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BUILDING THE QSPainRelief PLATFORM
PainRelief

ASSEMBLING EXISTING AND NEW COMPUTATIONAL MODELS INTO A NOVEL PLATFORM
EMPLOYING EXISTING AND NEWLY PRODUCED EXPERIMENTAL DATA AND PARAMETERS

Experimental in vivo data on analgesic

Experimental in vitro data on vs adverse effects in an operant model

Drug parameters (physio- o pain/analgesia-related receptors/effectors of neuropathic pain in mice o ‘
chemical, PK, binding kinetic) p expression and activation . ® Clinical data in healthy volunteers
Systems parameters (species- ﬁi._ " ’ and in real-world pain patients
L2 %

\ Yo/

specific)
o

, EFFECT
duction :
exposure ,
CNS Drug-target Cellular Neural
PBPK Ineraction signal cirouit
e model model trans- model
ﬁ,&“‘% ) duction
7N \ model )

: ] R
Q 2 A Lk B
NS The QSPainRelief model platform ALMA MATER STUDIORUM
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BUILDING THE QSPainRelief PLATFORM
PainRelief

ASSEMBLING EXISTING AND NEW COMPUTATIONAL MODELS INTO A NOVEL PLATFORM
EMPLOYING EXISTING AND NEWLY PRODUCED EXPERIMENTAL DATA AND PARAMETERS

MOLECULAR PATHWAY ANALYSIS

Experimental in vitro data on

Drug parameters (physio- pain/analgesia-related receptors/effectors IN DIFFERENT IN VITRO
chemical, PK, binding kinetic) i expression and activation
Systems parameters (species- ﬁ_l_-_ " NEURONAL CELL MODELS

specific)
d /]

g g 3

CNS Drug-target Cellular Neural
PBPK interaction signal clrouit
e model mode’ trans- model
S ducti
VS \ model ]
: !
Q BZC/ geonl
\ The QSPainRelief model platform
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DRUG-MEDIATED EFFECTS ON MOR-CB1 INTERACTION AND MOR ACTIVATION

PainRelief

MOR => Mu opioid receptor, main target of opioid
analgesics;

Ms. Berfin Giilave KOR => Kappa opioid receptor, involved in analgesic
. Morphine intravenous infusion LACDR responses, secondary hindin}g site for morphine {lower
. . . J ‘ ffinity as compared to MOR);
g University of Leiden [ 3 ’
£ 150 Th Ntyh land LA DOR == Delta opioid receptor, involved in analgesic and
g ) : .
< — e Netherlan Ms. Elisabetta Cuna Prof. Monica Baiula anxiolytic/antidepressant effects;
7' e CB1 =» Cannabinoid receptor type-1, involved in
E - analgesic responses, possible interactions with opioid
S receptors (e.g.: signaling cross-talk, heterodimers);
== i i i i =
oL ! : : : Drug Target DZH. anamlne.DE receptﬂrl, involved in dc.:pamlrl'ne
Time (hours) 5 mediated modulation of multiple processes including
Figure 1. Simulated pharmacokinetic profile of morphine at plasma and brain O .
cxf:;celllular fluid[in Iliumans, ﬁ)llu\[vin:‘w, infusion (:)f 10 m; rl-;orphine over 10 Concentratlon eXp re8810n rewsd rd'
minutes.

KCC2 => Potassium-chloride symporter, specifically

expressed in neurons (CNS); expression and function

altered in different chronic pain states;

020 =» @2d subunit of voltage-gated calcium channels,
expressed in neurons (CNS), pharmacological target of

CNS ' pregabalin.
= Brain ECF Plasma CNS Targct Trans-
exposure exposure { site 1 duction
exposure 2 SOD00- 50000+

Pregabalin 150mg day bid PO
4000

Concentration (ng/ml)
2 1
S S

0

40000=
0 2 4 B
Time (days)
Figure 2. Simulated pharmacokinetic profile of pregabalin at plasma and brain

extracellular fluid in humans, following oral administration of 150 mg pregabalin

twice a day. 6 G

By, (Fmoljimg)
]

b
£ 30000+
£
E

G 20000 20000
CNS Drug-target Neoural 10000- = 100007
PBPK Interaction clrouit
model model model o= "
duction 3 "5" "‘@‘ =
\ model < hb

vV

Institute of Neurascience
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»/ dc B;l!t‘t‘lvl‘x;]

Barcelona (Spain)
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Cooperativity/
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QUANTITATIVE SYSTEMS PHARMACOLOGY

y Gy woU =

Personal variation in each process between dose and effect
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QSP platforms integrating at the systems level all the multiple determinants
contributing to the multifaceted net-work of events
(including the multidimensional complexity of opioid receptors)
involved in chronic pain on one hand, and in analgesic and adverse effects
of innovative drugs on the other
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PainRelief An intriguing approach to go beyond the limitations of G protein biased analgesics
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QUANTITATIVE SYSTEMS PHARMACOLOGY

PainRelief  An intriguing approach to go beyond the limitations of G protein biased analgesics
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PainRelief

e Biased agonists at MOR were believed to be the key to improved analgesic; now this is highly debated. We
should learn from the paradigmatic story of TRV130.

e Innovative KOR ligands are emerging as promising candidates to treat chronic pain and comorbid psychiatric
disorders; research efforts should be undertaken carefully and working hypothesis should be thoroughly
validated.

e The failure to translate the intense endeavour of the last decades into improved therapeutics is indeed due to
the complex multidimensional pharmacology of opioid receptors: the multifaceted network of signalling events
and molecular processes underlying therapeutic and adverse effects induced by opioids requires more
comprehensive, integrated, network-centric approaches to be fully dissected.

* Quantitative Systems Pharmacology is emerging as an intriguing approach to go beyond the greater complexity
of opioid receptor pharmacology => strong potential to significantly advance the quest for novel therapeutics
with more favourable pharmacological profiles, due to the integration at the systems level of all the multiple
determinants contributing to the multifaceted network of events involved in diseases onset and maintenance
on one hand, and in therapeutic and adverse effects of innovative drugs on the other.
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CONCLUDING REMARKS
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