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ABSTRACT 
C-X-C-motif chemokine Receptor 4 (CXCR4) and Atypical Chemokine Receptor 3 

(ACKR3) are two 7-transmembrane domains receptors widely expressed in the body and 

predominantly found in immune cells. These two receptors are often studied together due to 

their common ligand C-X-C-motif chemokine Ligand 12 (CXCL12) and its implication in 

several patho-physiological processes, such as embryo differentiation, cancer development 

and cancer cell proliferation, and the regulation of immune system responses to 

inflammatory stimuli. In the past, several non-chemokine ligands have been identified to be 

able to bind and exert various functions once bound to these receptors. In this thesis, the role 

of adrenomedullin (ADM), a non-chemokine peptide with pro-angiogenic effects, was 

explored. Since this small peptide is considered a putative ligand for ACKR3, the effects of 

the interactions between this ligand and ACKR3 were explored in Chapter 3. Indeed, a 

possible interaction was observed in xCELLigence Real-Time Cell Analysis (RTCA) with 

adrenomedullin influencing the activation of the receptor. However, this activation is still 

functionally poorly understood, since in β-arrestin recruitment the concentrations required 

for this interaction to happen were over physiological levels. Chapter 4 characterized the 

effects of the possible interaction between CXCR4 and adrenomedullin. Since in the past, 

the heterodimerization between CXCR4 and ACKR3 was shown, it was investigated 

whether adrenomedullin would have elicited any response upon stimulation of CXCR4 with 

this ligand to better clarify the role of this ligand in regulating the CXCR4-CXCL12-ACKR3 

axis. Several approaches were used to study G protein signalling activation, β-arrestin 

recruitment and phosphorylation of CXCR4, for which adrenomedullin acted as a negative 

allosteric modulator affecting the efficacy of CXCL12 in activating G protein signalling, and 

as a biased antagonist towards CXCR4, showing a preference for blocking the G protein 

signalling pathway. Finally, in Chapter 5 a preliminary study of the GRK-mediated 

phosphorylation of both receptors was carried out, by using a small antagonist to block 

GRKs phosphorylation and NanoBiT technology to study the recruitment of these kinases 

to these receptors upon ligand-mediated activation. These approaches showed that 

GRK2/3/5/6 have an important role in phosphorylating the receptor, although the outcomes 

were cell-type and assay-dependent. However, this study opens the possibility of clarifying 

how the phosphorylation state affects the pharmacology of these receptors and to validate an 

effective “barcoding” of the receptors. In this thesis, it was demonstrated that 

adrenomedullin may represent an interesting starting point for developing new therapeutics 

targeting CXCR4 and ACKR3, although important structural studies are still required to 

highlight the outcomes of the interactions here described. 
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GASP: G protein-coupled receptor-associated sorting protein 

GCGR: glucagon receptor 

GDP: guanosine diphosphate 

GFP: green fluorescent protein 

GHRHR: growth hormone- releasing hormone receptor 

GIPR: gastric inhibitory polypeptide receptor 

GLP#R: glucagon-like peptide # receptor 
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Gp120: glycoprotein 120 

GPCR: G protein-coupled receptor 

GPRC6A: G protein-coupled receptor family C group 6 member A 

GPS: GPCRs proteolytic site 

GRAFS: Glutamate, Rhodopsin, Adhesion, Frizzled/Tas2 and Secretin receptors 

GRK#: G protein-coupled receptors kinase # 

GTP: guanosine triphosphate 

H8: eighth helix 

HBD3: human β-defensin-3 

HBSS: Hank’s balance salt solution 

HEK cells: Human Embryonic Kidney cells 

HHV8: Human Herpesvirus 8 

HIF-1α: hypoxia-induced factor-1α  

HIV: human immunodeficiency virus 

HMGB1 protein: high mobility group box 1 protein 

HMW: high molecular weight 

HRP: horseradish peroxidase 

HTRF: homogeneous time-resolved fluorescence 

I-TAC: interferon-inducible T-cell alpha chemoattractant 

IC50: inhibitory concentration 50% 

ICL#: intracellular loop # 

IgG: immunoglobulin G 

IL#: interleukin # 

IP3: inositol 1,4,5-triphosphate 

IRDye: Infra-Red Dye 
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IT1t: isothiourea-1t 

IUPHAR: International Union of Basic and Clinical Pharmacology 

JAK2: Janus Kinase 2 

KO mice: knockout mice 

KSHV: Kaposi’s sarcoma Herpes virus 

LB: Luria-Bertani 

LgBiT: large part of binary technology 

LPS: lipopolysaccharide  

M-tropic: macrophages tropic 

M2R: muscarinic 2 receptor 

M2 macrophages: alternatively activated macrophages 

MAPK: Mitogen-activated protein kinases 

mEGFP: monomeric enhanced green fluorescent protein 

mGlu1R: metabotropic glutamate receptor 1 

mGlu5R: metabotropic glutamate receptor 5 

MIF: macrophage migration inhibitory factor 

MOPS: 3-(N-morpholino)propanesulfonic acid 

Mr: relative molecular weight 

mRNA: messenger ribonucleic acid 

N-terminus: amino terminus 

NanoBiT: Nanoluciferase Binary Technology 

NF-κB: Nuclear Factor κB 

NG108-15: Neuroblastoma x glioma hybrid 108-15 

NRF-1: nuclear respiratory factor-1  

NSF protein: N-ethylmaleimide-sensitive fusion protein 
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p38: protein 38 

PAMP: pro-adrenomedullin N-terminal 20 peptide 

PAMPs: pathogen-associated molecular pattern molecules 

PBS: phosphate-buffered saline solution 

pcDNA5/FRT/TO: plasmid construct DNA 5/ FRT site/ Tetracyclin on 

PCR: polymerase chain reaction 

pDC: plasmacytoid dendritic cells 

PDZ: postsynaptic density protein of 95 kDa (PSD95), Drosophila disc large tumor 

suppressor (DlgA), and zonula occludens-1 protein (Zo-1) 

PEI: poly-ethylene-imide 

PGCs: primordial germ cells 

PI3K: Phosphatidyl-Inositol 3 Kinase 

PH domain: pleckstrin homology domain 

PIP2: phosphatidylino-sitol-4,5 bisphosphate 

PLC-β: phospholipase C type β 

PKA: protein kinase A 

PKC: protein kinase C 

POL6326: balixafortide 

proADM: proadrenomedullin 

PTHR#: parathyroid hormone receptor # 

PTX: pertussis toxin 

R: receptor in inactive state 

R*: receptor in active state 

R5 virus: CCR5-dependent HIV virus 

RAMP#: receptor activity-modifying protein # 

RAS-GAPs: Ras-specific GTPase-activating proteins 
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RFFESH motif: Arginine-Phenylalanine-Phenylalanine-Glutamate-Serine-Histidine 

motif 

RGS: regulator of G protein signalling 

RhoGEF: Rho-guanine nucleotide exchange factor 

Rluc: renilla luciferase 

RTCA: real time cell analysis 

SCTR: secretin receptor 

SDF-1: stromal-derived factor-1 

SDS-PAGE: sodium dodecyl sulphate – polyacrylamide gel electrophoresis 

SLE: systemic lupus erythematosus 

SI variants: syncytium-inducing variants 

SmBiT: small part of binary technology 

SMO: smoothened receptors 

SNARE proteins: SNAP REceptors proteins  

Src: v-src avian sarcoma viral oncogene homolog 

STAM1: signal-transducing adaptor molecule 1 

STAT3: Signal Transducer and Activator of Transcription 3 

T-tropic: T cells tropic 

T2R: Tas2 receptor 

T4 lysozyme: phage T4 lysozyme 

TAE: Tris-acetate-EDTA 

TAS1R1-3: taste 1 receptor member 1 – 3 

TBS(T): Tris-buffered saline solution (+ tween20) 

TE: Tris-EDTA 

TG-0054: burixafor 

Th: T helper cells 



23 
 
TLRs: Toll-like receptor 

TM#: transmembrane domain # 

TNFα/β: tumour necrosis factor α/β 

Tregs: regulatory T cells 

U87 cells: Uppsala 87 cells 

vCCL#: viral CC motif chemokine ligand # 

VEGF: vascular endothelial growth factor 

VFD: Venus fly domain  

vMIP #: viral Macrophage Inflammatory protein # 

vIPR#: vasoactive intestinal peptide receptors 

WHIM syndrome: Warts, Hypogammaglobulinemia, Infections, and Myelokathexis 

syndrome 

Wnt: wingless-related integration site 

X4 virus: CXCR4-dependent HIV virus 

X4P-001: mavorixafor 

ZAP70: zeta-chain-associated protein kinase 70
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CHAPTER 1 – Introduction 

 

1.1 Introduction to the family of G protein-coupled receptors (GPCRs) 
G protein-coupled receptors, also known with the acronym GPCRs, form the 

biggest group of cell membrane receptor proteins and the biggest group of drug 

targets because of their important role in regulation of several physiological 

processes and in development of several pathological conditions and diseases. 

They regulate a wide range of cellular processes and control several intracellular 

systems and these processes are mediated by hormones, neurotransmitters, 

metabolites, and pathogens. Even physiological processes such as olfaction, 

vision and taste are regulated and mediated by different GPCRs (Rosenbaum et 

al, 2009). Therefore, it is not surprising how GPCRs became the major targets for 

the pharmaceutical industry to treat different types of diseases, as reflected by the 

fact that 35% of all FDA-approved drugs act on a GPCR (Sriram and Insel, 2018). 

Although a huge number of receptors are part of this group, these proteins share 

a general common structure, which is characterized by a protein chain crossing 

the plasma membrane with seven α-helical domains. These helices are connected 

one to another by the presence of three intracellular and three extracellular loop 

domains which alternate across the full sequence; moreover, at their extremities 

they also present an extracellular N-terminus, and an intracellular C-terminus. 

Even though this highly similar conserved structure represents a simplified 

description of their structure, from this main feature GPCRs derived their name 

of seven-transmembrane domain receptors, indicated with the acronym 7TM. 

 

 

1.2 Structure of GPCRs 

In the past years, the development of effective crystallographic approaches 

allowed us to unveil the structure of many GPCRs and helped in the identification 

of the sites where the ligands can bind their cognate receptors to exert their 

function. Having knowledge of GPCRs structure and ligand effects had an impact 

in hypothesizing and uncovering the several mechanisms of actions of these 

ligands and in characterizing these receptors’ functioning and signalling. It is 

widely described in literature that GPCRs show highly conserved features from 
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an evolutionary line which are present in the structure of many of these proteins. 

One of the most frequent features to underline is the length of ECL2 

(ExtraCellular Loop 2), the longest extracellular loop in the majority of  known 

GPCRs (Kmiecik et al., 2014). Moreover, cysteine residues belonging to ECL2 

(such as Cys45.50 and Cys3.25, according to Ballesteros and Weinstein residues 

numbering) (Ballesteros and Weinstein, 1995) are involved in the formation of 

disulphide bridges with residues in TM3 (TransMembrane domain 3), which 

mostly contribute to receptor stability (Venkatakrishnan et al., 2013, Nicoli et al., 

2022). 

The transmembrane region could be considered as the core of a GPCR, and it has 

a big role in facilitating the communication between the ligand-binding pocket 

complex and the intracellular proteins located downstream of the receptor itself 

which may start relevant signalling cascades (Katritch et al., 2013). In some cases, 

the occurrence of an eighth helix (H8) was observed in some GPCRs. The 

orientation of this helix is parallel to the plasma membrane and a short linker 

separate this domain from TM7: this helix, together with the ICLs (IntraCellular 

Loops), importantly regulates the receptor activation and the interaction with 

cellular signalling effectors (Wess et al., 2008). Additionally, there are specific 

regions of GPCRs, such as the carboxyl terminus, the intracellular loop located in 

between TM5 and TM6, and the amino terminus region, which show a great level 

of variability. In particular, the N-terminus side of GPCRs represents the domain 

with the highest variability level, with a crucial role in signalling regulation of 

these receptors (Kobilka et al., 2007). 

 

1.3 Classification systems of the different groups of GPCRs 

Even though GPCRs share a typical structure, several differences in the past have 

been described for many of them and this is the reason why they have been divided 

into different families. Differences can be related to the structure and the amino 

acid sequence of their non-transmembrane domains, the type of ligands 

interacting with these receptors to exert their functions, the expression level of 

these proteins, the type of cellular response generated as result of signalling 

pathways that are activated when they are stimulated with a ligand, and their 

role in regulation of physiological processes and development of diseases. 

Because of all this heterogeneity that has been observed for these receptors, in the 
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past years several classification systems have been adopted. The two most used 

systems of classification are the ABCDEF system (Attwood and Findlay, 1994) 

and the GRAFS system (Fredriksson et al., 2003). The first is highly 

comprehensive, because it counts all the known GPCRs that are present both in 

vertebrates and invertebrates; a limit of this system is that some families do not 

have representatives in humans. The GRAFS classification resulted from using 

an extensive bioinformatic approach on human data known at that time.  This 

system allowed us to divide all the human GPCRs into 5 families: Glutamate, 

Rhodopsin, Adhesion, Frizzled/Tas2 and Secretin receptors, the first letter of 

which family names form the acronym GRAFS itself (Fredriksson et al., 2003). 

All these categories show different features that will be explained in the next 

paragraphs, and they are also graphically reported in Fig 1.1. In this thesis, the 

classifications system adopted is the GRAFS system, and, to follow, a deeper and 

more detailed description of the different subfamilies has been reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.1: GPCRs classification and their structural features (a-e). Glutamate-like receptors 

(Fig. 1.1A) are functional only as dimers, and have long N-terminus region where a Venus Flytrap 

Domain (VFD) forms the binding domain for the agonist. Rhodopsin-like receptors (Fig. 1.1B) 

are the most known GPCRs, whose peculiarities reside in their primary structure. Adhesion 

receptors (Fig. 1.1C) have different motifs in their long N-terminus to allow cell to cell adhesion 

and a proteolytic cleavage site (GPS) upstream of TM1. Frizzled/Tas2 receptors (Fig. 1.1D) differ 

for functions and ligands that they bind, and they have in common some conserved motifs in their 

primary structures. Secretin-like receptors (Fig. 1.1E) N-terminal, ECL1 and ECL2 domains have 

several conserved cysteines, responsible for a more constrained extracellular region. Dark blue 

indicates the receptor, light blue the membrane, green is the agonist, red is cleavage sites. Yellow 

circles are conserved cysteines in EC domains. Figure created on BioRender.com. 
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1.3.1 Metabotropic Glutamate-like receptors  

Metabotropic glutamate receptors, the GABAB1/2 receptors, the extracellular 

calcium-sensing receptor (CaSR), odorant receptors in fish, the pheromone 

receptors, sweet and umami taste receptors (TAS1R1-3), GPCR Class C Group 6 

Member A (GPRC6A) and seven orphan receptors and corresponds to Class C of 

the ABCDEF classification (Yang et al, 2021). Differently from other GPCRs, 

the members of this group are functional only when they form dimers, with a 

mechanism of action in which one monomer binds the ligand, and a consequential 

conformational change makes the other monomer able to initiate the relevant 

signalling pathways (Brauner-Osborne et al., 2007). Moreover, another key 

feature of members of this group is the presence of an extended N-terminus 

(between 280-580 residues), forming a two lobes area  

referred to as Venus Flytrap Domain (VFD): upon binding of an orthosteric ligand 

in the area comprised between the two lobes, these can move towards one another 

(Fig. 1.1A) (Cao et al., 2009). 

 

 

1.3.2 Rhodopsin-like receptors 

The most important and common feature of receptors belonging to this subfamily 

is the presence for almost all of them of a characteristic DRY motif in their 

primary structure, at the connection point between the transmembrane domain 

three (TM3) and the intracellular loop two (IL2) (Fig. 1.1B). 

Receptors of rhodopsin-like group are generally characterized by an overall 

elliptic shape. The reason behind this conformation is that the transmembrane 

domain helices of members of rhodopsin subfamily have an irregular shape 

because of conformational changes caused by Gly–Pro residues (Teller et al., 

2001). Moreover, the transmembrane domain seven (TM7) is characterised by a 

NSxxNPxxY motif that may play a role in conformational switch of the receptors. 

As said before, only a few receptors do not have these features, but they have been 

included anyway in this family because of their phylogenic profile which shows 

resemblance with receptors of this category (Fredriksson et al., 2003). The 

binding site for an orthosteric ligand is usually located within the extracellular 

region of the transmembrane domains bundle (Gacasan et al., 2017). 
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1.3.3 Adhesion receptors 

Adhesion GPCRs (aGPCRs) are characterized by having an especially extended 

amino terminal side, known as N-Terminal Fragment, which is cleavable from the 

membrane spanning domain (also called as C-Terminal Fragment) by proteolysis 

(Fig. 1.1C) (Monk et al., 2015). The first region contains key domains to allow 

interactions between cells and between cells and matrix (Langenhan et al., 2013). 

Another common feature shared by members of this family is the presence of the 

GPCR proteolytic site (GPS) immediately upstream of TM1, which is contained 

in a GPCR autoproteolysis-inducing (GAIN) domain (Liebscher et al., 2013). 

This domain composed by around 40 residues is highly conserved and contains 

cysteine and tryptophan residues (Krasnoperov et al., 1999) essential for 

autoproteolysis events occurring for these GPCRs. 

 

 

1.3.4 Frizzled/Tas2 receptors 

As the name of this family indicates, frizzled receptors (FZD1-10), smoothened 

receptors (SMO) and twenty-five Tas2 (T2R) receptors are included in this group 

of receptors. Even though the members of this category are apparently different, 

they show common consensus sequences that allow us to include them in the same 

group, such as motifs IFL in TM2, SFLL in TM5 and SxKTL in TM7 (Lagerström 

and Schiöth, 2008) (Fig. 1.1D). Another aspect of this group is that the ligands 

binding to these receptors vary in terms of nature and function: for example, Wnt 

ligands are involved in embryo development (Zhang et al., 2018), while T2R 

ligands are molecules related to taste sensing (Haraguchi et al., 2018). 

  

 

1.3.5 Secretin-like receptors  

The members of this family derive their name from the rat Secretin Receptor 

(SCTR), the first member to be discovered (Ishihara et al., 1991). This group 

includes vasoactive intestinal peptide receptors (vIPR1, vIPR2), glucagon-like 

peptide receptors (GLP1R, GLP2R), adenylate cyclase activating polypeptide 

receptor (PAC1/ADCYAP1R1), growth hormone-releasing hormone receptor 

(GHRHR), calcitonin and calcitonin-like receptors (CALCR, CALCRL), gastric 

inhibitory polypeptide receptor (GIPR), secretin receptor (SCTR), corticotropin-

releasing hormone receptors (CRHR1, CRHR2), glucagon receptor (GCGR), and 
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parathyroid hormone receptors (PTHR1, PTHR2) (Lagerström and Schiöth, 2008; 

Fredriksson et al., 2003). The receptors included in this group present conserved 

cysteine residues in the first and second extracellular loops (ECL1 and ECL2), 

which help in stabilizing the structure of the receptor by forming bridges between 

them or with less conserved cysteines placed in the N-terminal domain (Fig. 1.1E) 

(Lagerström and Schiöth, 2008). Moreover, the endogenous ligands of this class 

of receptors are generally peptides sharing high amino acid identity (Fredriksson 

et al., 2003). 

 

 

1.4 Function of a GPCR: signalling  

The regulation of GPCR functioning passes through a finely intricated 

mechanisms involving several agents called ligands. GPCRs can bind different 

ligands which differ among them for structure, chemical nature, size, biological 

effects they generate. The specificity and reversibility of this binding can be 

different and must be considered separately for each GPCR and each ligand. As a 

result of the ligand promoted stimulation of the GPCR, the receptor can be 

activated or inactivated, and the activation may enhance or diminish a particular 

cell function. During the activation phase, the extracellular domains and the non-

cytosolic regions of TM domains form a space for the ligand allocation, referred 

to as orthosteric binding pocket, allowing its interaction with the receptor at 

different levels (Zhang et al., 2015). Because of ligand binding, the receptor 

undergoes conformational changes, especially at the level of the ICLs, and this 

conformational change promotes the binding of several intracellular effectors 

(Nygaard et al., 2009). In general, ICL2 and ICL3 have been reported to be the G 

protein-interacting sites of most of GPCRs (Wess, 1997).  

Because of the huge numbers of effects associated with GPCRs signalling, these 

receptors evolved several and different signalling pathways that can be originated 

by the interaction of GPCRs with specific ligands and effectors, leading to various 

signalling cascades and generating different biological effects because of these 

interactions. These pathways are going to be explained in more detail in the next 

paragraphs and chapters.  

Among the canonical ligands with a more simple mode of action, certain ligands 

are instead called “biased”, because upon receptor binding, they stabilize the 

receptor in a determined conformation which promotes a selective activation of a 
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specific signalling pathway: they can promote a specific G protein-coupling,  

initiate β-arrestin-mediated signalling, or influence receptor internalization or 

recycling to plasma membrane (Urban et al., 2007; Tan et al., 2018).  

Therefore, it is not surprising that biased ligands can be quite relevant for 

characterizing GPCRs pharmacology; indeed, they have great potential in drug 

discovery allowing a better specificity of responses and a reduction of on-target 

side effects generated by undesired activation of pathways that could be 

deleterious (Whalen et al., 2011). 

 

 

1.4.1 Concepts of pharmacology: ligands 

As previously specified, the signalling of a GPCR can depend on ligands effects 

and functions. Ligands can work in different and specific ways, and because of 

this reason, they have been classified according to the behaviour they have toward 

the cognate GPCRs and the effect that they have on them. An agonist is a drug, a 

small molecule, or a chemical, that shows affinity for the target receptor to which 

it binds and intrinsic efficacy, since an agonist can change the receptor activity to 

produce a response. Agonists are divided into full agonist and partial agonists, 

where the distinction is related to their intrinsic efficacy and structural differences. 

A full agonist generates the maximal response allowed for in a ligand-receptor 

system, while a partial agonist produces a submaximal response. However, even 

full agonists can differ among them, since a full agonist can produce a maximum 

response even by binding low proportion of receptor (this is the case of what in 

pharmacology is referred to as “spare receptor”) (Berg and Clarke, 2018). 

A different type of ligand in pharmacology which are important for their role in 

drug discovery is represented by the antagonists. These are small molecules, 

drugs, chemicals that possess affinity but no intrinsic efficacy towards the 

receptor they bind to; therefore, they can bind to the target receptor without 

producing a response. According to the affinity of the antagonists, which can 

occupy a variable fraction of the receptor population, these ligands can reduce the 

probability of occupancy of the receptors by agonists with a corresponding 

reduction in response generated upon receptor stimulation.  

In addition to the traditional concepts of agonist and antagonists, there are other 

types of ligands that have been described in pharmacology. For example, Costa 

and Herz (1989), in their experiments with delta opioid receptors in NG108-15 
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neuroblastoma cells, found out that many antagonists decreased the constitutive 

receptor-stimulated GTPase activity, so they re-classified these ligands as 

“inverse” agonists, because of the opposite effect they had compared to agonists 

of these receptors. These ligands have different levels of negative intrinsic 

efficacy (the ability to decrease the activity of a receptor), that can result in strong 

and weak (partial) inverse agonisms (Berg and Clarke, 2018).  

The role and the functioning of inverse agonists can be explained by the 2-state 

model (Del Castillo and Katz, 1957), according to which in a physiological 

condition GPCRs can exist in an equilibrium between two different states: an 

inactive state, indicated with “R”, unable to signal, and an active state, indicated 

with “R*”, that can instead actively signal. An agonist tends to have higher 

affinity for R* than R, enriching the proportion of receptors in active state and 

causing a depletion of the inactive forms. This results in an increment in 

signalling. An inverse agonist, instead, because of its higher affinity for R, causes 

an enrichment of the inactive form of receptors, at the expense of the active state 

forms. As a result, the number of active receptors diminishes, and this leads to  

decreased signalling. On the other side, an antagonist binds with equal affinity to 

both states and the equilibrium existing between the two conformations is not 

altered upon its action. The change of the response of the receptor, in this case, 

does not depend on the effect of the antagonist itself, but on the occupancy level 

the antagonist has towards the receptor, affecting its binding to agonists and 

inverse agonists and, by this way, modulating the receptor signalling (Berg and 

Clarke, 2018). It is clear the importance that the inverse agonists can have in a 

drug discovery perspective, because they can allow a better modulation of the 

receptor functions with the aim of improving the therapeutic effect of new drugs 

to develop. 

Finally, another interesting category of ligands that recently acquired growing 

importance in pharmacology is composed by biased ligands (agonists mostly, but 

even some antagonists have been reported (Hitchinson et al., 2018). We speak 

about biased (ant)agonism when a ligand can activate/block a specific type of 

GPCRs signalling cascade, as the β-arrestin-recruitment-mediated pathways or G 

protein-related pathways, but not both pathways simultaneously (Andresen, 

2011). Biased agonists are often and simplistically described as agonists 

activating only one type of signalling pathways while inhibiting the other ones. 

So, GRK/β-arrestin biased agonists will appear to be antagonists when only 
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examining G protein-mediated signalling. The discovery of this group of ligands 

opens new modalities of treating several diseases and, therefore, some of them are 

already used or been tested to use in clinics, in a hope of improving the health 

status of patients in a more efficient and targeted way. 

 

 

1.4.2 Orthosteric and allosteric ligands 

Ligands binding specific GPCRs are not acting all in the same way and they can 

be classified into orthosteric and allosteric ligands. Orthosteric ligands or drugs 

bind their cognate receptors in a region defined as a receptor’s active site. In case 

of an orthosteric antagonist, this competes with the natural substrate or ligand for 

the same binding site. The blockade of the binding site depends on their affinity 

to the active site surface. Indeed, if their affinity is high, they can displace the 

endogenous ligand and this displacement results in receptor’s signalling blockade. 

On the other hand, allosteric ligands or drugs bind elsewhere on the protein 

surface, with a variability that depends on the structure of the receptor, the 

structure of the molecule and the chemical interactions occurring when the bound 

complex is formed (Digby et al., 2010; Mohr et al., 2010). Allosteric ligands 

affect protein activity by changing the conformation at the second binding site 

and this is why the two types of ligands have different effects: while orthosteric 

ligands stop protein activity entirely, this does not happen for allosteric ligands 

which can modulate the activity of the receptor in different levels because they do 

not compete with the endogenous ligands for the same binding site (Nussinov and 

Tsai, 2012).  Allosteric drugs are appreciated in pharmacology because of the 

advantages they have: in fact, they can offer a less disruptive way to influence the 

functioning of a pathway and, additionally, they are likely to have fewer side 

effects, which make them more likable in the current drug market (Digby et al., 

2010). 

 

 

1.4.3 G proteins 

As the name already suggests, generally GPCRs are in most of the cases 

associated with G protein coupling. G proteins are heterotrimeric guanine 

nucleotide-binding proteins with a regulatory function, which work in a double 

step mechanism which is regulated by the bound nucleotide. Therefore, they 
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usually considered dual molecular switches (Gilman, 1987; Simon et al., 1991; 

Syrovatkina et al., 2016).  

These complexes directly transmit the signals from activated GPCRs. The 

heterotrimeric structure of G proteins consists of three different subunits called α, 

β and γ subunits. β and γ subunits are strictly connected in exerting their function 

and therefore they are considered as a single functional subunit. Instead, Gα 

subunit can be different, and therefore G proteins are generally classified 

according to their Gα subunit.  

An inactive G protein is found as a heterotrimeric complex with a molecule of 

guanosine diphosphate (GDP) bound to this complex: once the agonist binds the 

receptor, the G protein is recruited by the GPCR, and this causes a substitution of 

GDP with a molecule of GTP (guanosine triphosphate). Upon GDP to GTP 

substitution, the Gα subunit dissociates from the Gβγ complex, and each subunit 

functions as a signalling effector, stimulating different signalling pathways. Since 

the functioning of these proteins is finely regulated, the intrinsic GTPase activity 

of Gα subunit terminates the signalling promoted by Gα subunit itself, with a 

negative feedback regulation, hydrolysing the bound GTP to GDP.  

Therefore, regulators of G protein signalling proteins (RGS proteins) are activated 

with the important role of binding the Gα subunit in order to accelerate the low 

GTPase activity of Gα subunit. On the other side, the Gβγ signalling is terminated 

when the heterodimer reassociates with Gα·GDP complex. At this point, the cycle 

of G protein activation is terminated, and it can restart from the beginning 

(Milligan and Kostenis, 2006).  

The typical G protein signalling cascade, with the consequential activation of 

different cellular signalling pathways, which has been described in this paragraph 

is graphically represented in Fig. 1.2 (generated on BioRender.com). 
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1.4.3.1 Gα subunit  

Several types of G proteins exist and they are classified into four different families 

according to differences in their Gα subunits: Gαs (up-regulators of adenylyl 

cyclase, including Gαs and Gαolf), Gαi (inhibitor of adenylyl cyclase, including Gαi1, 

Gαi2, Gαi3, Gαi/o, Gαi/t, Gαi/g and Gαi/z), Gαq (phospholipase C β, or PLC-β, activators 

which contains the members Gαq, Gα11, Gα14, Gα15/16) and G12/13 (Rho-guanine 

nucleotide exchange factor, or RhoGEFs, activators) (Simon et al., 1991, Downes 

and Gautman, 1999). Fig. 1.2 shows the different cellular effectors that are 

activated upon G protein activation, depending on the type of Gα subunit. 

Gαs (where “s” stands for stimulation) is found in the majority of cell types, 

instead the expression of Gαolf (where “olf” indicates olfaction) has only been in 

olfactory sensory neurons. Gαs stimulates an enzyme called adenylyl cyclase (AC) 

which promotes the conversion of ATP (adenosine triphospate) to second 

messenger cAMP (cyclic adenosine monophosphate): incremented levels of this 

molecule activate protein kinase A (PKA), important for the regulation of GPCRs 

phosphorylation, and other cAMP-dependent cellular effectors.  

Figure 1.2.: G protein signalling pathways. Upon agonist binding, GPCRs are 

activated with the dissociation of G protein in Gα and Gβγ subunits. A GDP molecule 

is exchanged with GTP that is hydrolysed to GDP, starting several signalling 

pathways (adenylyl cyclase up- or down-regulation, PLC stimulation and RhoGEF 

activation). Dark blue represents the receptor, light blue represents the membrane, 

red represents the ligand. Created on BioRender.com. 
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Gαi family is the largest and most diverse family (“i” means inhibition) and 

members of this group have been found in many categories of cells. Gαi/o exist in 

two different spliced variants identified as type A and type B. The members of 

the inhibitory family have the main function of inhibiting the adenylyl cyclase, 

and, therefore, decreasing the intracellular cAMP levels (Wettschureck and 

Offermanns, 2005). Gαi/t (“t” indicates transducin) also has been found in two 

different isoforms, indicated as 1 and 2. The first was found only in the eye rod 

cells, while the expression of the second was detected in the eye cone cells. Gαi/g 

(“g” indicates gustducin) is found in taste receptor cells, while Gαi/z is expressed 

in neuronal tissues and in platelets (Syrovatkina et al., 2016).  

About the third group, Gαq and Gα11 are ubiquitously expressed, while Gα14 is 

specifically found in kidney, lung, and liver and Gα15/16 is specifically expressed 

in hematopoietic cells (Syrovatkina et al., 2016). Differently from other G 

proteins, Gαq/11 proteins activate an enzyme called phospholipase C type β 

(indicated by using the acronym PLC-β). This has the important role of cleaving 

the phosphatidylinositol 4,5 bisphosphate into inositol 1,4,5-triphosphate (IP3) 

and diacylglycerol (DAG). The IP3 binds the IP3 receptors located on the 

endoplasmic reticulum, causing intracellular calcium release, important to 

regulate many biological effects, while the DAG activates protein kinase C (Goo, 

2001).  

The last group, G12/13, is widely expressed in many types of cells. G13 can directly 

increase the activity of different effectors, such as the p115RhoGEF, PDZ-

RhoGEF (PDZ domain-containing Rho guanine nucleotide exchange factor) and 

leukemia-associated RhoGEF by recruiting them to the membrane and binding 

them (Kozasa et al., 1998), G12 can interact with Gap1 (General Amino acid 

permease 1), rasGAP, α-SNAP and p120-catenin, while both can interact with 

Bruton tyrosine kinases (Btk) and cadherins (Syrovatkina et al., 2016). 

 
 

1.4.3.2 Gβγ subunit 

Gβ has five isoforms whose expression is widespread across the body, with the 

only exception of the Gβ5 that is only expressed in brain cells. Gγ subunit presents 

eleven isoforms (Gγ1-5 and Gγ7-12) (Syrovatkina et al., 2016). The Gβγ heterodimer, 

once the G protein is activated and the heterotrimeric complex disassemble, can 

start signalling cascades, regulating AC and PLC-β activity, the inwardly 
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rectifying potassium channel, and the voltage-gated calcium channels (Khan et 

al., 2013; Capoferri, 2020). 

 

 

1.4.4 G protein-independent pathways  

Many other effectors, different from G proteins, have been described as able to 

interact with GPCRs in the cytosolic side of the membrane. The idea that two 

different phenomena could contribute to signalling of GPCRs, either in a G 

protein-dependent or G protein-independent, has been described by Rajagopal et 

al. (2005). There are two main G protein-independent signal transducers currently 

known in literature, and they will be described in the following paragraphs of this 

chapter. These transducers are called arrestins and G protein-coupled receptors 

kinases (GRKs). 

 

 

1.4.4.1 Arrestins  

Arrestins are cytoplasmatic soluble proteins with an important role in the 

regulation of GPCRs downstream signal transduction. These adaptor proteins 

were reported to be important players of a two-step mechanism of action that 

represents a fundamental regulation process of GPCRs activity in rhodopsin 

(Wilden et al., 1986) and in the β-adrenergic system (Lohse et al., 1990). Arrestins 

are involved in several aspects of receptor’s physiology, but one of the most 

important is receptor desensitization: after the GRKs kinases (G protein coupled 

Receptor Kinases) phosphorylate specific serine and threonine residues which are 

located at the level of the receptor’s ILs and C-terminus, the GPCR is subject to 

a conformational change causing the recruitment of arrestins to the receptor. This 

interaction between arrestins and GPCRs has the result of removing these 

receptors from the plasma membrane and uncoupling these receptors from G 

proteins which are, therefore, inactivated (Komolov and Benovic, 2018; Zhuo et 

al., 2022).  

The interactions between these adaptor proteins and GPCRs leads to the activation 

of different signalling pathways, such as ERK (Extracellular signal-Regulated 

Kinase) phosphorylation (Kumari et al., 2017), Akt (Ak mouse strain thymoma) 

ser/thr-kinase, Src (v-src avian sarcoma viral oncogene homolog) tyrosine-kinase, 

NF-κB (Nuclear Factor κB) and PI3K (Phosphatidyl-Inositol 3 Kinase) (Smith 
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and Rajagopal, 2016). Arrestins are also connected to the internalization process 

of the GPCRs, since they mediate the internalization of the receptor via clathrin 

(Goodman et al., 1996) and via AP2 (Laporte et al., 1999).  

The arrestin family has four members in mammals: arrestin1 (called visual or rod 

arrestin in some species, and previously called S-antigen or 48 kDa protein), 

arrestin2 (also known as β-arrestin or β-arrestin1), arrestin3 (β-arrestin2) and 

arrestin4 (cone arrestin or X-arrestin) (Gurevich EV and Gurevich VV, 2006). In 

terms of structure and functions executed, these proteins are classified into two 

subgroups: visual or sensory (arrestin1 and arrestin4) and non-visual (arrestin2 

and arrestin3) (Gurevich EV and Gurevich VV, 2006). 

 

 

1.4.4.2 GRKs  

GRKs are a group of seven different soluble (except for GRK5 and GRK6 which 

are membrane tethered, as explained later in details) proteins whose main function 

is to phosphorylate Ser or Thr residues within the intracellular loops and/or 

carboxyl-terminal tail (C-tail) of GPCRs upon agonist-promoted activation of the 

receptor to promote the receptor desensitisation. 

GRK1 and GRK7 are localized in the eye. Indeed, GRK1 is expressed in retinal 

rods, while GRK7 expression has been detected in cones cells. GRK4 expression 

has been reported only in cerebellar, testicular and kidney tissues. Moreover, 

GRK1 and GRK7 presents a prenylation motif at their C-termini, which makes 

these GRKs constitutively localized to the membrane (Klaasse et al., 2008; Reiter 

and Lefkowitz, 2006). 

On the contrary, GRK 2, 3, 5 and 6 are ubiquitously expressed (Pitcher et al., 

1998). GRK2 and GRK3 localize to the membrane and thanks to the pleckstrin 

homology (PH) domain they can bind the Gβγ subunit of the G proteins. The 

binding of this subunit recruits GRK2/3 to the membrane, where the receptors 

reside, to make the signalling shut off (Haga K. and Haga T., 1992; Pitcher et al. 

1992; Pitcher et al., 1995).  

GRK4/5/6 do not present in their structure either the PH domain or the C-terminal 

prenylation as described for other GRKs (Gurevich et al., 2012). Instead, the 

association to the plasma membrane for these GRKs occurs via palmitoylation of 

specific C-terminal cysteines (Cys561, Cys562, Cys565) and/or via an amphipathic 

helix interacting with the membrane phospholipids (Gurevich et al., 2012; 
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Gurevich V.V. and Gurevich E.V., 2019; Bianchi and Mezzapelle, 2020). These 

features make them constitutively localized to the plasma membrane. 

 

 

1.5 Regulation of GPCRs 

The multitude of cellular functions regulated by GPCRs signalling is finely 

orchestrated thanks to an elegant and developed negative feedback system to 

counteract the agonist stimulation that can be sustained in time. Desensitisation 

and internalisation are the most common ways through which GPCRs can regulate 

their signalling. The former prevents negative effects that long exposure to an 

agonist could have on cells expressing cognate GPCRs, while the latter consist of 

a physical removal of both ligand-bound and unbound GPCRs that usually results 

in a lower amount of receptor on the surface (Magalhaes et al., 2012; Rajagopal 

and Shenoy, 2018). 

 
 

1.5.1 Desensitisation 
This phenomenon is defined as the spontaneous decline in the response to a 

continuous application of an agonist, or to repeated applications or doses 

(Ferguson et al., 1998; Neubig et al., 2003). Almost every GPCR so far undergoes 

desensitisation, and therefore understanding the mechanisms of desensitization of 

the receptor can have an impact on a clinical practice. In fact, if this phenomenon 

verifies, the long-time exposure to some drugs can decrease their efficacy in the 

long-term period, and therefore, by solving this problem, it would be possible to 

improve greatly the treatment of patients suffering with chronic diseases.  

Historically, desensitization has been divided into two forms: when the loss of 

GPCRs subtype is caused by agonist-dependent responses, this kind of 

desensitization is usually referred to as homologous. Instead, with heterologous 

desensitization we usually refer to a more generalized effect in which loss agonist 

responsiveness for more receptors subtypes is observed even in the absence of 

agonist occupation of the other receptors (Hosey, 1999; Kelly et al., 2007). This 

phenomenon occurs when two elements, GRKs and arrestins, act coordinately 

(Drake et al., 2006), exerting an important function in coordinating processes such 

as receptor endocytosis and ubiquitination, by acting on regulatory proteins 

fundamental for these processes (Rajagopal and Shenoy, 2018).  
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Generally, since the phosphorylation started upon GRKs action is not sufficient 

by itself for G protein uncoupling, cells developed a system in which β-arrestin 

recruitment become fundamental to potentiate this process and terminate G 

protein-mediated signalling: in fact, arrestins act to sterically hinder the receptor, 

and this step prevents further interactions of the GPCR with G proteins. GRKs 

and β-arrestin can be modulated by further accessory proteins such as tubulin, 

cytoskeletal proteins, and regulators of G proteins (RGS) (Szénási et al., 2023).  

The desensitization phenomenon can be subdivided into several sub-phases: 

firstly, there is the receptor phosphorylation, that leads to the β-arrestin 

recruitment; after this step, the receptor undergoes internalisation, and this step is 

crucial to decide the destiny of the receptor itself: indeed, it can be recycled to the 

membrane with consequent re-sensitisation or it can be degraded via lysosomes, 

causing a receptor down-regulation (Shankaran et al., 2007). As a result of these 

processes previously described, there is an overall loss of the receptor quantity at 

a cellular level and, therefore, the response of receptors to their own ligands is 

more limited, although some internalised receptors still retain the ability of 

signalling from the endosome (Feinstein et al., 2013); moreover, β-arrestins 

proteins themselves have been reported in some cases as able to act as important 

mediators of G protein-independent signalling pathways (Smith and Rajagopal, 

2016). 

 

 

1.5.2 Phosphorylation of GPCRs 

Upon ligand binding and activation, most GPCRs localized on the plasma 

membrane are phosphorylated at serine, threonine, and tyrosine located on 

intracellular loops (particularly the intracellular loop 3, or ICL) or C-terminal 

tails. The phosphorylation pattern of these residues can differ in many cases, and 

it depends on the type of ligand bound and to the expression system in which the 

receptor is found (Patwardhan et al., 2021).  

GPCRs phosphorylation is mediated by mainly by two classes of serine/threonine 

kinases: this group includes the second messenger-dependent kinases (such as 

protein kinase A, or PKA, and protein kinase C, or PKC) and second messenger-

independent kinases (as for example GRKs) (Lefkowitz, 1998). The 

phosphorylation mediated by the former type of kinases does not require ligand 

binding as a condition and it directly uncouples the receptors from G proteins, 
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leading to heterologous desensitization (Hausdorff et al., 1990). Instead, 

phosphorylation caused by GRKs depends on the stimulation of the receptor 

promoted by an agonist and is followed by the recruitment of arrestins to the 

receptor sterically inhibiting G protein coupling, starting homologous 

desensitization (Pitcher et al., 1992; Tobin et al., 2008; Gurevich et al., 2012).  

Because of these different phosphorylation-related events in distinct sites of these 

receptors, recently a new concept of “barcode” has been hypothesized for GPCRs. 

These “barcodes”, specific for each receptor and strictly depending on 

phosphorylation patterns of GPCRs, can dictate the different downstream 

signalling cascades of these receptors, leading to different physiological functions 

exerted by these receptors (Butcher et al., 2011). These “barcodes” can be 

determined also by different kinases cooperating in phosphorylating specific sites 

of the receptors, to regulate their signalling. This heterogeneity of the 

phosphorylation patterns involves even the dynamics by which different sites are 

phosphorylated in a specific sequence, in which one site allows and favours the 

phosphorylation of the other, increasing the complexity of the concept of 

“barcode” (Kim et al., 2004). 

 

 

1.5.3 Down-regulation  

One of the steps of the desensitization process is represented by GPCR down-

regulation, that occurs when receptors eventually undergo proteolysis, having as 

outcome a general quantitative decrease of receptors that are able to signal. Going 

through this process, GPCRs are disassembled when they reach the lysosomes, 

and their mRNA level often decreases. To regulate this mechanism, an important 

protein called ubiquitin, is attached via covalent bonds to a GPCR by an 

enzymatic cascade involving the sequential activity of three enzymes, referred to 

as E1, E2, and E3. This promotes receptor degradation following a progressive 

path from early to late endosomes or maturing vesicles (Kennedy and Marchese, 

2015). Ubiquitination can be reversible, and it is carried out by a family of 

enzymes called ubiquitin-specific proteinases, involved in the de-ubiquitination 

of the receptor. In fact, they finely regulate the removal of ubiquitin sequences 

from targeted receptors, in a process which can also take place when cells need to 

decide whether the receptor must be recycled to the cell membrane or degraded, 
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by this way determining the destiny of proteins. (Baek, 2003; Pal and Donato, 

2014). 

 

 

1.5.4 Recycling and re-sensitisation  

The re-sensitization of GPCRs is a phenomenon that occurs when the receptors, 

after their internalization, are not degraded via lysosomes. Instead, they are 

dephosphorylated, and they are sent to the plasma membrane, to be ready to start 

again its cycle. The re-sensitization needs both the receptor’s dephosphorylation 

and additionally its dissociation from the β-arrestin (Krupnick and Benovic, 

1998). The former process occurs in vesicles characterized by an acidic pH, to 

allow the dissociation of the ligand from the receptor and the dephosphorylation 

process (Krueger et al., 1997; Sibley et al., 1986) and it has been proven that the 

internalization before re-sensitisation is a mandatory step by using mutants 

defective of the ability to undergo endocytosis (Luttrell and Lefkowitz, 2002). 

 

 

1.5.5 Internalization 

Internalisation of a GPCR causes a general decrease in the proportion of receptors 

located on the plasma membrane, with the result of a lower response generated 

upon ligand binding: because of this important role, it is considered one of the 

key processes of GPCR life cycle regulation (Ferguson, 2001). However, even 

though these two concepts are often considered connected and strictly dependent 

on each other, there are cases when the internalization-dependent loss of receptor 

does not alter its overall function, because these phenomena can also occur 

independently (Koenig and Edwardson, 1997). Moreover, some cases have been 

recently reported in which some GPCRs can be still active upon internalization 

and hold an effective signalling (Feinstein et al.,2013; Thomsen et al., 2016).  

Many mechanisms of internalization have been characterized, which can differ 

according to the cell type used for the assay and to the experimental conditions 

adopted. One of the main reasons behind the variability in the mode of 

internalization adopted by different GPCRs is the presence in many receptors of 

different internalisation motifs in their sequence, allowing a big variety of 

mechanisms through which the receptors can be internalised.  Some examples are 

the dileucine motif recognized by several clathrin adaptors participating in the 
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trafficking of other membrane proteins, the interaction motifs for G-protein-

coupled receptor-associated sorting protein (GASP), N-ethylmaleimide-sensitive 

fusion protein (NSF) and PDZ domain interaction motifs (Gurevich V.V. and 

Gurevich E.V., 2006). Arrestins and trafficking proteins compete for these sites, 

increasing the complexity of the mechanism.  

 

 

1.5.5.1 Agonist-dependent internalization 

Within minutes once a ligand has bound and activated a receptor, the 

internalization of GPCRs starts the full cascade in which activated receptors 

undergo phosphorylation and β-arrestins recruitment. A key mediator of this 

process is the adaptor protein complex 2 (AP-2), whose role is facilitated by the 

agonist-receptor interactions, which increase the accessibility of this protein to 

GPCRs C-tail domain. This is an important mediator for the formation of clathrin-

coated pits, facilitating the interactions between GPCRs and clathrin monomers 

(Kohout and Lefkowitz, 2003). However, differently from this first way just 

discussed, GPCRs can be internalised through the formation of non-coated 

membrane invaginations named caveolae (Nichols and Lippincott-Schwartz, 

2001), associated with a family of cholesterol-binding proteins named caveolins. 

 

 

1.5.5.2 Agonist-independent internalization 

Many different types of GPCRs showed their ability to internalize independently 

on the agonist effect, such as angiotensin 1A (AT1AR) receptor, cannabinoid type 

1 (CB1) receptor, α1-adrenergic receptor, chemokine receptor 4 (CXCR4), 

metabotropic glutamate receptor 1 and 5 (mGlu1R and mGlu5R), M2R 

muscarinic receptor and thyrotropin receptor (Xu et al., 2007). Sometimes 

considered as a constitutive internalization mechanism, this phenomenon is 

slower compared to the previous form of internalization which depends on the 

action of an agonist (Drake et al., 2006). This type of internalization can occur 

both clathrin-dependently and -independently (Fourgeaud et al., 2003). 
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1.6 GPCR quaternary structures 

GPCRs exist, bind their cognate ligands, and exert their function either as 

monomers or as dimers and higher-order oligomers. They can form stable and 

transient homo-oligomeric and hetero-oligomeric macromolecular structures, that 

can become central for cell surface delivery and the mechanisms of G protein 

binding and activation (Milligan, 2007). The oligomerization of proteins can 

affect many aspects of the receptor’s life cycle, such as the ontogeny of the 

receptor. In fact, the oligomerization can work as a quality control at the level of 

the endoplasmic reticulum (ER) during the protein synthesis, by masking specific 

retention signals or hydrophobic patches that would retain the proteins in the ER 

(Reddy & Corley, 1998; Terrillon and Bouvier, 2004). When on the cell surface, 

these receptors can form oligomeric complexes strongly regulated by several 

cellular effectors and by the microenvironment in which the complex is found. 

There are still many studies ongoing that are investigating oligomerization can be 

regulated by protomers activation or inhibition, with different hypothesis that not 

always agree in a univocal way. In fact, many studies suggest that a ligand can 

stimulate the activation of the single protomer and, therefore, the oligomerization 

of the receptor (Kroeger et al., 2001), or, on the contrary, inhibit the receptor 

oligomerization (Latif et al., 2002). According to other studies, instead, the 

homodimerization and heterodimerization are constitutive processes that are not 

modulated by ligand binding (Canals et al., 2003).  

GPCR heterodimerization could have a role in determining the pharmacological 

diversity of a ligand binding these receptors. Indeed, the positive or negative 

ligand-binding cooperativity and the increased or decreased potency of a ligand 

that occur in the presence of different receptors has been correlated to receptor 

heterodimeric complexes formation for many GPCRs (Galvez et al., 2001; Ward 

et al., 2011). Additionally, Galvez et al., in their work, also underlined the crucial 

function of the oligomerization of GPCRs in their signal transduction (Galvez et 

al., 2001). The last aspect to consider about GPCR oligomerization is that several 

works proposed receptor heterodimerization as capable of influencing the agonist-

promoted GPCRs endocytosis. In this case, it would be sufficient that a single 

protomer is stimulated to induce the internalization of the two receptors together 

(Terrillon and Bouvier, 2004).  

According to our current knowledge about GPCR oligomerization, TM1 regulates 

the interaction between dimers, while it has been reported the importance of TM4 
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and TM5 for interactions established among monomers (Fotiadis et al., 2004). 

Historically, it was firstly thought that oligomerization of these receptors was 

essential for the interaction and binding of G proteins. In fact, some works 

displayed a model in which rhodopsin interacted with transducin G protein and it 

was observed the necessity of a dimeric form of receptor to accommodate the G 

protein. In fact, the three subunits of this G protein were too big to be allocated 

on the monomeric cytoplasmatic area of rhodopsin receptor (Fotiadis et al., 2006). 

Since then, the importance of oligomerization of GPCRs has been taken into 

account more and more, especially because even though many experimental 

methods have been developed to investigate this aspect of GPCRs, still many 

point stay undetermined or not fully understood, suggesting that further studies 

and approaches need to be developed in order to characterize the mechanisms by 

which the oligomerization occurs but also the structural, functional and 

physiological relevance this process can have.  

Indeed, quaternary structures of GPCRs have been reported to be important in 

mechanisms that have not still clarified and related to receptors’ biased signalling 

(Paradis et al., 2022). Paradis et al. (2022) showed in their work that a biased 

switch is present at the dimer interface of several GPCRs that selectively regulates 

the activation of G protein versus β-arrestin-mediated pathways. Because these 

switches are mostly extracellularly located, they could be druggable sites with a 

strategical importance for drug discovery. Therefore, this information makes even 

more important the need of understanding in a clearer way the oligomerization of 

GPCRs, that could be helpful in a therapeutic perspective with an advantage in 

developing more effective treatments against diseases. 

 

 

1.7 Chemokines and chemokine receptors 

Chemokines represent a class of secreted proteins with a size in the range of 8-12 

kDa, members belonging to the large group of cytokines, that have a specific 

effect on the interactions and communications between cells. Among the different 

types of cytokines, they are defined as chemoattractant cytokines and, therefore, 

their main role consists of the regulation of migration of immune cells across the 

body. As ligands, they can signal by binding several GPCRs which, because of 

their ability to bind chemokines to exert their function, are called chemokine 

receptors. Chemokines are mostly known for their role in stimulating the cell 
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migration of immune cells, especially leukocytes (Hughes and Nibbs, 2018). 

Therefore, these molecules play a fundamental role in physiological processes 

like the development and homeostasis of the immune system and are involved in 

all protective or destructive immune and inflammatory responses. Other processes 

in which these proteins are involved are organogenesis, haematopoiesis, and 

immunomodulation.  

From a pathological point of view, they play a critical role in inflammation, 

allergy, autoimmune diseases, many types of cancer, and in innate immunity, 

including processes such as leukocyte recruitment, a full delivery of antigen-

presenting cells to the effector cells of the adaptive immune system and the 

maturation of lymphocyte themselves (Chen et al., 2018; Hughes and Nibbs, 

2018). They are secreted by many types of immune cells with various mechanisms 

(Arango and Descoteaux, 2014; Tecchio et al., 2014; Moon et al., 2014; Davoine 

and Lacy, 2014). For examples, macrophages lack secretory granules and rely on 

a constitutive secretory pathway that engages recycling endosomes for the 

secretion of cytokines, including tumor necrosis factor (TNF), interleukin-6 (IL-

6), and IL-10 (Lacy, 2015). Also, mast cell secretion of cytokines occurs through 

a trafficking mechanism that is similar to the SNAREs system used by 

macrophages, while the way neutrophils produce and secrete cytokines and 

chemokines is still not fully clear (Lacy, 2015). Since one of their most important 

functions is represented by the regulation of immune cell migration, they 

represent encouraging drug targets to allow the treatment of different diseases 

originated from a dysfunction of the immune system. These pathological 

conditions include, among others, chronic obstructive pulmonary disease, 

multiple sclerosis, rheumatoid arthritis, HIV-1 infection, and cancer (Bongers et 

al., 2010; Adlere et al., 2019).  

Chemokine ligands are classified according to differences in their primary 

structure into four subfamilies: CC, CXC, XC and CX3C. The classification is 

based on the first cysteine in their sequence found, beginning to count from their 

N-terminus, fundamental to form disulphide bridges which have an essential 

function in stabilizing a chemokine’s structure. This residue can be followed by a 

second cysteine residue directly (CC), spaced by a random amino acid (CXC), 

spaced by three amino acids (CX3C), or can lack a proximal second cysteine (XC) 

(Capoferri, 2020). Additionally, it is possible to distinguish in a simplistic way 

homeostatic from inflammatory chemokines; the former type is responsible for 
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basal leukocyte migration, the latter are produced under pathological conditions 

as consequence of pro-inflammatory stimuli and take part actively in the 

inflammatory response by attracting immune cells to the site of inflammation. 

(Zlotnik et al., 2011; Zlotnik and Yoshie, 2012). The GPCRs that have 

chemokines as ligands are referred to as chemokine receptors, and they belong to 

the family of rhodopsin-like receptors. From a cytogenetic point of view, these 

receptors are located in clusters on different chromosomes, and this seems to 

suggest a common ancestral origin: this might be due to several local gene 

duplications combined with genome duplications (Fredriksson et al., 2003). A 

more recent classification of chemokine receptors divides these proteins into two 

macro-groups, referred to as “typical” and “atypical”. This classification is based 

on whether the individual receptors are able to elicit a G protein-mediated 

response, with the atypical receptors unable to do so. Typical chemokine receptors 

are divided into different groups according to the class of chemokine ligands they 

bind: CCR bind CC chemokines, CXCR bind CXC chemokines, XCR bind XC 

chemokines and CX3CR bind CX3C chemokines (Bachelerie et al., 2014) (Table 

1.1). 

 

 

1.7.1 Chemokine ligands 

IUPHAR currently recognizes 45 human chemokines ligads (Bachelerie et al., 

2014). They present different features that allow us to distinguish them: CC and 

CXC chemokines generally have a 6-10 amino acids long N-terminal domain 

preceding the first structural cysteine, followed by a long loop (N-loop), a 310 

helix, three β-strands and a C-terminal α-helix 20-30 amino acids long highly 

disordered structurally (Rajarathnam et al., 1995; Allen et al., 2007). The 

structural arrangement typical of these subfamilies of chemokine ligands is 

conserved but the sequence identity results to be highly divergent. The XC 

chemokine group contains only two members, lymphotactin-α and -β (also 

referred to as XCL1 and XCL2), while the only CX3C chemokine, called 

fractalkine (CX3CL1), is membrane bound (Zlotnik and Yoshie, 2012).  

CXC chemokine have a crucial role in inflammation-related processes and 

angiogenesis, since they finely regulate both processes interacting with their 

respective cognate receptors expressed by endothelial cells (Romagnani et al., 

2004, Bikfalvi and Billottet, 2020, Gorbachev and Fairchild, 2014). Therefore, as 
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a rule, it is accepted that CXC chemokines affect tumour growth by modulating 

angiogenesis and/or recruitment of effector or regulatory immune cells.  

As an additional division of CXC chemokines, they can be classified as ELR+ and 

ELR- subgroups, because of the presence and absence, respectively, of a three 

amino acid Glu-Leu-Arg motif located in the N-terminal region before the first 

conserved cysteine (Ishimoto et al., 2023). Moreover, ELR+ CXC chemokines are 

grouped on chromosome 4 in humans and are mostly important for the 

chemoattraction of neutrophils and, therefore, they contribute to wound repair, by 

attracting neutrophils and inducing degranulation and the respiratory burst. This 

type of chemokine ligand is produced and secreted thanks to the stimuli promoted 

by pro-inflammatory cytokines such as IL-1, TNF-α or microbic PAMPs 

(Baggiolini, 2001). Also ELR- CXC chemokines facilitate the process of wound 

repair.  

The class of CC chemokines is the largest group of chemokines and signals 

through different CC chemokine receptors with the main function of recruiting 

monocytes and macrophages, immune cells involved both in acute and chronic 

inflammation, and diseases such as atherosclerosis, rheumatoid arthritis, and 

adipose inflammation (Charo and Ransohoff, 2006). In addition to creating either 

tumour-suppressing conditions (such as recruitment of effector T cells) or 

tumour-promoting conditions (such as recruitment of Tregs, M2-type 

macrophages) in the tumour microenvironment, some CC chemokines promote 

tumour expansion by mediating tumour cell invasion or migration to distant sites 

(Gorbachev and Fairchild, 2014). Previous studies in both mice and humans have 

shown that CCL1 is critical for metastasis formation in tumour-draining lymph 

nodes by recruiting CCR8-expressing melanoma or breast carcinoma cells into 

lymph nodes (Das et al., 2013). 

Due to their single conserved cysteine residue, XC chemokines exist in two 

different conformations in equilibrium with one another, in which the monomeric 

state resembles the conventional chemokine fold, while the other conformation is 

a four-stranded β-sheet, which forms when the usually extended N-terminal 

regions pairs with the third β-strand in the sheet (Sonay Kuloglu et al., 2002; 

Capoferri, 2020). CX3CL1 is a mucin-like membrane protein with an extracellular 

chemokine domain working as an adhesion molecule; this domain can detach 

from the membrane anchor upon protease action, and act like a secreted 

chemokine (Wojdasiewicz et al., 2014). 
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Receptor Ligand Receptor Ligand Receptor Ligand 

CXCR1 
 

CXCL5 
CXCL6 
CXCL8 

CCR1 
 

CCL3 
CCL4 
CCL5 
CCL7 
CCL8 
CCL13 
CCL14 
CCL15 
CCL16 
CCL23 

XCR1 
 

XCL1 
XCL2 

CXCR2 CXCL1 
CXCL2 
CXCL3 
CXCL5 
CXCL6 
CXCL7 
CXCL8 

CCR2 CCL2 
CCL5 
CCL7 
CCL8 
CCL13 
CCL16 
 

CX3CR1 CX3CL1 

CXCR3 CXCL4 
CXCL4L1 
CXCL9 
CXCL10 
CXCL11 

CCR3 CCL4 
CCL5 
CCL7 
CCL11 
CCL13 
CCL15 
CCL24 
CCL26 
CCL28 

ACKR1 CCL2 
CCL5 
CCL7 
CCL11 
CCL13 
CCL14 
CCL17 
CXCL5 
CXCL6 
CXCL8 
CXCL11 

CXCR4 CXCL12 CCR4 CCL17 
CCL22 

ACKR2 CCL2 
CCL3 
CCL4 
CCL5 
CCL7 
CCL8 
CCL11 
CCL13 
CCL14 
CCL17 
CCL22 

CXCR5 CXCL13 CCR5 CCL3 
CCL4 
CCL5 
CCL7 
CCL14 
CCL16 

ACKR3 CXCL11 
CXCL12 

CXCR6 CXCL16 CCR6 CCL20 ACKR4 CCL19 
CCL21 
CCL25 

??? CXCL14 
CXCL17 

CCR7 CCL19 
CCL21 

ACKR5 CCL19 

CCR8 CCL18 

CCR9 CCL25 

CCR10 CCL27 
CCL28 

Table 1.1: Classification of chemokine receptors and their cognate ligands 
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1.7.2 CXCR4 and its pathophysiological role 
 
Human CXC-motif chemokine Receptor 4 (hCXCR4) is one of the best 

characterized GPCRs within the chemokine receptor family, due to its important 

role in several biological processes such as embryonic development, 

haematopoietic cell trafficking, mature leukocyte homing and angiogenesis 

(Wang and Knaut, 2014). When mutated and not in physiological conditions, this 

receptor shows an important role in leading the process to develop different 

immune system-related pathologies, such as the congenital immune deficiency 

WHIM (Warts, Hypogammaglobulinemia, Infections, and Myelokathexis 

syndrome). Moreover, this receptor is known to act as a co-receptor for T-tropic 

HIV-1 protein gp120, therefore favouring infection by HIV-1 (Balabanian et al., 

2004), and additionally its expression is found to be upregulated in different 

neoplastic conditions (Vela et al., 2015; Balkwill, 2004b), including Waldenström 

macroglobulinaemia.  

Gαi/o family represents the predominant family of G proteins through which 

hCXCR4 signal, even though it was proved by further studies that this receptor is 

able to recruit Gα13 (Tan et al., 2006; Yagi et al., 2011; Kumar et al., 2011), Gαq 

(Soede et al., 2001) and β-arrestins. Since the preferential G protein activated 

upon ligand stimulation are members of the inhibitory family, as result of the 

receptor activation upon agonist stimulation, an enzyme called adenylyl cyclase 

is inhibited. This enzyme is necessary to produce an important second messenger 

Fig.1.3: Two-step recognition binding model. (Fig. 1.3a) The chemokine ligand 

shows a CSR1 region and a CSR2 region to allow the interaction with the receptor. (Fig. 

1.3b) The first step is the interaction between the chemokine receptor N-terminus with 

the CRS1 of the chemokine ligand. This leads to the docking of chemokine ligand CRS2 

(Fig. 1.3c) into the chemokine receptor 7TM region, allowing the latter to transmit the 

signal intracellularly. Image created on Biorender.com 



50 
 

called cyclic AMP (cAMP), which is reduced intracellularly as consequence of 

the agonist-mediated activation of hCXCR4, and therefore, cAMP-dependent 

protein kinase activity is decreased or blocked.  

Gα13 protein signalling was initially identified during Jurkat T cell migration 

(immortalised cell line derived from a T-cells acute lymphoblastic leukemia), 

which expressed CXCR4 and where Rho GTPase and Rac protein (activated via 

Gαi protein) were activated (Tan et al., 2006), as well as in CXCR4-induced 

metastatic basal-like breast cancer cells (Yagi et al., 2011).  

The Gαq protein activate PLC-β (phospholipase C type β), which degrades 

phosphatidylinositol-4,5 bisphosphate (PIP2) to form intracellular messengers 

linked to the elevation of cytosolic Ca2+ levels and increase in protein kinase C 

(PKC) activity. This signalling pathway was reported for hCXCR4 only upon 

ligand-mediated stimulation only in dendritic cells and granulocytes (Soede et al., 

2001), showing once again the important of cellular context for GPCR signalling 

functioning. 

hCXCR4 can signal even through G protein-independent pathways and the most 

important and well characterized is the β-arrestin recruitment, which importantly 

regulates receptor internalization, recycling to the membrane and receptor 

degradation via lysosomes. Additionally, this signalling pathway has a role in 

termination of G protein signalling and may affect the chemotaxis of hCXCR4. 

Both β-arrestin1 and 2 are recruited once kinases called GRKs phosphorylate 

specific serine, threonine and tyrosine residues located in the ICL3 and in the C-

terminus side of GPCRs upon agonist-promoted stimulation, starting the 

formation of clathrin-coated pits.  

The carboxy-terminal domain of hCXCR4 determines the binding of β-arrestin to 

this receptor, so it does not surprise the importance of this region for the receptor’s 

functionality. For example, in the case of the congenital disease named WHIM 

syndrome, the origin of this syndrome has been connected to a truncation of 

CXCR4 C-tail, since patients have cells that cannot downregulate hCXCR4 

expression on the membrane (Hernandez et al., 2003; Heusinkveld et al., 2019). 

This defect results in a gain-of-function phenotype, in which mature granulocytes 

are not capable of moving out from bone marrow niche, causing chronic noncyclic 

neutropenia. However, also some amino acids localized on the IL3 of hCXCR4 

as for other GPCRs were described as important sites with a role in facilitating 

the arrestin recruitment (Cheng et al., 2000; Gustavsson et al., 2017).  
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Another disease in which the correct maintenance of hCXCR4 C-tail represents a 

critical point is Waldenström macroglobulinemia, a type of B cell proliferative 

disease (lymphoplasmacytoid tumour) with a phenotype that represents a 

combination of both non-Hodgkin lymphoma (lymphoid tumour) and multiple 

myeloma (plasmacytoid tumour), in which cancerous WM cells grow in the bone 

marrow and can push out the hematopoietic stem cells from their niche (Drandi 

et al., 2022). The origin of this disease is to search in gain-of-function mutations 

in myd88 gene, which codes for MYD88 (Myeloid Differentiation primary 

response 88) adaptor protein involved in regulation of signalling of immune cells. 

Additionally, together with additional nonsense mutations located 20 amino acids 

upstream of the stop codon of hCXCR4 and some frameshift mutations contained 

in a region up to 40 amino acids upstream of the receptor (Treon et al., 2014). 

These genetic mutations result in anaemia, immune deficiency, thrombocytopenia 

and causes symptoms such as weakness and fatigue in patients, which also show 

a high sensitivity to bruising, excessively bleeding and severe symptoms in 

presence of infections. Indeed, these immune cells are fundamental in the 

regulation of production of IgM antibodies (macroglobulins). Because of their 

malfunctioning, these cells can make blood thicker and produce symptoms such 

as alteration in vision, headaches, vertigo, and changes in the mental status 

(Castillo et al., 2015; Naderi and Yang, 2013).  

Another disease for which hCXCR4 has been intensively studied for is T-tropic 

HIV-1 infection of T cells. HIV-1 gp120 (glycoprotein 120) is a protein of the 

virus envelop binding with high affinity to CD4 (cluster differentiation 4), a 55 

kDa membrane protein found predominantly on a subset of T cells named T helper 

(Th cells), which plays a major role in mediating immune response through the 

secretion of specific cytokines and activating cells of the innate immune system, 

but expressed also on the surface of monocytes/macrophages and 

dendritic/Langerhans cells (Zaitseva et al., 1997; Luckheeram et al., 2012).  

When gp120 glycoprotein interacts with CD4, it is subject to a structural change 

that favours the binding of gp120-CD4 complex either to CCR5 receptor (in case 

of M-tropic HIV-1 strain, so monocyte/macrophage tropic or R5 virus) or to 

hCXCR4 (in case of T-tropic HIV-1 strain, or X4 virus). However, this scheme 

of the infection method adopter by HIV-1 can be simplistic, since there are many 

strains in nature that are defined “dual tropic” because of their ability to use both 

hCXCR4 and hCCR5 receptors to start the infection process (Bleul et al., 1997). 
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Therefore, it is commonly accepted that both hCXCR4, together with hCCR5, are 

co-receptors of HIV-1 entry into CD4+ T cells, since usage of hCXCR4 by HIV-

1 isolates often evolves during disease progression associated with the emergence 

of syncytium-inducing (SI) variants, while usage of this receptor by primary HIV-

1 strains appears to be critical in the establishment of persistent infection 

(Ostrowski et al., 1998). After the chemokine receptor is bound by gp120, the 

process called “fusion” starts because of the exposure of gp41, another envelope 

protein helping the anchoring of the viral cells and the penetration of the target 

cells membrane. This action leads, as consequence to the release of virions within 

the infected cells. In this process, hCXCR4 shows a crucial role to help the fusion, 

and this feature granted the name of “fusin” when referring to hCXCR4. (Endres 

et al., 1996).  

Alterations in hCXCR4 expression has been found in several cancer cell lines, 

and this leads to more aggressive phenotypes and lower survival rates, due to the 

enhanced ability of these types of cancer cells to invade other tissues and form 

metastasis (Liu et al., 2009; Iwasa et al., 2009). This aggressive phenotype is the 

result of the action of cancer cells with overexpressed hCXCR4 and this 

overexpression has the aim of hijacking the hCXCR4/CXCL12 axis to establish 

distant organ metastasis. Indeed, this hypothesis finds support when CXCL12 

expression levels are analysed in different areas of body and levels of this 

chemokine are higher in common sites of metastasis such as brain, bone marrow, 

lungs, and live (Chatterjee et al., 2014). This overexpression of hCXCR4 has been 

investigated and encountered in around 23 different human cancer types, such as 

blood, lung, brain, kidney, ovary, pancreas, and skin neoplastic diseases 

(Balkwill, 2004a).  

In past years, it became clear that hCXCR4 has a prominent role in cancer biology 

field. In fact, stimulation with basic fibroblast growth factor (bFGF), vascular 

endothelial growth factor (VEGF) and epithelial growth factor (EGF), and 

activation of transcription factors such as nuclear respiratory factor-1 (NRF-1) are 

all mediated by hCXCR4 upregulation (Phillips et al., 2005; Zhuo et al., 2012). 

Also, hypoxia-induced factor-1α (HIF-1α) accumulation and activation is 

mediated by nuclear hCXCR4, which, in turn, induces cxcr4 transcription, leading 

to hCXCR4 upregulation (Bradley, 2018; Bao et al., 2019). 

hCXCR4 has been described to be an essential receptor in regulating different 

physiological processes, and one these is the embryo development. This role of 
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hCXCR4 was shown in a number of works from many different groups, in which 

hCXCR4 knockout (KO) mice showed aberrant vascular formation in the 

intestine (Tachibana et al., 1998), cardiac ventricular malformations (Ivins et al., 

2015), an abnormal migration of the cerebellar neurons and a severe impairment 

of haemopoiesis, affecting especially the myeloid progenitors and the B lymphoid 

lineage (Qing et al., 1999). Because of all these problems found in mice 

development, generally hCXCR4-KO mice die perinatally.  

An important regulatory function of hCXCR4 has recently been described as a 

suppressor of type-I interferons production by directly suppressing the activation 

of TLRs (Toll-like receptors) signalling pathways with a role in many auto-

immune diseases, that include interferonopathies such as systemic lupus 

erythematosus (SLE), or rheumatoid arthritis or multiple sclerosis (Smith et al., 

2017; Smith et al., 2019, McHugh, 2019; Caspar et al., 2022). These diseases 

show a direct connection to elevated interferon levels due to hCXCR4 activity, 

making this receptor a promising target (De Ceuninck et al., 2021) to treat these 

pathological conditions. Additionally, overexpression of hCXCR4 receptor has 

been reported on circulating B cells in patients with SLE and, therefore, the 

establishment of non-physiological interactions between B and T cells represents 

an important biomarker of these diseases (Hanaoka et al., 2015; Wang et al., 

2009). Indeed, the expansion of T follicular helper cells and of some subsets of T 

peripheral helper cells is one the typical trait of patients displaying SLE disease 

(Caspar et al., 2022) 

 

 

1.7.2.1 CXCR4 ligands 

The endogenous agonist of hCXCR4 is the ELR- CXC chemokine ligand 

CXCL12 (CXC motif chemokine ligand 12), in the past also known with the name 

stromal-derived factor-1 (SDF-1) (Xu et al., 2015). CXCL12 is expressed 

ubiquitously in many tissues and cells. Even though it is the endogenous agonist 

of hCXCR4, it also can bind to the atypical chemokine receptor hACKR3, for 

which this receptor has been proposed to act as a scavenger receptor (see more 

detail in the section relative to hACKR3, in paragraph 1.7.4). 

In humans, six different splice variants of CXCL12 were found (named from α to 

φ), which derive from alternative splicing events occurring between the fourth 

and final exon of the gene codifying for this ligand and which differ mainly for 
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their specific tissue distribution and activity (Janssens et al., 2018). CXCL12α, 89 

residues long, is the shortest and most expressed isoform of this ligand (Yu et al., 

2006) and it can exist both as in monomeric and dimeric forms, which can have 

different implications in binding hCXCR4 and exerting its effect on this receptor. 

In fact, the monomeric form of CXCL12 has a higher effectiveness in signalling 

through hCXCR4 to block the production of intracellular cAMP and stimulate 

AKT, as secondary effects mediated by G protein activation. Instead, dimeric 

forms of CXCL12 ligand show more efficiency in recruiting β-arrestin 2 to 

hCXCR4 and act as more potent chemoattractants to facilitate the migration of 

breast cancer cells expressing hCXCR4, also affecting the chemotaxis process via 

β-arrestin 2 (Fong et al., 2002; Ray et al., 2012). 

CXCL12 KO mice display similar pathological phenotypes as seen for hCXCR4 

KO, showing that an impairment of this axis results in serious pathological 

conditions, which are characterized by severe alterations in neural progenitor 

proliferation, migration and differentiation (Trousse et al., 2019; Ma et al., 1998), 

problems in vascularization of the gastrointestinal tract (Tachibana et al., 1998), 

dysregulation of cardiac functions (LaRocca et al., 2019). 

The list of ligands exerting an effect after binding hCXCR4 receptor is vast and 

all these molecules vary in terms of function and chemical nature (Bianchi, and 

Mezzapelle, 2020). hCXCR4 represents the receptor of another ligand called 

macrophage migration inhibitory factor (MIF), an inflammatory cytokine with 

chemokine-like activity involved in the regulation of innate immunity. MIF 

promotes leukocyte recruitment, which mediate the role of MIF itself in 

atherosclerosis and contribute to the wealth of other MIF-related biological 

activities (Rajasekaran et al., 2016). This ligand interacts with the amino terminal 

sequence (1-27 region) of hCXCR4 receptor and with the external surface area of 

transmembranes helices (at the level of EL1, EL2, EL3) but it does not bind inside 

the TM pocket (Rajasekaran et al., 2016; Lacy et al, 2018). MIF also acts as an 

agonist for other receptors, including hCXCR2, CD74/CD44, and hACKR3 

(Jankauskas et al., 2019).  

Another ligand for hCXCR4 is extracellular ubiquitin (eUb), included in the 

category of a damage-associated molecular patterns (DAMPs), which are 

molecules released from dead or severely stressed cells to alert about any damage 

or infection to cellular microenvironment and the innate immune system. 

Extracellular ubiquitin can exert an agonist effect on hCXCR4, without 
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competing with CXCL12 in promoting the agonist-mediated signalling of the 

receptor (Saini et al., 2010). Indeed, different groups adopting molecular 

modelling and mutagenesis analysis to determine the binding site of eUb 

suggested the possibility that this molecule may bind to hCXCR4 inside the cavity 

delimited by TMs domains (EL2 and EL3) (Tripathi et al., 2013; Saini et al., 

2011), but the interaction occurs through hCXCR4 residues which do not 

contribute to CXCL12 binding (Scofield et al., 2018), since eUb lacks of the 

interaction with the N-terminal region of hCXCR4 that is a crucial step in 

CXCL12 binding (Saini et al., 2011).  

In the past, another molecule has been related to CXCR4 for its ability to bind this 

receptor and this is called β-defensin-3 (HBD3), which can compete with 

CXCL12 for CXCR4 binding. It is involved in promoting receptor internalization 

without inducing Ca2+ flux, ERK phosphorylation, and chemotaxis (Feng et al., 

2006), therefore it can be considered a novel antagonist at CXCL12-promoted 

signalling of hCXCR4 receptor. Additionally, it has been shown that β-defensin-

3 cysteine residues, specific surface-distributed cationic residues, the electrostatic 

properties, and availability of both β-defensin-3 termini are very important in 

allowing hCXCR4 binding (Feng et al., 2013). 

The list of diseases which are developed upon dysfunctions of hCXCR4 also 

includes Kaposi’s sarcoma, which is caused by Kaposi’s sarcoma Herpes virus, 

or Human Herpesvirus 8 (KSHV or HHV8). This γ herpesvirus which, after it has 

infected the cells, initiates the production of the “master KEYmokine” named v-

MIP II or v-CCL2 (viral Macrophage Inflammatory protein II, or viral CC motif 

chemokine ligand 2), which acts as an antagonist on hCXCR4 (Szpakowska and 

Chevigne’, 2016). Together with vMIP I/v-CCL1 and vMIP III/v-CCL3, they 

block the Th1-mediated response upon viral infection: vCCL2 facilitates immune 

system evasion by blocking the action of chemokines towards the infection 

(Nicholas, 2010; Szpakowska et al. 2018).  

Another ligand for hCXCR4 reported in literature is the high mobility group box 

1 protein (HMGB1), member of DAMPs molecules (Ge et al., 2021). This 

molecule can form heterocomplexes with CXCL12 (HMGB1⋅CXL12) and it has 

been observed that the structural changes of hCXCR4 occurring upon ligand 

binding show differences depending on whether CXCL12 alone or 

HMGB1⋅CXCL12 complex binds the receptor. Additionally, the complex is over 

one order of magnitude more potent than CXCL12 alone in inducing cell 
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migration (Schiraldi et al, 2012; Bianchi and Mezzapelle, 2020). However, 

HMGB1 can bind CXCL12 and interact with CXCR4 only when HMGB1 is 

found in its reduced form, which presents the pair of cysteine residues localized 

in the HMG-box domain A that in this case are not forming any disulphide bonds 

(Venereau et al., 2012). Another study using a 3S-HMGB1, where serine residues 

replaced all three cysteines involved in CXCL12 binding, demonstrated that this 

ligand acquired the ability to bind CXCR4 directly even without intercting with 

CXCL12 and showed the same efficacy as HMGB1-CXCL12 complex to induce 

migration of immune cells and muscle regeneration (Tirone et al., 2018).  

In the past years, because of the physiological relevance of this receptor, many 

synthetic ligands, such as plerixafor (or AMD3100) and isothiourea-1t (IT-1t), 

were developed, initially as T-tropic HIV-1 blockers. (Hendrix et al., 2004). 

AMD3100 is a bicyclam molecule, in which an aromatic bridge tether the two 

cyclam rings, that reversibly antagonizes hCXCR4 (De Clerq, 2005). This small 

molecule ligand showed efficacy also promoting the mobilization the CD34+ stem 

cells from the bone marrow into the peripheral blood stream by interacting with 

CXCL12 (Bachelerie et al., 2015; Eby et al., 2017; De Clerq, 2019). Later, it has 

been successfully approved by US FDA (United States Food and Drugs 

Administration) as treatment drug for autologous transplantation in patients with 

non-Hodgkin’s lymphoma or multiple myeloma, with possible beneficial effects 

even in other malignant diseases as well as hereditary immunological disorders 

such as WHIM syndrome.  

The isothiourea secondary amine IT1t, is the most known and characterized ligand 

showing an immunomodulating function at hCXCR4 (Thoma et al. 2008), with 

the most potent and concentration-dependent blockade of interactions between 

CXCL12 and hCXCR4 (Van Hout et al., 2017; Caspar et al. 2022). It has also 

demonstrated the effect of this small antagonist ligand in disrupting the 

oligomerization state of CXCR4, and even more efficiently than AMD3100, with 

important consequences on the receptor signalling and function (Ward et al. 

2021). Additionally, IT1t is structurally similar to clobenpropit and it has been 

shown to inhibit type I interferon production by pDCs in vitro (Smith et al., 2019). 

Smith et al. (2019) also showed that in ex vivo tonsil mononuclear cell 

suspensions, IT1t inhibited TLR7-mediated production of IFNα. Furthermore, 

IT1t treatment reduced systemic inflammation and autoantibody production, and 

prevented glomerulonephritis, in a TLR7-dependent mouse model of SLE 
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(pristane-induced lupus) (McHugh, 2019). These findings are important because 

of the ability of CXCR4 to interact with TLRs as explained in more depth in the 

next paragraphs (1.7.3.3). 

Other molecules directed against hCXCR4 have been or currently are under 

clinical trials assessments (US clinicaltrialsgov.com), even though low efficacy, 

high toxicity, or poor pharmacokinetic properties represented the most common 

problems of these drugs (Van Hout et a., 2018). The more the knowledge about 

hCXCR4 pharmacology, signalling and functioning acquired grows, the more it 

becomes helpful to realize new synthetic molecules targeting hCXCR4 in many 

ways and that could be, in the future, new therapeutic agents to treat all diseases 

related to hCXCR4/CXCL12 axis. 

 

 

 

1.7.2.2 CXCR4 binding pockets 

Based on several studies using crystal structure of the receptor fused to the T4 

lysozyme as a starting point, it has been possible to investigate and characterize 

the binding positions of chemokines and small molecules at hCXCR4 (Wu et al., 

2010). Other works in which mutational studies were carried out, instead, helped 

in describing the signalling transmission for different ligands interacting with 

hCXCR4 through the transmembrane helices but also through the N-terminal 

region of the receptor. (Wescott et al., 2016; Adlere et al., 2019).  

The extracellular interface of hCXCR4 is formed by an amino terminal region, 

the ECL1 linking helices II and III, ECL2 linking helices IV and V and ECL3 

linking helices VI and VII, with two disulphide bonds critical for ligand binding 

(Caspar et al., 2022). Differently from other GPCRs, hCXCR4 helix II is rotated 

which contrasts with predictions generated about the receptor binding pocket by 

using homology models. Additionally, helices V and VII are projected into the 

extracellular space, while helices I, IV and VI are shifted and there is also an 

additional disulphide bond in the extracellular space which has the role of 

connecting the N-terminal region and helix VII of hCXCR4 (Wu et al., 2010, 

Caspar et al., 2022). The ECL2 and amino-terminal domains of the receptor are 

connected by two disulphide bonds that cooperate in order to shape the entrance 

required to the ligand to allocate in its binding pocket (Wu et al., 2010).  
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Once it binds to hCXCR4, CXCL12 occupies the full binding pocket and induces 

conformational changes at the level of N-terminal and extracellular domains of 

the receptor. This effect is facilitated thanks to an abundance of non polar and 

polar intermolecular interactions, including salt bridges formed between 

positively charged CXCL12 residues and negatively charged hCXCR4 residues 

(Tamamis and Floudas, 2014). 

The binding interface between CXCL12 and hCXCR4 predicted by molecular 

docking studies shows a good degree of overlap with the binding positions of IT1t 

antagonist (Xu et al., 2013; Busillo and Benovich, 2007), which is then classified 

as orthosteric negative modulator for hCXCR4, since it acts by antagonizing 

CXCL12-mediated effect by competing with CXCL12 for the same binding 

pocket on the receptor.  

All chemokines have a flexible N-terminus which has a key role in promoting 

signalling through their cognate receptors. In fact, the area comprised between 

residues 12–17 of CXCL12 N-loop domain, usually referred to as RFFESH from 

the letters of the amino acid residues which form this sequence, interact with 

residues of the TM bundle of hCXCR4, while the core region of CXCL12 

composed by 24–50 residues interact with hCXCR4 N-terminus. These 

interactions represent the basis for the initial contact between ligand and receptor 

(Crump et al., 1997; Tamamis and Floudas, 2014). Upon interactions between 

CXCL12 N-terminal residues and hCXCR4 TM region, the basic Lys1 residue 

located in the CXCL12 N-terminus sequence, and which is fundamental for 

activating the receptor, interacts with Glu32 residue by establishing a strong polar 

interaction and this bond takes place in the hCXCR4 extracellular surface. This 

bond eases the movement of TM5 and TM6 in a transitional conformation 

associated with G protein signalling pathway (Xu et al., 2013).  

When different ligands are compared to each other in terms of predicted binding 

positions, CXCL12, AMD3100 and IT1t bound to hCXCR4 show clear 

differences, with a larger, more open binding cavity for IT1t, and placed closer to 

the extracellular surface (Kufareva et al., 2015). Generally, for chemokine 

receptors, the extracellular loop 2 partially covers their large binding pocket. The 

binding pocket of hCXCR4, as similarly for other chemokine receptors, is larger 

also because CXCL12, endogenous agonist of this receptor, is a relatively large 

molecule (89 amino acid, 10 kDa) and the region of CXCR4 forming the binding 

pocket needs to be large enough to allocate this chemokine. Additionally, other 
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differences are due to the presence of negatively charged residues which have the 

aim of promoting ligand binding once this is situated in the binding pockets of the 

receptor. Therefore, these residues may affect ligands binding according to their 

chemical structure and physical properties (Arimont et al., 2017).  

The orthosteric antagonist IT1t, differently from CXCL12, binds the receptor in 

the minor pocket, which is located in the middle of the receptor transmembrane 

region, formed by side chains belonging to helices I, II, III and VII, with no 

contacts with the other helices. The nitrogens of the symmetrical isothiourea 

group are both protonated with a net positive resonance charge, helping the 

stabilization of the interactions between IT1t and hCXCR4, which make effective 

the inhibition of hCXCR4 and the blockade of CXCL12 activity in presence of 

IT1t (Caspar et al., 2022). Instead, differently from IT1t, the antagonist 

AMD3100, formed by two cyclam units linked by a heteroaromatic 

phenylenebis(-methylene) linker, has been suggested to bind CXCR4 at the level 

of the major binding pocket with one cyclam ring, whereas the other ring is 

sandwiched between helix VI and VII (Rosenkilde et al., 2007). 

A full list of the key amino acid residues involved in interactions between 

hCXCR4 and its ligands CXCL12, IT1t and AMD3100 is reported in Table 1.2. 

Moreover, a graphical representation of the regions of hCXCR4 forming the 

major (coloured in blue) and minor (coloured in red) subpocket for IT1t and 

AMD3100 binding is represented in Fig.1.4 (adapted from Caspar et al., 2022). 

Since IT1t is an orthosteric antagonist for hCXCR4, its binding site mostly 

overlaps with CXCL12 binding site, with some differences in residues listed in 

Table 1.2. 

 

 

 

 

 

 

 

 
Fig.1.4: Comparison of binding sites of hCXCR4. Top view of the receptor. Key 

interaction partners of IT1t are highlighted in red, key residues interacting with AMD3100 

are highlighted in blue, and shared residues in purple (adapted from Caspar et al., 2022). 
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1.7.2.3 CXCR4 oligomerization 

In the past, several studies demonstrated the hCXCR4 tendency to homo- and 

heterodimerize, either constitutively or upon ligand binding (Babcock et al., 2003; 

Percherancier et al., 2005; Vila-Coro et al., 1999; Levoye et al., 2009; Salanga et 

al., 2009). The oligomerization of GPCRs is a key event which affects many 

aspects of their life cycle, so it does not surprise that also hCXCR4 can form 

homo- and heterodimers with other GPCRs. Although the functional importance 

of hCXCR4 dimerization is still not fully understood, the pharmacological 

implications of this phenomenon are commonly accepted. For example, in WHIM 

syndrome, hCXCR4 dimerization has been suggested to be the most likely 

Residues (CXCR4) CXCL12 IT1t AMD3100
N-terminus E2 X

E14 X
E15 X
D20 X
Y21 X
E26 X

Helix I E32 X
Y45 X

Helix II F87 X
W94 X X X
D97 X X

ECL1 W102 X
Helix III V112 X

Y116 X X
Helix IV D171 X

A175 X
ECL2 R183 X

I185 X
C186 X X
D187 X X X
R188 X
F189 X X
Y190 X

Helix VI E255 X
D262 X X
D268 X

ECL3 K271 X
Helix VII E277 X

V280 X
H281 X
E288 X X X
F292 X

Table 1.2: Key residues involved in the interactions between hCXCR4 and its 

ligands CXCL12, IT1t and AMD3100. A full list of residues is reported in this table, 

where “x” indicates the role of that specific residue in the binding of the respective ligand. 
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mechanism to justify the observed dominance of truncated form of hCXCR4 over 

the wild-type receptor (Balabanian et al., 2005; Lagane et al., 2008). 

Different ligands can affect in many ways the oligomerization of hCXCR4, so 

they should be considered individually. It has been reported that the 

homodimerization of hCXCR4 increases in number with an increase in expression 

level and it is highly promoted by CXCL12, while AMD3100 has no effect and 

IT1t has been demonstrated to be able to selectively disrupt the oligomerization 

of hCXCR4 (Ward et al., 2021; Işbilir et al., 2020), even though mutants in 

specific amino acid residues that are considered important for hCXCR4 

dimerization did not show any difference or reduction in their signalling ability 

(Ward et al., 2021). Additionally, an important consideration to take into account 

is that dimerization can also cause changes in basal activity of hCXCR4 and, 

nevertheless, it has been demonstrated that hCXCR4 homodimers tend to be 

internalized more easily than monomers (Ge et al., 2017).  

Using a single-molecule microscopy approach, it has been shown that hCXCR4 

has the tendency to be expressed mostly in its monomeric form. However, 

increasing the expression levels of the receptor, as it happens frequently in several 

cancer phenotypes, where hCXCR4 tends instead to exist in its dimeric form 

(Işbilir et al., 2020), hCXCR4 starts to form high-order oligomers with a potential 

affection on receptor pharmacology and signalling (Heuninck et al., 2019).  

It is relevant to say, also, that mutants generated considering the structure of 

hCXCR4 bound to IT1t showed no significant differences in signalling by using 

a bioluminescence resonance energy transfer (BRET) approach, even though 

there is evidence that hCXCR4 signalling is affected by the receptor 

oligomerization by using different approaches looking at diverse signalling 

pathways. This could be explained by the idea that many different interfaces in 

hCXCR4 homodimers can be generated, and hCXCR4 homodimers formation is 

a highly dynamic mechanism of hCXCR4 regulation. Therefore, these aspects 

may determine eventual changes in receptor’s signalling (Hamatake et al., 2009). 

hCXCR4 is known to be able to form heterodimers with hACKR3, because of the 

connection that these two receptors have, since CXCL12 acts as an agonist on 

both receptors. However, several studies using transiently co-transfected cells 

showed that hCXCR4 can form heteromers and/or crosstalk not only with 

hACKR3, which is the receptor mostly investigated in this thesis among the other 

partners involved in hCXCR4 hetero-dimerization, but also with chemokine 
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receptors hCCR2, hCCR5, hCCR7, and hCXCR3 in the family of chemokine 

receptors and with adrenergic receptors, opioid receptors, cannabinoid receptors, 

BILF1 receptor and acquiring different roles in influencing several cellular and 

physiological processes (Heuninck et al., 2019; Sohy et al., 2007; Coke at al., 

2016).  

One of the crucial points of GPCR heterodimerization is represented by the effects 

that heterodimerization has on GPCR complexes in terms of signalling and 

pharmacological profile. For example, in the case of heterodimerization with 

hACKR3, unlike when hCXCR4 is alone in cells, there is an increased CXCL12-

mediated activation of both receptors, which leads to an increased β-arrestin 

signalling and a sustained activation of ERK1/2 and p38 MAPK (mitogen-

activated protein kinase) signalling pathways Decaillot et al., 2011; Levoye et al., 

2009). At a physiological level, hCXCR4-hACKR3 heterodimeric complexes 

have proven to be critical in valve formation in the heart, and integrin activation 

in T-cells (Yu et al., 2011; Hartmann et al., 2008). 

hCXCR4-hCCR2 heterodimerization has also been studied for a long time and 

the functional effects of this heterodimerization have been observed, such as 

trans-inhibition of chemotaxis and calcium response and antagonist trans-

inhibition of ligand binding (Sohy et al., 2007). This proved that allosterism is a 

key process in regulating the effects ligands may exert on GPCRs also in presence 

of heterodimers, since switching off a member of the heterocomplex may lead to 

a consequential inhibition of the second member by using one single ligand 

specific for a single receptor. 

Also hCCR5 can form heterodimers with hCXCR4, with important consequences 

in HIV-1 infection, for which both receptors act as co-receptors to allow the entry 

of the virus via gp120. The effects of the formation of complex by these two 

receptors have been investigated as well and the modulation of T lymphocytes 

responses represents the most important physiological process for which these 

two receptors are required (Contento et al., 2008). However, hCCR5 and 

hCXCR4 are protagonists of a “paradoxical finding”, since it has been 

demonstrated that CCR5 ligands protect neurons from HIV/gp120 and CXCL12 

toxicity (Kaul et al., 2007), because hCCR5 ligands might cross-compete with 

hCXCR4 ligands and prevent their neurotoxic effects (Cocchi et al., 1995; 

Springael et al., 2005). 
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A link between hCXCR4 and hCCR7 has been shown in metastatic breast cancer, 

where both CXCL12 and CCL19, cooperates in a synergistic way to activate 

signalling responses in aggressive types of breast cancer (Poltavets et al., 2021). 

Furthermore, hCXCR4-hCCR7 complexes were found in advanced primary 

mammary tumours where number of hCXCR4-hCCR7 heretodimers directly 

correlate with the severity of the disease, leading to a more invasive and 

aggressive phenotype for this type of cancer (Poltavets et al., 2021). 

hCXCR4 possesses a high tendency to form heterodimers also with hCXCR3. 

Both receptors are over-expressed in several types of cancer, and this made them 

interesting targets for new therapeutic agents. As for hCCR2 and hCCR5, 

examples of negative binding cooperativity have been showed to occur between 

hCXCR3–hCXCR4 complexes, since CXCL10 and CXCL12 binding to the 

complex is mutually exclusive, since the binding of an agonist causes 

conformational changes which affect the binding of the other agonist to the other 

member of hCXCR3–hCXCR4 heteromers (Watts et al., 2013). 

The variety by which GPCRs can oligomerize still require further analysis due to 

the huge variability of mechanisms by which this phenomenon happens. About 

hCXCR4 specifically, a new study published by Paradis et al. (2022) hypothesised 

the existence of an open- and a closed-dimer conformation of hCXCR4, observed 

also for other different GPCRs. This difference in receptor’s conformations may 

lead to a preference towards a specific signalling pathway or to another. In the 

case hCXCR4, it has been shown that while the open-dimer conformation could 

form active state complexes with both Gαi and β-arrestin, the closed-dimer 

conformation was demonstrating a preference for Gαi but not for β-arrestin in 

forming active state complexes. Moreover, the closed-dimer conformation tends 

to be more stable in the active state, maybe due to major conformational changes 

to which GPCRs are subjected. This hypothesis might explain differences in 

signalling pathways preferences when GPCRs are oligomerized rather than in 

their monomeric forms, but also how ligands may influence the choice of a 

signalling pathway rather than another. 

Therefore, in pharmacology and drug discovery it is important to take into account 

the oligomerization state of the target receptors studied, and this is why, although 

a lot of information has been acquired recently, more investigation is required to 

fully understand the mechanisms behind GPCRs oligomerization and how to use 

this aspect in generating new therapeutic agents. 
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1.7.2.4 CXCR4 phosphorylation 

Phosphorylation of GPCRs represents a key chemical modification that regulates 

GPCRs signalling. hCXCR4 is rapidly phosphorylated upon ligand binding 

within its serine/threonine amino acidic residues located in its C-terminal tail. 

Many of these sites, phosphorylated by CXCL12 or PKC (protein kinase C) are 

important for regulating the internalization and the degradation of the receptor 

(Busillo et al., 2010; Orsini et al., 1999). In addition, GRK2, GRK3 and GRK6 

have been shown to be important to regulate the phosphorylation of this receptor 

(Orsini et al., 1999; Marchese and Benovich, 2001; Fong et al., 2002) and they 

might represent an important component in defining hCXCR4 phosphorylation 

“barcoding”.  

A study by Busillo et al. (2010), showed the importance of seven serine residues 

phosphorylated in response to CXCL12 stimulation, but this phosphorylation 

occurs with distinct kinetics and kinase specificity. In more details, 

phosphorylation of Ser324 and Ser325 residues is rapid, transient, and mediated 

by PKC, GRK2, GRK3 and GRK6 (Zhuo et al., 2022), Ser330 phosphorylation 

has a slower kinetic and is mediated by GRK6, while Ser339 is phosphorylated 

rapidly by GRK6. Other sites of phosphorylation currently know in hCXCR4 C-

tail are Ser338, Ser346 and Ser347, even if the characterization of the 

phosphorylation patterns of these residues is still not fully complete because of 

the high degree of phosphorylation present in the region where these residues are 

placed.  

The phosphorylation of hCXCR4 dependent on GRKs has diverse effects on 

arrestin recruitment affecting other signalling pathways such as the Ca2+ 

mobilization. In this case, negative regulation is the result of the action of GRK2, 

GRK6, and arrestin3. Another signalling pathway that can be affected by GRK 

action is ERK1/2 activation, positively regulated by GRK3, GRK6, and arrestin2 

(Busillo et al., 2009). Furthermore, a work from Zhuo et al. (2022) provided 

evidence that distal C-tail, but not proximal, phosphorylation of hCXCR4 

specifies β-arrestin 1-dependent signalling and specify the GRK–β-arrestin-

mediated signalling by hCXCR4, where a preference for GRK2, GRK3 and 

GRK6 was observed. In fact, specific phosphorylation sites localized in the distal 

C-tail are crucial players to recruit an adaptor protein called STAM1 (signal-

transducing adaptor molecule 1) to β-arrestin 1 and to promote focal adhesion 

kinase-mediated phosphorylation but not the phosphorylation mediated by 
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extracellular signal-regulated kinase 1/2. However, these sites, that have been 

found similarly in the sequence of other GPCRs, might not be sufficient alone as 

specific mechanism to recruit STAM1 to β-arrestin 1 for other receptors.  

The intricate world of GPCR phosphorylation makes clear that the importance of 

this chemical modification in GPCR regulation, signalling and functionality is 

still not fully characterized and understood. Thus, it is important to consider the 

presence of phosphorylation on GPCRs sites to identify the specific GPCR 

barcode to investigate their signalling and pharmacology to develop new 

therapeutics and having a better understanding of diseases in which these 

receptors are involved. 

 

 

1.7.3 CXCR7/ACKR3 and its pathophysiological role 

Human Atypical Chemokine Receptor 3 (hACKR3), in the past also known as 

CXC-motif chemokine receptor 7 (CXCR7), is a chemokine receptor that has 

been discovered more recently than hCXCR4 and might have a possible role in 

the regulation of the hCXCR4/CXCL12 axis. In fact, because of the effects 

observed on hCXCL12, which acts as an agonist for hACKR3, it has been 

proposed to be a “scavenger receptor” for CXCL12, preventing the binding of this 

ligand to its cognate chemokine receptor hCXCR4 and bringing CXCL12 to 

degradation (Naumann et al., 2010; Balabanian et al., 2005).  

The binding of CXCL12 to hACKR3 is favoured by the higher affinity that the 

monomeric form of CXCL12 possesses for hACKR3 compared to hCXCR4, for 

which CXCL12 is the endogenous ligand (Ray et al., 2012). The binding of this 

ligand involves a two-step mechanism in which the N-terminus of the chemokine 

initially forms interactions with the extracellular loops (EL2 and EL3) and 

transmembrane pocket of the receptor, followed by the receptor N-terminus 

wrapping around the core of the chemokine to prolong its residence time 

(Gustavsson et al., 2019; Gustavsson et al., 2017; Hanes et al., 2015; Costantini 

et al., 2013; Gustavsson et al., 2019). The activation of hACKR3 mediated by 

agonists has been shown to be unable to elicit a G protein-dependent signal, and 

this means that this receptor can only signal via β-arrestin recruitment, resulting 

in MAP kinases activation (Rajagopal et al., 2010).  

Because of this reason, hACKR3 is often referred to as a “biased” receptor, and 

this feature that makes it “atypical” compared to canonical chemokine receptors 
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is probably due to an altered DRYLAIV motif commonly present in many 

chemokine receptors and localized in the region between TM3 and IL2 

(Lokeshwar et al., 2020). This motif is instead replaced by a DRYLSIT sequence 

which might explain the unusual behaviour of this receptor. However, the 

replacement of a DRYLSIT motif with a DRYLAIV motif in a chimeric version 

of ACKR3 did not result in G protein activation upon CXCL12 stimulation, did 

not cause intracellular calcium mobilisation, did not promote ERK 

phosphorylation or chemotaxis (Hoffmann et al., 2012; Naumann et al., 2010). 

Even though several experimental approaches have been used to characterize the 

signalling pathways that hACKR3 can use, the possibility of G protein coupling 

for this receptor has not been completely ruled out. Indeed, in a precedent work 

from Levoye et al. (2009) ACKR3-eYFP and Gαi2 generated a BRET signal, with 

a decrease observed upon treatment with [35S]GTPγS, suggesting that hACKR3 

could recruit Gαi/0 proteins in its resting mode, but it  probably fails to activate 

these G proteins (Levoye et al., 2009).  

The peculiarity of this receptor made it an interesting topic to investigate to 

understand the role that this receptor could have in human body physiology. Until 

now, hACKR3 has always been considered as a decoy receptor for CXCL12, 

exerting a strong influence on CXCL12/hCXCR4-dependent guidance of 

migratory cells.  

Differently from the other canonical chemokine receptors, hACKR3 activation 

does not drive cell chemotaxis, but its expression by non-migratory cells helps to 

shape chemokine gradients and prevents migration to undesired locations; 

moreover, hACKR3 can be also expressed by migratory cells, and in this case, it 

has the role of helping to sustain responsiveness of the hCXCR4 pathway 

(Sánchez-Alcañiz et al., 2011).  

Another interesting feature of this receptor is that, even without CXCL12 binding, 

hACKR3 undergoes ligand-independent internalization, even though it is not 

fully understood yet how ligand-induced (upon CXCL12 stimulation) and ligand-

independent internalization affects hACKR3 degradation (Naumann et al., 2010). 

However, the binding of CXCL12 to this receptor activates the recruitment of β-

arrestin, which leads to the activation of other signalling pathways, such as Akt 

and ERK activation and phosphorylation, together with JAK2/STAT3 (Janus 

Kinase 2/Signal Transducer and Activator of Transcription 3) activation 
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(Decaillot et al., 2011; Hattermann et al., 2010; Odemis et al., 2012; Rajagopal et 

al., 2010).  

In terms of cellular localization, hACKR3 tends to be localized more 

intracellularly when expressed in HEK cells (Naumann et al., 2010; Szpakowska 

et al., 2018), although it has been described how shortening or removing the 

carboxy-terminal tail of hACKR3-GFP resulted in an increased plasma membrane 

localisation of the receptor (Ray et al., 2012). The receptor can also undergo 

constitutive rapid recycling and moving back to the cell surface, and this process 

is fundamental for allowing a continued membrane localization of hACKR3, 

since it has been showed that the receptor can signal only when expressed on the 

membrane (Ray et al., 2012; Canals et al., 2012).  

In the recent years research on hACKR3 has brought chemokine receptors experts 

to hypothesize and discover alternative roles for this receptor in human 

physiology, including contributions to cardiovascular and lymphatic vessel 

growth, embryonic development, and central nervous system function (Quinn et 

al., 2018). During embryonal development, the distribution of chemokine ligands 

in the right place and at the correct time represents a fundamental aspect in 

determining important processes such as lineage commitment, organogenesis, and 

chemotaxis. One of the first studies carried out in vivo to define the role of 

hACKR3 used zebrafish embryo as a model. In this study, generation of 

knockdown of hACKR3 by using specific morpholinos resulted in an impairment 

of the migration of primordial germ cells (PGCs), which caused defective gonad 

development (Boldajipour et al., 2008).  

In another study from Sierro et al. (2007), ACKR3-KO (knockout) mice in which 

the receptor was not expressed were created and phenotypically characterised. 

This showed that over 95% of knockout mice died within 24 hours after birth, due 

to an abnormal heart valve development and an impaired expression of the 

angiogenic factor Hbegf (Heparin-Binding EGF-like growth factor) and of 

adrenomedullin in cardiac valves (Sierro et al., 2007). Another study showed that 

among hACKR3 knockout mice, only few animals survived to adulthood, but they 

showed as phenotype a compromised heart function, that ended up anyway to 

cause an earlier death as well for these survivors (Gerrits et al., 2000). Therefore, 

the evidence of hACKR3 expression in brain, kidney, and trophoblast cells of the 

placenta suggests the possibility that there may be other alternative functions that 
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are still not fully clarified for hACKR3 beside its role in regulating cardiac 

physiology (Gerrits et al., 2000; Quinn et al., 2018). 

In addition to all these studies, other works proved other roles of hACKR3. For 

example, the inhibition of hACKR3 in human umbilical and aorta endothelial 

cells resulted in a significant decrease of the angiogenesis (formation of new 

blood vessels), and this led to consider hACKR3 as a key player for regulation of 

vascular functions (Hao et al., 2017), and in affecting physiological mechanisms 

which were connected to cardiac failure by regulating CXCL12 and 

adrenomedullin (ADM) signalling. In fact, Hao et al., (2017) showed how mice 

with endothelial deletion of ackr3 gene and which were experimentally induced 

to develop myocardial infarction were characterized by elevated levels of 

CXCL12 and weakening of heart functions. On the other hand, it has been 

reported that genetic overexpression of ADM ligand in Admhi/hi mice resulted in 

consistent cardiac enlargement caused by cardiac hyperplasia originated during 

embryogenesis which closely resembles the phenotype of the dysmorphic cardiac 

hyperplasia found in ack3-/- mice (Wetzel-Strong et al., 2013).  To support the 

connection between ADM and hACKR3, a study from Klein et al. (2015) showed 

that in the presence of haploinsufficiency of ADM in ackr3-/- animals, cardiac and 

lymphatic hyperproliferation was effectively reversed, demonstrating that 

hACKR3 is required as a molecular rheostat for controlling ADM ligand 

availability during development. These findings helped in considering the 

possibility of important roles of CXCL12 and ADM ligands in regulating 

functionality and signalling of hACKR3 in vivo (Quinn et al., 2018).  

To further corroborate the hypothesis of a link between ADM and hACKR3, some 

studies in vitro were carried out and it has been demonstrated that hACKR3-

transfected HEK 293 cells were able to internalize biotinylated adrenomedullin, 

demonstrating adrenomedullin being a ligand for hACKR3 (Klein et al., 2014).  

Studies on ackr3-/- mutants displayed the essential role of hACKR3 for 

positioning and regulating migration of cortical neurons. In fact, conditional 

genetic deletion of ackr3 gene in interneurons can lead to insensitivity towards 

CXCL12 and an increase in concentrations of this ligand, which can then drive 

degradation of hCXCR4 in the cell (Sánchez-Alcañiz et al., 2011); moreover, 

since a co-expression of hACKR3 and hCXCR4 is observed in migrating medial 

ganglionic eminence progenitors, and migrating cells in hACKR3-null mice do 

not produce hCXCR4 protein (Sánchez-Alcañiz et al., 2011), it is reasonable to 
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consider that a relationship between hACKR3 and hCXCR4 may be crucial for 

proper neuronal development. Additionally, hACKR3 also modulates CXCL12 

signalling in astrocytes and Schwann cells (Odemis et al., 2012), where the 

receptor can signal through pertussis toxin sensitive Gi/o proteins by binding to 

CXCL12 and activating Akt and ERK signalling, suggesting the role of hACKR3 

as potential therapeutic target for central nervous system-related diseases.  

hACKR3 can be overexpressed in lung, brain, pancreatic, prostate, and renal 

cancer (Liu et al., 2013; Heinrich et al., 2012; Kallifatidis et al., 2016; Wang et 

al., 2012). At the level of arteries, an upregulation of hACKR3 receptor 

expression after injury has been reported, and after myocardial infarction, this can 

provoke angiogenesis induced by ischemia and proliferation of endothelial cells 

(Hao et al., 2017).   

Furthermore, in atherosclerotic plaques resident macrophages express hACKR3 

which stimulates their phagocytic activity through MAPK-mediated signalling 

(Chatterjee, Borst et al., 2014). Finally, it has also been reported that even HIV-1 

and -2 gp120 proteins may use hACKR3 as a co-receptor, as it happens for 

hCXCR4 (Shimizu et al., 2000) and hCCR5, for viral envelope fusion with the 

plasma membrane, showing a role in viral infection for hACKR3 as well as 

described for hCXCR4 and hCCR5. 

 

1.7.3.1 ACKR3 ligands 

hACKR3 has been reported to be able to bind different types of ligands which 

differ not only for their physiological role but also for their chemical nature and 

structure. The most important and well characterized, as described previously, is 

CXCL12. This interaction is often overlapping and interconnected 

physiologically with CXCL12-hCXCR4 interactions. Therefore, nowadays it 

became more common considering hCXCR4-CXCL12-hACKR3 axis as an 

intricate complex, influenced by other players. These could be either different 

GPCRs able to heterodimerize with hACKR3 or hCXCR4 or both, or other 

ligands that can bind these receptors with different degrees of affinity. 

Indeed, other ligands that have been reported to be able to bind and exert an effect 

on hACKR3 can be either chemokines or non-chemokine ligands. For example, 

the recognized and characterized ligands are CXCL11, the macrophage inhibitory 

factor (MIF), adrenomedullin, opioid peptides, and the viral chemokine 



70 
 

vCCL2/viral macrophage inflammatory protein-II (Wang et al., 2018; Meyrath et 

al., 2020; Perpiñá-Viciano et al., 2020; Koch and Engele, 2020), although not 

always the mechanisms by which these interactions occur are totally clear. For 

example, CXCL11, previously known as interferon-inducible T-cell alpha 

chemoattractant (I-TAC), is a member of ELR- CXC chemokines, which is found 

in high levels after interferon-β and -γ stimulation. CXCL11 is the endogenous 

agonist for CXCR3, and its chemoattractant role is important for activation of 

memory T cells during the adaptive immune response. However, CXCL11-

hACKR3 interactions have been characterised only pharmacologically and our 

knowledge about this interaction is still poor (Quinn et al., 2018; Burns et al., 

2006).  

The macrophage migration-inhibitory factor (MIF) is a pleiotropic cytokine 

exerting chemokine-like functions of mediator of inflammation process 

(Alampour-Rajabi et al., 2015). hACKR3 interacts with hCXCR4 and CD74 in 

binding MIF, and a blockade of hACKR3 inhibited MIF-mediated ERK- and zeta-

chain-associated protein kinase (ZAP)-70 activation and the primary murine B-

cell chemotaxis triggered by MIF, but not promoted by CXCL12, confirming the 

importance of ACKR3 in MIF-promoted B-cell migration (Alampour-Rajabi et 

al., 2015).  

Viral chemokine v-MIP II/v-CCL2, together with hCXCR4, can also interact with 

hACKR3 (Szpakowska et al., 2016). V-CCL2 is related to Kaposi's sarcoma, 

primary effusion lymphoma, and multicentric Castleman disease and while it acts 

as an antagonist at hCXCR4, it shows agonist activity towards hACKR3 

(Szpakowska, and Chevigné, 2016). This ligand recruits β-arrestin 2 to hACKR3 

and modifies surface levels of receptor in a concentration-dependent manner; 

thus, it has been thought that hACKR3 could maybe exert the role of scavenger 

for vCCL2 ligand by affecting the binding of ligands interacting with hACKR3 

and modifying signalling activity of this receptor (Szpakowska et al., 2016; Quinn 

et al., 2018).  

Another interesting point about the scavenging function of hACKR3 is that this 

receptor showed a scavenger behaviour towards a series of opioid peptides, 

especially enkephalins and dynorphins, reducing their availability for the classical 

opioid receptors (Meyrath, 2020). hACKR3 has a good level of selectivity to bind 

the proper opioid peptides, since several of them, such as endorphins, short 

endomorphins and leu- or met-enkephalin did not trigger β-arrestin recruitment to 
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this receptor when HEK cells expressing hACKR3 were stimulated with these 

ligands (Meyrath, 2020).  

Other non-chemokine ligands have been reported as able to interact with and exert 

an effect on hACKR3, and these include adrenomedullin and BAM22 peptide. 

Adrenomedullin is a vasodilator peptide 52 residues long, which belongs to the 

family of calcitonin gene-related polypeptides (CGRP), which also includes 

ligands for calcitonin gene-related receptor, adrenomedullin receptor and amylin 

receptor. Its ring structure consists of six residues and a C-terminal amide 

structure (Kitamura et al. 1993) and this peptide is widely expressed throughout 

the blood vessels, heart, lungs, kidneys, and gastrointestinal tract and is highly 

concentrated in the adrenal medulla, where it was firstly found and from where it 

gets its name (Ashizuka et al., 2021). Adrenomedullin is considered the 

endogenous ligand for human adrenomedullin (hAMR) receptor, which is the 

result of the formation of a complex between human calcitonin receptor-like 

receptor (hCLRL) and a human receptor activity-modifying protein (hRAMP). 

There are three subtypes of hRAMP receptors, referred to as hRAMP1, hRAMP2, 

and hRAMP3. hCRLR/hRAMP1 complex has a high affinity for CGRP, while 

hCRLR/hRAMP2 and hCRLR/hRAMP3 preferentially bind adrenomedullin. The 

hCRLR/RAMP2 complex comprises the human adrenomedullin-1 (hAM1R) 

receptor, and the hCRLR/hRAMP3 complex constitutes the adrenomedullin-2 

(hAMR2) receptor (Ashizuka et al., 2021; Russell et al., 2014).  

In many works it has been shown the huge variety of physiological effects that 

adrenomedullin has. Indeed, it acts as a paracrine factor to stimulate heart 

development, vasodilation and angiogenesis, and this is why it can lead to 

development of pathological conditions such as hypertension, heart failure, and 

renal failure (Eto and Kitamura, 2001). Besides, anti-inflammatory effects of 

adrenomedullin have been observed, since it was able to inhibit the secretion of 

TNF-α and IL-6 after LPS treatment of immune cells such as monocytes and 

macrophages (Kubo et al, 1998). Other physiological effects of adrenomedullin 

include the suppression of gastric acid secretion via somatostatin in the stomach, 

enhancement of electrolyte secretion in the colon, suppression of gastrointestinal 

motility, and influence on microcirculation flux, as well as antibacterial effects in 

contributing to the functioning of the mucosal defence system by regulating the 

oral and intestinal microbiome (Ashizuka et al., 2021; Marutsuka et al., 2003; 

Martinez-Herrero and Martinez, 2016).  
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Because of the variability of the physiological processes in which this peptide is 

involved, it is not so easy to characterize and, in fact, only recently it has been 

related to hACKR3. It is generated through the proteolysis of its precursor pro-

adrenomedullin (proADM), that represents a key step in the generation of the pro-

adrenomedullin N-terminal 20 peptide (PAMP), very similar structurally to 

adrenomedullin but characterized by the inability to activate ADM receptors 

(Meyrath et al., 2021). Additionally, it was demonstrated that PAMP has a shorter 

duration of antihypertensive activity when compared to adrenomedullin and it can 

cooperatively regulate blood circulation in combination with adrenomedullin 

ligand (Tsuruda et al., 2019). However, even though ADM and hACKR3 

expression has been linked genetically and physiologically, mechanism used by 

hACKR3 to regulate ADM signalling, as well as the pharmacological properties 

of ADM toward hACKR3 have not been comprehensively understood (Sierro et 

al., 2007; Klein et al., 2014). Meyrath et al. (2021) demonstrated that ADM was 

the only ligand among the members of CGRP family to show moderate activity 

towards hACKR3, while PAMP and PAMP12 displayed a stronger potency 

towards hACKR3 than ADM, extending the variety of agonists acting and 

regulating hACKR3 functioning.  

Lastly, BAM22, peptide I and peptide E can activate β-arrestin recruitment 

through hACKR3 and modulate the circadian glucocorticoid oscillation, linking 

hACKR3 to the regulation of human emotional behaviour (Ikeda et al., 2013). 

Several efforts in designing synthetic antagonist ligands against failed, since 

molecules functioned instead as receptor agonists (Wijtmans et al., 2012). 

 

 

1.7.3.2 ACKR3 binding pocket 

Differently from what reported earlier for hCXCR4, structural data about 

hACKR3 are more recent, with a work from Yen et al., (2022), where a first cryo-

EM model for hACKR3-CXCL12 interaction was proposed (Yen et al., 2022). 

The hardship of obtaining this model were due to hACKR3 inherent flexibility 

and low stability, but also because of the limited surface area required for forming 

crystal contacts and additionally even the need for slow off-rate ligands to allow 

the crystallization process (Terrillon and Bouvier, 2004). The most characterized 

interaction of hACKR3 with a ligand is its binding with CXCL12. The proposed 

model is strongly based on the mechanism described for most receptor-chemokine 
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complexes, with a CRS1 that works to make the N-terminus of the receptor to 

interact with the N-loop of the chemokine and a CRS2 where the N-terminus of 

chemokine interacts with ECL2 and the TM domain pocket of the receptor 

(Gustavsson et al., 2017).  

By contrast, a study proposed by Szpakowska et al. (2018) suggested a different 

mechanism of ligand recognition and activation of hACKR3, which could depart 

from the two-step model. Indeed, in this work it has been demonstrated by using 

binding assays that truncation applied in the N-loop dramatically influenced the 

interactions of CXCL12 and peptides which were structurally derived from this 

chemokine to hCXCR4, whereas it partially reduced peptide ability to bind and 

activate hACKR3. The truncation of the N-terminus is not the only difference it 

is possible to observe with hCXCR4. For example, specific N-loop contacts are 

not required for hACKR3 binding or activation by CXCL11 and CXCL12, that is 

instead an important aspect of binding process of these chemokines to hCXCR3 

and hCXCR4 respectively, showing a high degree of insensitivity of hACKR3 to 

N-loop composition of chemokine ligands and in general to their proximal 

residues (Szpakowska et al., 2018).  

Even if these data showed a high degree of flexibility in hACKR3 activation and 

binding to CXCL11 and CXCL12, compared to other chemokine receptors and 

considering the importance of the N-loop in the general mechanism of binding for 

chemokine receptors, hACKR3 N-terminus possesses a critical role that is not 

only dependent on the specific “CRS1” interactions, but more interestingly on the 

total sum of interactions that the chemokine makes with other regions of the 

receptor (Gustavsson et al., 2019). So, truncations and mutations of the receptor 

or chemokine N-terminus may affect the potency and efficacy of activation only 

if the truncated or mutated region contributes a large enough fraction of the total 

binding energy. In the case of CXCL11 and CXCL12, the latter showed less 

affection in its binding to hACKR3 in case of mutations and truncations, due to a 

slower off-rate, thus dissociation rate, of CXCL12 to hACKR3, especially in 

comparison with hCXCR4 (Gustavsson et al., 2019).  

Indeed, Crump et al. (1997) showed that even single-site mutations of CXCL12 

(such as CXCL12P2G) convert this chemokine into an antagonist for hCXCR4 for 

which normally this ligand would be an agonist, but also orthosteric pocket 

mutations such as Y1163.32A and D187ECL2A or conservative substitutions like 

D972.63N and E2887.39Q effectively abolish arrestin recruitment to hCXCR4. On 
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the other hand, this sensitivity in ligand binding and generation of effects 

promoted as result of this binding was not observed in hACKR3 in presence of 

single mutations in key residues (Yen et al., 2022). In fact, some mutations 

(hACKR3-Q3017.39 and hACRK3-Y2686.51) results in increased constitutive 

activity of the receptor with increased arrestin recruitment, suggesting that the 

distortion of the binding pocket by steric bulk may be sufficient for hACKR3 

activation (Yen et al., 2022).  

Moreover, the structural diversity of some side chains of the receptor, a segment 

of TM5 at the base of the orthosteric pocket and the absence of disulphide bonds 

between the receptor N terminus and ECL3 could facilitate binding of diverse 

ligands and allow for distortion-driven activation and helping the deformability 

of the orthosteric pocket of hACKR3 upon ligand binding (Yen et al., 2022). 

Another important point is represented by the biased behaviour of this receptor, 

which cannot signal via G proteins but only via arrestin recruitment. In their study, 

Yen et al. also concluded that ICL region properties may play a key role in 

dictating bias behaviour of hACKR3, in particular the lack of a kink at the 

cytoplasmic end of TM4 in ICL2, and this element directly interacts with 

heterotrimeric G proteins in many of the active class A receptor structures (Ahn 

et al. 2021). This means that in the future, further studies are required to 

understand the binding of ligands to hACKR3, especially other chemokines such 

as CXCL11, to facilitate our understanding on the mechanism of binding and to 

determine whether the CXCL12-hACKR3 interaction may be unique or shared 

among other similar ligands. 

 

 

1.7.3.3 ACKR3 oligomerization 

As the most of GPCRs and as described before for hCXCR4, also hACKR3 may 

be found in a co-existence of monomers and dimers/oligomers, with a certain 

percentage of constitutively preformed oligomers (Albee et al., 2017; Salazar et 

al., 2014). Even though little information is known about hACKR3 

homodimerization, it has been reported the ability of hACKR3 to heterodimerize 

with hCXCR4 and this is mostly due to its role of regulation of hCXCR4 functions 

(Levoye et al., 2009; Luker et al., 2009). Both works from Levoye et al. and Luker 

et al., provided evidence that in presence of both receptors transiently co-

transfected into HEK 293T cells, hACKR3 tends to form homodimers with the 
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same tendency and kinetics in forming heterodimers with hCXCR4. As 

immediate effect of the heterodimerization with hCXCR4, hACKR3 causes an 

attenuation of hCXCR4-induced increases in intracellular Ca2+, even if this 

mechanism is still not wholly understood (Levoye et al., 2009).  

Another regulatory effect of hACKR3 on hCXCR4 is detectable in cancer cells, 

where both receptors normally would be overexpressed, but silencing of gene 

codifying for hACKR3 expression led to an increase of CXCL12 with a more 

rapid and slightly higher Ca2+ response when compared with wild-type cells (Qiao 

et al., 2016). Other effects where hACKR3 has been related to hCXCR4 

functioning regulation include cell migration and cell proliferation of immune 

cells, especially human monocytes, and human hematopoietic stem cells 

(Chatterjee et al., 2015; Hartmann et al., 2008).  

All these findings enforce the idea of hACKR3 acting as a scavenger receptor for 

CXCL12, with the important function of regulating the binding of this chemokine 

to hCXCR4 to mediate the effects originated from this interaction.  

Moreover, hACKR3 can interact and form heterodimers also with other GPCRs, 

and especially with non-chemokine receptors. For example, hACKR3 can interact 

with the human α1 adrenergic receptor (α1-hAR), in a complex composed by α1-

hAR:hACKR3:hCXCR4 hetero-oligomers, that have been found in vascular 

smooth cells, and the activation of hACKR3 can inhibit the α1-hAR activity 

(Albee et al., 2017).  

hACKR3 can work in combination with another non-chemokine receptor, the 

human epidermal growth factor receptor (hEGFR) in a β-arrestin-2–dependent 

fashion and hACKR3 also mediates hEGFR phosphorylation. Together, they are 

involved in mitosis of breast cancer cells fostering cancer progression (Salazar et 

al., 2014; Neves et al. 2022).  

Considering the role of hACKR3 in modulating the activity of different receptors 

and how poorly known is still the dynamic by which hACKR3 interacts with other 

GPCRs and also exert different functions by itself, it is clear the importance of 

the characterization of this receptor in terms of signalling and structure for helping 

a drug discovery approach. 
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1.7.3.4 ACKR3 phosphorylation 

As for other GPCRs and as seen also for hCXCR4, several kinases can 

phosphorylate different residues present in the C-tail of hACKR3, regulating the 

phosphorylation pattern and the behaviour of this receptor in terms of β-arrestin 

recruitment, internalization, trafficking and recycling. However, the mechanism 

by which this regulation is carried out is still not fully understood.  

The most common kinases that phosphorylate hACKR3 are members of GRK 

family and, in particular, GRK2 and GRK3 have been reported to be able to 

phosphorylate hACKR3 at its C-terminus, at the level of a cluster of 

phosphorylation formed by the amino acidic residues Ser350, Thr352 and Ser355, 

with a crucial role especially for the threonine residue in this process (Zarca et al., 

2021). From the same study of Zarca et al. (2021), it has been demonstrated that 

the phosphorylation of these sites is CXCL12-dependent, and it affects even the 

internalization rate of the receptor, that decreases in presence of mutated residues 

in this region. Although these changes were observed, the internalization still 

occurred, suggesting a non-total dependence of the internalization process from 

β-arrestin in the case of hACKR3.  

GRK5 has been reported to be involved in phosphorylation of the receptor. This 

in interesting because this GRK is generally bound to the membrane and its strong 

interaction with hACKR3 may be due to a co-internalization of both receptor and 

GRK5 in early endosomes, with a regulatory function that requires the presence 

of hACKR3 to the membrane.  

The full mechanism of phosphorylation of hACKR3 still requires further 

investigation, starting from the C-tail region of the receptor, to have a better 

understanding of how this process works in case of hACKR3 and how it is 

interconnected with hACKR3 functions, to determine even for hACKR3 its 

“barcode” to highlight the signalling mechanism by which this receptor works. 

 

 

1.8 Aim of the project 

Because of their important involvement in several physiological role and their 

participation in development of several pathological conditions, both hCXCR4 

and hACKR3 are considered interesting therapeutic targets for different types of 

human cancers, for tackling HIV-1 infection, to treat (auto)immune diseases such 

as multiple sclerosis or systemic lupus erythematosus and many other diseases 
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that could be less common in the world population, but not less relevant. 

However, many aspects about the mechanisms by which these receptors signal 

and start signalling cascades leading to related biological effects is still to 

characterize and investigate. Moreover, also the outcome of the combined action 

of both hCXCR4 and hACKR3 needs to be highlighted because of the tight 

connection that these two receptors show. 

Additionally, in recent years many ligands have been classified as agonists for 

both receptors, although they were not belonging to the group of chemokine 

ligands, such as adrenomedullin. This peptide has been studied because of the 

variety of functions in which it may be involved, such as the regulation of the 

angiogenesis. This physiological process, indeed, in case of pathological 

situations such as cancer, it may favour the progression the disease towards a more 

aggressive phenotype. Moreover, this small peptide has been recently correlated 

with hACKR3, for which this ligand could act as an agonist or the receptor might 

act scavenging this ligand with regulatory function similar to what hypothesized 

for CXCL12. This hypothesis opens to the possibility to include this peptide in 

the intricated network represented by hCXCR4-CXCL12-hACKR3. 

Therefore, the first aim of this project aimed to characterize the role of the 

possible interactions between adrenomedullin and its putative receptor hACKR3, 

to determine whether this ligand could play a role in shaping the signalling of 

hACKR3. 

Because of the hypothesized interaction between hACKR3 and hCXCR4, 

especially in pathophysiological conditions, the second aim of the project was to 

understand the role of the possible interactions between adrenomedullin and 

hCXCR4. This should clarify whether this small peptide might influence the 

hCXCR4-hACKR3-CXCL12 axis by regulating the CXCL12-mediated 

signalling on hCXCR4. 

Since a recent trend topic in pharmacology consists of the “barcode theory”, the 

third and last aim of this project is the characterization of the phosphorylation of 

both hCXCR4 and hACKR3 by investigating the role of GRK enzymes in this 

process. By using both CXCL12 and adrenomedullin, in combination with small 

GRK inhibitors, it was possible to highlight whether and how these kinases are 

able to determine a “barcode” for these receptors, with the phosphorylation of 

different sites. This could further strengthen the current knowledge on how the 
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phosphorylation might affect the signalling and functionality of these receptors, 

helping the development of new therapeutic strategies against different diseases. 
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CHAPTER 2 – Materials and Methods 

 

 

2.1         Pharmacological and biochemical reagents 

 
- CXCL12:  purchased from Peprotech and dissolved in water at the 

desired concentration 

 

- Adrenomedullin: purchased from Alfa Aesar and dissolved in 1% acetic acid 

at the desired concentration or, alternatively, from Genscript and dissolved in 

water at the desired concentration 

 
- IT1t: purchased from Tocris Biosciences and dissolved in water at the desired 

concentration 

 

- VUF16840: kindly provided by Prof. Rob Leurs, Vrije University of 

Amsterdam 

 

- Barbadin: purchased from Sigma Aldrich and dissolved in DMSO (2mg/ml) 

 

- Compound 101: purchased from Tocris Biosciences and dissolved in water 

 

- Compound 19: kind gift of Dr. David E. Uehling, Ontario Institute for Cancer 
Research, Canada, and Dr. Rodger E. Tiedemann, Princess Margaret Cancer 
Centre, Canada 

 
- Primary antibodies: anti-CXCR4 no phospho antiserum, anti-CXCR4 

pSer324/pSer325 antiserum, anti-CXCR4 pSer330 were purchased from 7TM 
antibodies, anti-CXCR4 pSer338/pSer339 antiserum was purchased from 
ThermoFisher and anti-FLAG antibody was purchased from Proteintech 

 
- Secondary antibody: IRDye 800CW Donkey anti-Rabbit IgG, purchased 

from LICOR 
 
- Pertussis toxin from Bordetella pertussis: purchased from Invitrogen 
 
- Λ protein phosphatase enzyme kit: purchased from New England Biolabs 
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2.2     Buffers and solutions 
 

- Solution 1, used to prepare competent bacteria cells (for a total volume of 100 

ml buffer solution) was prepared by adding: 1 M potassium acetate (3.00 ml), 

1 M RbCl2 1.00 ml, 1 M CaCl2  (1.00 ml), 1 M MnCl2 (5.00 ml) 80% 

(w/v) glycerol (18.75 ml), and at the end pH was adjusted to 5.0 with acetic 

acid 

 

- Solution 2, used in the preparation of competent bacteria cells (total volume 

of buffer solution prepared: 40 ml), was prepared by adding: 100 mM MOPS 

pH 6.5 (4.00 ml), 1 M CaCl2 (3.00 ml), 1 M RbCl2 (0.40 ml), 80% (w/v) 

glycerol (7.50 ml) 

 

- Hank’s balanced salt solution (HBSS): without Ca2+ and Mg2+, purchased 

from ThermoFisher Scientific 

 

- DMEM: purchased from Gibco, it contains 1x Dulbecco’s modified Eagle’s 

medium with high glucose, L-glutamine and phenol red, without sodium 

pyruvate and without HEPES 

 

- DNA loading buffer (6x): purchased from BioLabs 

 

- Laemmli buffer for SDS-PAGE experiments either 5x or 2x according to 

different experimental conditions used: 60 mM Tris, 80 mM sodium dodecyl 

sulphate (SDS), 50 mM dithiothreitol, 10% (v/v) glycerol, 0.25% (w/v) 

bromophenol blue 

 

- Luria-Bertani (LB) agar: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 

15 g/L agar, pH 7 (Marsango et al., 2015) 

 

- Luria-Bertani broth: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7 

(Marsango et al., 2015) 
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- Ampicillin: powder was dissolved into distilled water to obtain a final 

concentration of 100 mg/mL (1000x) and it was therefore filtered to 

increment the sterilization level. Working concentration used was 100 μg/mL. 

 

- Kanamycin: powder was dissolved into distilled water to obtain a final 

concentration of 50 mg/mL (1000x) and it was then filtered in a similar way 

as seen for ampicillin. Working concentration was 50 μg/mL. 

 

- Doxycycline 10000x stock: doxycycline powder was dissolved into distilled 

water (1 mg/mL), and it was filter-sterilised. Working concentration was 100 

ng/mL 

 

- Lysis buffer 7TM: 150 mM NaCl, 50 mM Tris-HCl, 5mM EDTA, 1% Igepal 

(Nonidet P-40), 0.5% Sodium deoxycholate, 0.1% SDS according to 7TM 

protocol (https://uk.7tmantibodies.com/) 

 

- Lysis Buffer DDM: 150 mM NaCl, 2 mM EDTA, 0.01 mM Na2HPO4, 0.5% 

(w/v) DDM (n-dodecyl β-D-maltoside), 5% glycerol (Ward et al., 2021) 

 

- Running buffer western SDS-PAGE: NuPAGE MOPS 1x (Invitrogen) 

 

- Transfer buffer: 200 mM glycine, 25 mM Tris, 20% (v/v) methanol (Ward 

et al., 2021) 

 

- 1x Native PAGE buffer: diluted from 20x stock and purchased from 

ThermoFisher 

 

- Dark Blue Native PAGE buffer: 10 ml 20x Native PAGE buffer, 10 ml 

Native PAGE Cathode buffer purchased from ThermoFisher and 180 ml 

distilled water 

 

- Light Blue Native PAGE Buffer: 10 ml 20x Native PAGE buffer, 1 ml 

Native PAGE Cathode buffer purchased from ThermoFisher and 189 ml 

distilled water 
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- G250: purchased from ThermoFisher 

 

- Tris-acetate-EDTA (TAE) buffer: 40 mM Tris, 1 mM EDTA (pH 8), 20 

mM acetic acid (Viskaitis et al., 2017) 

 

- Tris-buffered saline (TBS): 20 mM Tris, 150 mM NaCl, 3 mM EDTA, pH 

adjusted to 7.4 (Barki et al., 203) 

 

- TBST: TBS with 0.1% Tween 20 

 
- Tris-EDTA (TE) buffer: 10 mM Tris, 0.1 mM EDTA, pH 7.4 (Mahmud et 

al., 2017) 
 
- Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 1.8 mM 

KH2PO4, 10 mM Na2HPO4, pH 7.4 (Divorty, 2017) 
 

- GTPγS binding buffer used for [35S]GTPγS incorporation assay: 20 mM 
Hepes, 5 mM MgCl2, 160 mM NaCl, 0.05% BSA (Sergeev et al., 2017) 

 
- [35S]GTPγS solution: purchased from Perkin Elmer and diluted in 10 mM 

tricine, 10 mM DTT (dithiothreitol), pH 7.6 
 
- Blocking buffer: TBST with 5% BSA  
 
- Primary antibody solution: TBST with 5% BSA, 1:2000 antibody 
 
- Secondary antibody solution: TBST with 5% BSA, 1:10000 antibody 
 
- HMW Native Marker Kit: purchased from Cytiva 
 
- Chameleon® Duo Pre-stained Protein Ladder: purchased from LICOR 
 
- Poly-Ethylene-Imide (PEI): purchased as powder from Polysciences Inc. 
 
- Coelenterazine H: purchased from Nanolight technology and dissolved 

adding 0.1 M HCl in methanol 
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2.3       Molecular biology and cloning 
 

 

2.3.1 Preparation of competent bacteria 
 
XL1-Blue competent bacteria were striped on LB agar plates, and they were 

incubated overnight at 37°C. An individual colony was picked up and 

inoculated into 10 mL LB broth and incubated overnight at 37°C to allow 

bacterial growth in this solution. On the following day, this solution was 

therefore sub-cultured into 100 mL LB broth and grown at 37°C for a few 

hours (time variable according to the colony picked, although few hours were 

usually enough) until they reached an OD value (where OD means optical 

density) at 550 nm of 0.48. At this point, the culture obtained was left to chill 

on ice for 5 minutes and then the solution was divided into two 50 mL 

aliquots, which were centrifuged at 135 rcf for 10 mins at 4°C. Each pellet 

obtained was therefore resuspended in 20 mL solution 1 prepared as 

described earlier, then chilled on ice for 5 minutes and subjected to a second 

step of centrifugation in the same conditions as before. The new pellets were 

resuspended each in 2 mL solution 2 prepared as written earlier and kept on 

ice for 15 minutes. The resulting XL1-Blue competent bacteria were 

aliquoted and quickly stored at -80°C (Divorty, 2017; Capoferri, 2020). 

 

 

2.3.2 Chemical transformation 

This method was used to transform XL1-Blue competent bacteria with DNA 

plasmid encoding the construct of interest. 1 μg in total (or as much as closer 

to this when less amount of stock was left) of plasmid containing the 

construct of interest was added to 50 μL competent bacteria and left on ice 

for around 20 minutes. A heat shock method was used for these cells to allow 

the transformation, heating up the samples for 2 minutes at 42°C, and then 

bacteria cells were incubated on ice for 2 minutes. After that, LB broth 

without antibiotics was added to bring up the volume up to 1 mL and cells 

were incubated and let them to shake for 45-60 minutes at 37°C. After this 

step, 100 μL bacteria cells solution were plated on LB agar plates containing 

the specific antibiotic required for the selection (either ampicillin or 

kanamycin in this case). Plates were then incubated overnight at 37°C. 
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2.3.3 Miniprep purification 

DNA plasmids were purified from bacteria colonies collected from plates and 

incubated overnight. For the purification, the QIAprep® Spin Miniprep Kit 

from Qiagen was used. Following the instructions provided in the protocol, 

5-10 ml bacteria previously cultured overnight were pelleted by 

centrifugating them at 1503 rcf for 10 mins at room temperature. After 

removing the supernatant, pellets were resuspended in resuspension buffer 

(Buffer P1) containing RNAse A, and transferred to microcentrifuge tubes, 

where the same amount of lysis buffer (Buffer P2) was added. As soon as the 

colour of the samples changed to blue, after they have been mixed, a 

neutralization buffer (Buffer N3) was added to the samples which became 

white.  

The next step was a centrifugation for 10 minutes at 13000 rpm and the 

supernatant from this step was applied to the QIAprep spin columns to be 

centrifuged for 60 seconds. After discarding the flow-through, columns were 

washed with a first wash buffer (Buffer PB) and centrifuged again to discard 

the flow-through. After this step, columns were washed with a second wash 

buffer to remove salts (Buffer PE) and the flow-through obtained by 

centrifugation was discarded. After transferring the columns to the collection 

tubes, a centrifugation for 1 min was done to remove residual wash buffer 

and ethanol residues and then columns were placed in clean microcentrifuge 

tubes. To elute DNA, water was added for 1 minute before a quick 

centrifugation 1 minute long. 

 

 

2.3.4 Determination of DNA concentration 

To determine the plasmid DNA concentration, absorbance values at 260 nm 

were measured. Therefore, a 1:100 dilution of the stock or sample to measure 

was prepared in suitable microcuvettes, and the concentration was measured 

by using a spectrophotometer. An important parameter that was checked was 

the DNA purity, which was assessed checking whether the value expressing 

the A260/A280 ratio was in a range between 1.7 and 2.0, in order to be 

considered pure (Capoferri, 2020). 
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2.3.5 Polymerase chain reaction (PCR) (Divorty, 2017) 

A classical PCR technique was used when there was a need of introducing 

convenient restriction sites and to amplify determined DNA sequences. All 

reactions were carried out in sterile PCR tubes containing 50 μL of mix, 

composed as described to follow: 

 

- 5 μL of 10x Pfu DNA Polymerase Buffer with 20mM MgSO4 (Promega)  

- 1.25 μL of 10 mM deoxyribonucleotides (dNTPs) (Promega) 

- 1.25 μL each forward and reverse primers, 25 pmol/μL 

- 100 ng template DNA 

- 1 μL Pfu DNA Polymerase (final concentration: 1.25 units/50 μL)  

(Promega) 

 

 

Reaction mixtures were subjected to thermal cycling using the following 

conditions: 

 

1. Preheating: 95°C, 2 mins 

2. Denaturing: 95°C, 1 min 

3. Annealing: 55°C, 1 min 

4. Extension: 72°C, 3 mins 

5. Repeat steps 2–4 (x 29) 

6. Final extension: 72°C, 10 mins 

7. Hold 4°C, ∞ 

 

 

* The annealing temperature may vary according to the melting temperature 

of the primers used for PCR reactions. However, this is the general protocol 

used for this method. 
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2.3.6 PCR Purification 

Products obtained from PCR reactions were purified with QIAquick® PCR 

Purification Kit (QIAGEN), by diluting the samples in five volumes of 

binding buffer (Buffer PB). Diluted samples were put on QIAquick spin 

column and centrifuged at very high speed (18407 rcf) for 1 min. After 

removing the flow-through, columns were then washed by using Buffer PE, 

and they were again centrifuged at the same conditions as described before. 

After the removal of new flow-through obtained, an additional centrifugation 

step was used to remove residual traces of ethanol in the columns. The last 

step consists of eluting DNA in 35 μL sterile water, which was added for a 

minute at room temperature before running a new centrifugation round. 

 

 

2.3.7 Restriction endonuclease digestion 

Restriction endonuclease enzymes were used to carry out a digestion when 

needed. This step was helpful for the generation of sticky-end DNA 

fragments, which would have made the following ligation reaction easier, 

allowing a more successful integration of the sequence of interest. The two 

most used vectors were pcDNA3 or pcDNA5/FRT/TO/. Insert DNA 

sequences were digested overnight at 37°C by adding them to a 50 μL mix 

which was formed by the following ingredients: 

 

 

- 2 μL 10x CutSmart® Buffer (New England Biolabs) 

- Up to 50 μg vector DNA or the full amount of PCR product 

- 1 μL each of both restriction endonucleases enzymes (usually purchased from 

New England Biolabs) 

 

 

2.3.8 Agarose gel electrophoresis 

Agarose gel electrophoresis was carried out to assess the right size of the 

construct generated and/or to separate the DNA insert and vector fragments. 

1% agarose and 1x SYBR® Safe DNA stain (Life Technologies) was 

dissolved in TAE buffer and heated, before allowing the solution to chill at 

room temperature to let it become jelly. Before starting the reaction, solidified 
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gels were soaked in a variable volume of TAE buffer to cover the gels in the 

apparatus. 5x DNA loading buffer was added to each sample before loading 

them on the gel. Then, electrophoresis started by applying a voltage of 125 V 

for 20–30 min. As a control to compare size and concentration of samples 

ran, an additional lane alongside the samples was prepared containing 10 μL 

HyperladderTM 1kb (Bioline). 

 

 

2.3.9 Gel extraction 

The following step after a gel electrophoresis was to extract the DNA insert 

and vector and this was achieved with QIAquick Gel Extraction Kit from 

QIAGEN. By using a UV light to visualize them correctly, bands were cut 

out from the gel. Three gel volumes of solubilisation buffer (Buffer QG) were 

added to one volume of gel and samples were incubated at the temperature of 

50°C for 10 minutes to dissolve the pieces of gel collected. 

One gel volume of isopropanol was added, and the mix was transferred on 

QIAquick spin columns and centrifuged at high speed (18407 rcf) for 1 

minute. After discarding the flow-through, columns containing the samples 

were washed and, after removing the new flow-through, residual traces of 

ethanol were removed by a further step of centrifugation. DNA was eluted by 

adding sterile water to the columns (50 μL) placed on new microcentrifuge 

tubes and centrifuging them an additional time. 

 

 

         2.3.10 DNA ligation 

To reconnect the sticky ends of plasmid DNA to make this circular again, a 

ligation reaction was set up by preparing a mix with insert and vector 

fragments in a ration 3:1 in a final volume of 20 μL mix containing: 

 

- 1 μL 10x T4 DNA Ligase Reaction Buffer (New England Biolabs) 

- 100 ng vector DNA 

- 300 ng insert DNA 

- 1 μL (400 units/μL) T4 DNA Ligase (New England Biolabs) 
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Incubation of these samples occurred overnight on ice at 4 ֯C to allow a 

gradient of temperature and the following day, 2 μL of ligated products were 

transformed into competent cells (for details, see paragraph 2.3.2). 

 

2.3.11  Site-directed mutagenesis 

Specific point mutations were put in place into DNA sequences of interest 

when needed for specific purposes by using primers containing the sequence 

encoding for an alanine residue in place of the amino acid to substitute. In 

this way, the side chain of the newly added alanine residue is not going to 

sterically affect the structure of the receptor because it is small and neutral 

For the amplification of this construct, 50 μL reactions were prepared in 

sterile PCR tubes as it follows: 

 

- 5 μL 10x Pfu Turbo Reaction Buffer (Agilent Technologies) 

- 1.25 μL of 10 mM dNTPs (Promega) 

- 1.25 μL each forward and reverse primers, 25 pmol/μL 

- 50 ng template DNA 

- 1 μL Pfu Turbo DNA Polymerase (Agilent Technologies) 

 

 

Thermal cycling used for these samples was set up with the following 

conditions: 

 

 

1. Preheating: 95°C, 30 secs 

2. Denaturing: 95°C, 30 secs 

3. Annealing: 55°C, 1 min 

4. Extension: 72°C, 10 mins 

5. Repeat steps 2–4 (x 16) 

6. Hold 4°C ∞ 

 

Dpn I restriction enzyme (Promega), was added to mutagenesis product and 

samples were incubated for at least 2 hours at 37 °C to allow the digestion of 
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template DNA, characterized by a high methylation, which makes it more 

sensitive to Dpn I-mediated digestion. Hence, 25 μL digested mutagenesis 

product were transformed into competent bacteria cells as seen before. 

       

 

2.3.12 DNA sequencing 

To assess the quality of the construct and to determine if changes introduced 

were correct, cloning and mutagenesis products were sequenced by using 

DNA Sequencing & Services (MRC I PPU, College of Life Sciences, 

University of Dundee, Scotland, www.dnaseq.co.uk). DNA sequences were 

assessed using SNAPgene software, Sequence Manipulation Suite 

(https://www.bioinformatics.org/sms2/), NCBI Basic Local Alignment 

Search Tool (BLAST) (www.blast.ncbi.nlm.nih.gov) and EMBOSS needle 

online software (https://www.ebi.ac.uk/Tools/psa/emboss_needle/). The 

primers used were the standards CMV forward and BGH reverse for both 

receptors, CXCR4 for sequencing (5’-GACCACAGTCATCC-3’) and 

CXCR7-846-forward (5’-GGCTGATCGGCATGG-3’). 

 

 

        2.3.13 Generation of FLAG-hCXCR4-mEGFP and FLAG-hACKR3-mEGFP and 

derived constructs 

Human CXCR4 and ACKR3 constructs with an N-terminal FLAG epitope 

tag (amino acid sequence DYKDDDDK) and a C-terminal monomeric 

enhanced green fluorescent protein (mEGFP) tags (FLAG-hCXCR4-mEGFP 

and FLAG-hACKR3-mEGFP) in pcDNA5/FRT/TO were generated. FLAG-

hCXCR4-mEGFP was a kind gift from Richard J. Ward (Ward et al., 2021) 

and it was used as template for the generation of FLAG-hACKR3-mEGFP 

construct. 

As already described in Ward et al. (2021), human CXCR4 was fused in 

frame at its C-terminal position to monomeric (m, Ala206Lys) EGFP by 

subcloning after PCR amplification (using primers designed to add Xho1 and 

EcoR1 sites) into the Xho1 and EcoR1 sites of pEGFP-N1, modified to 

http://www.dnaseq.co.uk/
https://www.bioinformatics.org/sms2/
http://www.blast.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
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include the monomeric Ala206Lys mutation. Therefore, hCXCR4mEGFP 

construct was generated as result of these steps. For human ACKR3, the 

construct previously described for hCXCR4-mEGFP was used as starting 

material to build up the FLAG-hACKR3-mEGFP construct. FLAG-

hACKR3-mEGFP was digested with XhoI and AgeI restriction enzymes to 

sub-clone FLAG-hACKR3 into mEGFP-pcDNA3. These restriction sites 

were added by modifying the DNA sequence of the FLAG-hACKR3-mEGFP  

construct to obtain the restriction sites required by XhoI and AgeI. 

After this step, I digested FLAG-hACKR3- mEGFP-pcDNA3 with NheI and 

EcoRV to generate blunt ends and pcDNA5/FRT/TO was digested with NotI 

because of the same reason. As following step, the digestion product of 

hACKR3 was finally digested with Not I, ligated and sub-cloned into 

pcDNA5/FRT/TO, to generate the final constructs. 

To follow, a full list of all the primers used for site-directed mutagenesis, 

cloning and/or DNA sequencing reactions is reported for both hCXCR4 and 

hACKR3 in Table 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Sequence 

CXCR4 for 

sequencing 

5’-GACCACAGTCATCC-3’ 

CXCR7-846-forward 5’-GGCTGATCGGCATGG-3’ 

CXCR7-XhoI-up 5’- 

GAGTACTCGCTCGAGATGGATTACAAGGATGACG

AC -3’ 

CXCR7-AgeI-dw 5’-

GGCCTAGTCACCGGT.CGTTTGGTGCTCTGGCTCT

GCTCCAA – 3’ 

CXCR4 forward stop 5’- GTTTTCACTCCAGCTGAATTCTGCAGTCG – 3’ 

CXCR4 reverse stop 5’- CGACTGCAGAATTCAGCTGGAGTGAAAAC – 3’ 

CXCR7 forward stop 5’- 

CAGAGCACCAAATGAACCAAATGAACCTAGGTG

AGC – 3’ 

CXCR7 reverse stop 5’- GCTCACCTAGGTTCATTTGGTGCTCTG – 3’ 

Table 2.1. List of primers used to generate the different constructs. 
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2.4    Mammalian cell culture 

 

 

2.4.1      HEK293(T) cells 

Human embryonic kidney 293 cells transformed with large T-antigen 

(HEK293T cells) were maintained in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% (v/v) heat-inactivated foetal bovine serum (FBS, from 

ThermoFisher), 2 mM L-glutamine (from ThermoFisher), 100 units/mL 

penicillin (from ThermoFisher) and 100 μg/mL streptomycin (from 

ThermoFisher) at 37°C and 5% CO2 in a humidified atmosphere (Divorty, 

2017). The same conditions were used to maintain HEK293 parental cells and 

HEK293 GRK-knockout cells, gently provided by Prof. Carsten Hoffmann, 

University of Jena. 

 

 

2.4.2     Flp-In T-REx-293 cells 

Flp-In T-REx HEK293 cells (Life Technologies) were maintained in 

Dulbecco’s Modified Eagle’s Medium High Glucose without sodium 

pyruvate supplemented with 10% (v/v) heat-inactivated FBS, 100 units/mL 

penicillin, 100 μg/mL streptomycin and 10 μg/mL blasticidin S (InvivoGen) 

(at 37°C and 5% CO2) in a humidified atmosphere (Divorty et al., 2022). 

 

 

2.4.3    Cryopreservation 

Upon generation of a new cell line, cells deriving from this clone were 

cryopreserved for long-term storage in liquid nitrogen. Cells were detached 

with trypsin-EDTA when they reached 90% confluence and centrifuged at low 

speed (135 rcf for 3 min) to allow the formation of pellet and the removal of 

supernatant containing traces of trypsin. FBS +10% (v/v) DMSO was used to 

resuspend pellets and 1.5 mL aliquots were kept frozen at -80°C before 

transferring to liquid nitrogen storage. To recover cryopreserved cells, these 

were thawed as quick as possible in a 37°C water bath and transferred to 9 mL 

culture medium and centrifuged. The cells were then resuspended in a flask in 
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10 mL medium, that was changed the following day to remove any residual 

trace of DMSO left during the defrosting process. 

 

 

2.4.4      Transient transfection of cell lines with polyethyleimine (PEI) 

PEI is a non-viral nucleic acid delivery system which is made of repetitions 

of an imine (NH) group spaced by two aliphatic carbons (CH2-CH2) forming 

a cationic polymeric structure. This feature helps it packing DNA into 

positively charged particles, which can then bind the cells surface, which is 

rich in anionic residues. Hence, by endocytosis, DNA is endocytosed into 

transfected cells. Inside the cells, environment acidification causes the amine 

protonation of vesicles containing PEI-DNA. This generates an influx of 

counterions and, consequently, a progressive unbalance of the cellular 

osmotic equilibrium. This allows a burst of vesicles, helping the DNA-PEI 

complex to diffuse into the cytoplasm. Following the de-condensation of 

these complexes, the transfected DNA is now able to diffuse to the nucleus. 

This method was the standard used whenever a transient transfection was 

performed.  

For a 10 cm2 culture dish, 5 μg of DNA were diluted in 250 μL of 150 mM 

NaCl solution and mixed 1:1 with 250 μL of 150 mM NaCl containing 30 μg 

PEI. PEI was previously prepared by reconstituting the powder into milli-Q 

water and stirred. After adjusting the pH to 7.0, the PEI solution was filter-

sterilized and divided in aliquots kept at -20 °C. The DNA-PEI mixture was 

briefly vortexed and incubated for 10 min at room temperature before adding 

the mix dropwise to the dish to transfect. Cells were incubated with the PEI 

overnight at 37°C, then transfection medium was replaced with fresh culture 

medium or cells were seeded to carry out the assays (Marsango et al., 2022). 

 

 

2.4.5       Flp-In T-REx doxycyline-inducible 293 cell lines 

FLAG-CXCR4-mEGFP and FLAG-ACKR3-mEGFP were stably transfected 

into Flp-In T-Rex 293 cells. The pcDNA5/FRT/TO vector containing the 

relevant cDNA was transfected into Flp-In T-REx 293 parental cells using 

the FRT stable integration site. Cells were co-transfected with the relevant 

cDNA/pcDNA5/FRT/TO construct and the pOG44 Flp recombinase vector 
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in a 1:8 ratio using PEI similarly as described before in paragraph 2.4.4 

(Capoferri, 2019). pOG44 is a plasmid encoding for a Flp recombinase, which 

facilitated the integration of the construct of interest stably in the host genome 

by recombining the DNA through FRT sites.  

The following day the medium was changed to transfected cells to remove 

the PEI traces which could have cytotoxic effects on cells. After 24 hours 

more, cells were split into new flasks in a ratio 1:5 and 1:10, and two days 

later medium was refreshed with new maintenance medium containing 

additionally 10 μg/mL blasticidin S and 200 μg/mL hygromycin (from 

InvivoGen) to select for stable transfectants. Medium was changed every 

three days for around three weeks to allow the generation of colonies visible 

by eye. When cells were confluent enough, they were then treated with 

trypsin-EDTA to allow their detachment and pooled to give polyclonal cell 

lines, which were grown in selection medium. To express the receptor 

codified by the integrated gene of interest, 100 ng/mL doxycycline (dox) were 

added to cells for 18-24 h, since the promoter upstream of the integrated 

construct was repressed by a Tet repressor, expressed in these cells from the 

pcDNA6/TR regulatory plasmid (Capoferri, 2019). This possesses a single 

stably integrated FRT (Flp Recombination Target) site with a crucial role for 

the integration of the construct of interest. 

 

 

    2.5          Biochemistry 

 
 

    2.5.1       Membrane preparation 

Membrane preparation consist of a disruption of the cell membrane using a 

combination of both mechanical methods and differential centrifugation 

steps, which help to isolate the membranes from soluble proteins, nuclear 

material, and other internal membranes. 10 or more tissue culture dishes 

containing confluent Flp-In T-Rex 293 cells were harvested with 10 mL cold 

sterile PBS after a preparatory wash step with the same buffer. To harvest 

Flp-In T-Rex 293 cells, a cell scraper was used, and the next step consisted 

of resuspending the cells in the dish by pipetting. The cells solution was 



94 
 

centrifuged at 135 rcf 4 ֯C for 5 min and the pellet was kept at -80 ◦C after the 

removal of supernatant for at least 30 minutes.  

After this step, 1 mL of TE buffer containing protease inhibitor cocktail was 

added to resuspend the pellet that was subsequently homogenised in a glass 

homogeniser (40 strokes). The homogenate was transferred into a 1.5 mL 

centrifuge tube and centrifuged for 10 minutes at 135 rcf. The supernatant 

was recovered, moved to glass ultracentrifuge tubes, and subjected to another 

centrifugation step at 109000 rcf, 4 ◦C for 45 minutes by using Beckman 

Optima XL-80K Ultracentrifuge. After this step, the supernatant was 

removed, and the pellet resuspended in 500 μL TE buffer (volume to adjust 

according to pellet seize) and moved to a new microcentrifuge tube. A 2 mL 

syringe with a 25G needle was used to disaggregate the homogenate which 

was filtered through the needle several times. 

The membranes were then quantified by BCA (Pierce) assay and aliquoted to 

be stored at -80 ◦C diluting according to the required concentration, usually 

1μg/μL. 

 

 

2.5.2       BCA (Bicinchoninic acid) assay 

The bicinchoninic acid assay was used to determine the amount of protein in 

a solution and it consisted of a kit which was purchased from ThermoFisher 

Scientific. The kit contained two solutions to mix: the first, indicated with 

“A”, (pH 11.25) contains bicinchoninic acid, sodium carbonate, sodium 

bicarbonate and sodium tartrate, while the second, referred to as “B”, it is 

basically copper sulphate. Because of the presence of proteins peptide bonds,  

Cu2+ ions are reduced to Cu+ and these reduction is strictly proportional to the 

amount of protein. Bicinchoninic acid can chelate Cu+ ions, and this complex 

absorbs light at 562 nm. So, proteins concentrations were determined by using 

a plate reader to determine the absorbance value at 562 nm. The values 

obtained were mathematically interpolated with the ones derived from the 

standard curve made with known concentration of a standard protein such as 

bovine serum albumin (0.1 to 2 μg/μL). 

On a clear 96-well plate, in triplicate, 10 μL BSA standard concentrations (0 

to 2 mg/mL) were loaded. In the same plate, 10 μL of sample lysates or 

membranes were loaded in triplicate in different wells. 200 μL of 50:1 
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Solution A: Solution B mixture were added to each well and the plate was 

incubated at 37 ◦C for up to 30 minutes in the dark. After reading the plate 

with Pherastar FS plate reader (BMG labtech), values were normalized by 

subtracting the vehicle values to other concentrations values. Once the 

normalized values were obtained, they were correlated through known 

concentrations of standards and their absorbance values by using GraphPad 

Prims to interpolate with a known standard curve. Once concentration of the 

samples was calculated, these were diluted then at the desired concentration 

according to the assay to be carried out. 

 

 

2.5.3      Cell lysate preparation 

Confluent cells previously cultured in 10 cm2 dishes were stimulated with the 

ligand(s) of interest. Pre-treatment with antagonist ligands was usually 

between 15 and 30 minutes long (according to the specific ligand used and 

features of assays carried out), the agonist treatment was between 5 and 15 

minutes long (conditions variable according to ligands and assay features).  

To lyse cells, they were washed with ice-cold PBS, harvested with a cell 

scraper as previously seen for membrane preparation, and centrifuged at 1200 

rpm at 4°C for 5 minutes to allow the formation of pellet. The supernatant 

was removed, and the pellet was resuspended in 500 μL (volume to adjust 

according to pellet size) of the proper lysis buffer (7TM buffer, prepared for 

SDS-PAGE experiments according to the manufacturer’s protocol, or DDM 

buffer, prepared for blue native PAGE as described in 2.2). The lysis buffer, 

in both cases, contained cOmpleteTM EDTA-free Protease Inhibitor Cocktail 

(Roche) (with the addition also of PhosSTOPTM Phosphatase Inhibitor 

Cocktail (Roche) when lysates were prepared for immunoblots experiments 

for detection of phosphorylation in proteins).  

Lysates were rotated at 4 °C for 30 min in a rotating wheel and then subjected 

to centrifugation at 18407 rcf for 10 min at 4 °C to remove cell waste. The 

supernatant was then recovered and moved to a clean 1.5 mL microcentrifuge 

tube to be quantified by using BCA assay in the same as described before at 

2.5.2. The lysates were then diluted according to the desired concentration 

depending on the assay they would have been used for. 
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2.5.4       Immunoprecipitation 

To enrich the yield of the samples detected by immunoblots in SDS-PAGE, 

samples were immunoprecipitated by using GFP-Trap® Agarose or 

DYKDDDDK Fab-Trap™ Agarose kit (for receptors tagged with FLAG), 

purchased from Chromotek, according to manufacturer’s protocol. GFP-

Trap® Agarose is an affinity resin which has been developed for 

immunoprecipitating proteins fused to GFP. It is formed by a GFP 

nanobody/VHH which is coupled to beads coated with agarose, and it was 

used in case of SDS-PAGE experiments involving lysates derived from Flp-

In T-Rex 293 cells expressing FLAG-hCXCR4-mEGFP. In the case of 

DYKDDDDK Fab-Trap™ Agarose, it consists of an anti-DYKDDDDK-tag 

(also known as FLAG tag) Fab-fragment, covalently bound to agarose beads, 

and it was used in case of SDS-PAGE experiments involving lysates derived 

from Flp-In T-Rex 293 cells expressing FLAG-hACKR3-mEGFP.  

These kits were used following the instructions provided by the company. To 

sum up, 25 μL beads were equilibrated in 380 μL of 7TM lysis buffer (without 

protease inhibitor cocktail and phosphatase inhibitor cocktail tablets added) 

in 1.5 mL microcentrifuge tubes, washed by inverting the tube and 

centrifuged at 2500 rcf, at 4 °C and for 5 minutes to allow the deposition of 

the beads. The washing step was repeated for 3 times to allow the beads to be 

properly cleaned by 7TM lysis buffer. After this step, the buffer from the last 

washing step was removed and the lysates prepared for SDS-PAGE 

experiments were transferred into the same microcentrifuge tubes containing 

the beads. The volume changed according to the quantity of lysates to use for 

the experiments and to the desired concentration. Therefore, samples with 

beads were left to rotate overnight in a rotating wheel at 4 °C, to allow 

receptors to bind to the beads. The following day, samples were centrifuged 

at 2500 rcf, at 4 °C and for 5 minutes to let the beads to which the receptors 

bound to deposit at the bottom of the microcentrifuge tube. The supernatant 

containing unbound proteins was removed, and three steps of washing were 

done by adding new wash buffer (lysis buffer with no protease inhibitor 

cocktail and phosphatase inhibitor cocktail) every time and centrifuging three 

times to remove the supernatant containing contaminating proteins at the 

same conditions as seen before.  
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After the third wash, the beads are resuspended in 2x Laemmli buffer and the 

samples incubated at 65 °C for 10 min to induce the denaturation of the 

proteins, breaking of disulphide bonds and coating with negative charges. 

Then, samples are centrifuged at room temperature 2500 rcf for 2 minutes to 

favour the deposit of beads and facilitating the sample loading into the gels. 

Then, the samples were loaded onto a gel and an SDS-PAGE experiment was 

started. 

 

 

2.5.5       Immunoblot: SDS-PAGE 

Protein samples were separated by sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE). In case of lysates, 20-30 μg protein/well 

were loaded onto NuPAGE™ 4-12%, Bis-Tris gels (ThermoFisher). Instead, 

when immunoprecipitated samples were loaded into the gels, 20 μl 

protein/well were loaded. Gels were run by using NuPAGE® MOPS SDS 

Running Buffer (Invitrogen) applying a voltage of 180 V for 60-75 mins.  

To follow this step, proteins were therefore transferred onto nitrocellulose 

membranes taking advantage of a wet transfer system. In doing so, proteins 

were transferred in transfer buffer applying a voltage of 35 V for 90 mins. 

Once the transfer finished, the membranes were incubated in blocking buffer, 

which could be either milk powder or TBS (Tris-buffered saline) buffer with 

5% BSA (bovine serum albumin) powder, for at least an hour at room 

temperature shaking the membranes gently. Successively, the blocking buffer 

was removed, and the primary antibody solution was added, which contained 

an appropriate antiserum/antibody (Table 2.2) in a ratio that was variable and 

dependent on the specific antiserum/antibody (although, in general, 1:2000 

dilution was used). The membranes were left overnight incubating at 4 °C on 

a shaker, to facilitate recognition and binding of the specific amino acid 

sequence of the protein of interest.  

The day after, the solution containing the primary antibody used was removed 

and, after three washes with TBS-T (TBS with addition of 0.1% Tween20) 

for 10 mins each at room temperature, the secondary antibody solution was 

added. This solution contained an IRDye® fluorescently labelled secondary 

antibody in a dilution 1:10000, which was chosen according to the host 

animal in which the primary antibody was produced (Table 2.3). The 
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membranes were incubated at room temperature on a shaker in the dark, 

protected from the light, for 90-120 minutes.  

Membranes were then washed three times for 10 mins each with TBS-T, left 

them to dry covered in aluminium foil to keep them protected from light and 

then images were collected by scanning the membrane on a LI-COR Odyssey 

Imager using the 700 nm and 800 nm channels on Image Studio version 5.2 

software. 

 

 

        Table 2.2: List of primary antibodies/ antisera used for immunoblots. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                             Table 2.3: List of secondary antibodies/antisera used for immunoblots. 

 

 

 

 

 

 

 

Anti-serum Company Dilution 

Anti-CXCR4  

no phospho 

7TM antibodies 1:2000 

Anti-CXCR4 

pSer324/pSer325 

7TM antibodies 1:2000 

Anti-CXCR4 

pSer330 

7TM antibodies 1:2000 

Anti-CXCR4 

pSer338/pSer339 

Invitrogen 1:2000 

Anti-CXCR4 

pSer346/pSer347 

7TM antibodies 1:1000 

Anti-FLAG Proteintech 1:2000 

Anti-GFP In-house made 1:10000 

Anti-serum Company Dilution 

IRDye® 800CW 

Donkey anti-Rabbit IgG 

LICOR 1:10000 

IRDye® 800CW 

Donkey Anti-Goat IgG 

LICOR 1:10000 
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2.5.6       Immunoblot: Blue Native PAGE 

In a similar way as seen for SDS-PAGE version, proteins were separated by 

Blue Native PAGE (BN-PAGE) to investigate how ligands would affect the 

homo-oligomerization of the receptors under study. The protocol used was an 

optimization of the one described in Ward et al. (2021). 16-18 μg protein/well 

with the addition of G250 blue dye (Thermofisher) were loaded into each lane 

of Native PAGE Novex 3-12% Bis–Tris gels (ThermoFisher). Gels were run 

in Native PAGE® Running Buffer (Invitrogen), with Dark blue buffer 

(prepared as described in paragraph 2.1) in the inner chamber, at 180 V for 

25 mins at room temperature. After removing dark blue buffer and adding in 

the inner chamber light blue buffer (prepared as described in paragraph 2.1), 

gels were run for additional 30 mins still at room temperature. Finally, the 

gels were run at 250 V, 4°C (on ice), for an hour.  

Proteins were then transferred by using a transfer buffer (90 min at 25 V) on 

to a polyvinylidene fluoride membrane, which had been prewetted for 30 s in 

methanol and then soaked for several minutes in transfer buffer prepared 

during the previous running step. Membranes were then fixed in 8% acetic 

acid, gently shaking for 15 min at room temperature and stained with Ponceau 

S (Sigma–Aldrich) (0.2% in 1% acetic acid) to allow the markers to be 

visualized and labelled. Then, membranes were rinsed to remove the Ponceau 

S solution, and blocking buffer solution, prepared as described for SDS-

PAGE in paragraph 2.5.5, was added to membranes which were incubated for 

at least an hour shaking gently at room temperature. 

Once this step was finished, membranes were incubated letting them to shake 

overnight at 4 °C with the antisera listed in the previous paragraph (Table 

2.2) as seen already for SDS-PAGE. On the following day, membranes were 

washed for 10 mins with TBS-T for 3 times shaking at room temperature and 

then incubated with secondary antibodies listed in Table 2.3 for 90-120 mins 

at room temperature in the dark. 

Membranes were then analysed by using Pierce ECL western blotting 

substrate horseradish peroxidase (HRP) substrate for enhanced 

chemiluminescence (ECL) (ThermoFisher). The substrate was a mix of 

detection reagents 1 and 2 combined in ratio 1:1 before applying this solution 

to the membranes. The development of the medical X-ray films (Kodak) on 

which the reaction happening was impressed took place in a dark room by 



100 
 

using black boxes to impress the membranes content on the films which were 

developed by using an X-OMAT developer. Exposure times were different 

according to how strong the signal given by the bands was, although generally 

30 seconds or one minute exposure was enough.  

 

 

2.6           Functional assays 

 

 

2.6.1       [35S]GTPγS incorporation assay 

[35S]GTPγS incorporation assay was carried out to investigate the activation 

of the Gαi/o protein signalling for hCXCR4 stimulated with CXCL12 and to 

check whether adrenomedullin could affect this signalling pathway. The 

protocol represents an optimization of the conditions already described in 

Sergeev et al. (2017). Therefore, 10 μg of membranes prepared as described 

in paragraph 2.5.1 from cells expressing FLAG-hCXCR4-mEGFP were 

incubated either with 20 μL of increasing concentrations of CXCL12 agonist. 

For antagonist test, 20 μL of a fixed concentration (EC80) of agonist was used 

to stimulate membranes either in absence or presence of pre-treatment with 

increasing concentrations of IT1t antagonist or adrenomedullin (ADM) (20 

μL, 15 minutes incubation) before adding the agonist. Ligands dilutions were 

prepared in assay buffer as described in section 2.2.  

After addition of the agonist, 100 μL of assay mix, containing 1 μM GDP, 0.1 

nM (50 nCi) [35S]GTPγS (specific activity: 539.24 Ci/mol) and assay buffer 

were added to each well. Plates were incubated for 60 mins in a water bath 

(at 30 °C). During this time, ice cold 1x PBS was prepared, and the harvester 

was washed together with the filter plates soaked in PBS. Plates incubated 

earlier were harvested onto the filter plates by rapid filtration through GF/C 

glass fiber filter-bottom 96-wells microplates using a UniFilter FilterMate 

Harvester (PerkinElmer); after labelling the plates, these were left to dry for 

few hours (or overnight).  

Once the plates were completely dry, 100 μL of scintillation liquid 

(MicroScint-20, PerkinElmer) were added to each well and a liquid 
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scintillation spectroscopy approach was used to quantify the incorporation of 

[35S]GTPγS. Data from agonist test were normalized on the average of values 

recorded for the vehicle, while for the antagonist test, data were normalized 

on CXCL12 percentage. 

 

 

2.6.2       Cyclic adenosine monophosphate (cAMP) accumulation assay 

Cyclic adenosine monophosphate (cAMP) accumulation assay was carried 

out to check whether adrenomedullin influenced the accumulation of second 

messenger intracellular cAMP for hCXCR4 upon Gαi/o protein activation. The 

assay was carried out and optimized according to protocol described by the 

kit cAMP Gs dynamic kit HTRF®, purchased from CisBio Bioassays SAS. 

HTRF (Homogeneous Time Resolved Fluorescence) represents a wash-free 

technology, which combines the principles of FRET approach with time-

resolved measurement of fluorescence. These features facilitate the 

elimination of unspecific background fluorescence. This technology takes 

advantage of two antibodies, one coupled to a donor and the other to an 

acceptor, which are able to recognize the analyte of interest. Upon recognition 

of the analyte by the antibodies, the donor unit emits a fluorescent signal after 

being excited and the energy generated is transferred to the nearby coupled 

acceptor, which can therefore provide a fluorescent signal specific for this 

interacting couple. To quantify this signal, fluorescence generated from the 

donor is measured and a ratio of this value over the acceptor fluorescence is 

calculated. This method represented an adaptation of the one described by 

Sergeev et al. (2017).  

Therefore, in the specific case of this project, all the ligands’ dilutions have 

been prepared in assay buffer. Five thousand Flp-In T-REx 293 cells 

expressing FLAG-hCXCR4-mEGFP resuspended in assay buffer (Cisbio) 

were plated onto a 384-well plate and incubated with 2 μl of varying 

concentrations of antagonist ligand in order to generate a concentration-

response curve, for a time of 15 minutes at room temperature (only in case of 

IT1t and ADM test). 

Following this incubation, 2 μl of either a fixed concentration of CXCL12 

agonist (EC80, used for the antagonist test), or increasing concentrations of 
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agonist were added and incubated at room temperature for 15 minutes. After 

this step, the appropriate concentration of forskolin is added to stimulate the 

production of cAMP. This event has the purpose of lowering cAMP levels 

because of negative regulation of adenylate cyclase activity mechanisms 

adopted by cells. Indeed, native intracellular cAMP or unlabelled cAMP enter 

in competition with d2-labeled cAMP to bind to monoclonal anti-cAMP Eu3+ 

cryptate. 

The incubation is done for an hour at room temperature, before adding, at last, 

2 μl each of Terbium cryptate donor and d2 acceptor (prepared diluting the 

stock in lysis buffer provided with the kit) to the mix, to allow the generation 

of fluorescent signal. This last incubation is carried out in the dark at room 

temperature and it can last up to 24 hours.  

The plate was read taking measures at two different wavelengths, 620nm 

(donor) and 665nm (acceptor) by using a PheraStar FS plate reader (BMG 

labtech). The data collected provide a concentration-response curve of HTRF 

signal, and this specific signal recorded is inversely proportional to the 

concentration of cAMP levels measured in the standard curve or in samples 

tested. Thus, for data analysis, data are plotted with a standard curve of cAMP 

known concentrations. As a result of this plot, because hCXCR4 signal via 

Gαi/0, higher concentrations of agonist correlate to lower levels of cAMP 

accumulated, while an antagonist will show higher levels of cAMP 

accumulation. 

 

 

      2.6.3      Bystander Bioluminescence Resonance Energy Transfer (Bystander  

BRET) 

Bystander BRET was used to assess the β-arrestin recruitment to hCXCR4 

and hACKR3 with different ligands, including CXCL12 and adrenomedullin 

for both hCXCR4 and hACKR3, IT1t for hCXCR4 only and VUF16840 for 

hACKR3 only. This approach represented an adapted version of the method 

explained in Namkung et al. (2016).  

Bystander BRET signal originates from random collisions between energy 

donors and acceptors, differently from classical BRET approaches which rely 

on the unnatural combination of luciferase from Renilla reniformis (Rluc) and 
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GFP variants from Aequorea victoria, which do not interact spontaneously, 

hence, limiting non-specific signals that originate from random interactions 

(Namkung et al., 2016). 

Plasmids were generated by using human GPR35 untagged receptor as 

backbone and example. This was a kind gift of Dr. Brian Hudson (University 

of Glasgow), as well as the pIRES plasmid. FLAG-hCXCR4 or FLAG-

hACKR3 untagged receptors constructs were generated, starting from the 

original constructs sub-cloned in pcDNA5/FTR/TO described in 2.3.12, 

where stop codons were added at the end of the receptors sequence to remove 

the fluorescent protein tag at the C-terminal side of receptors.  

HEK293T were transfected transiently by using PEI in a ratio 1:6 with either 

FLAG-hCXCR4 or FLAG-hACKR3 untagged receptor and an internal 

ribosome entry site (pIRES) plasmid that allows expression of two proteins 

mammalian cells from the same bicistronic transcript in a ratio 1:2 (2.5 μg 

each component). These were β-arrestin-2-nanoluciferase and mNeonGreen.  

When the mNeonGreen is expressed, it becomes linked to the plasma 

membrane because its sequence has been modified to incorporate the fatty 

acylation motif of the Lyn non-receptor tyrosine kinase. 

Cells were therefore cultured overnight after changing the medium to refresh 

cells. On the following day, 60000 cells per well were seeded on a 96-well 

plate and cultured overnight with poly-D-lysine (1:20 dilution) to help the 

attachment of the cells to the wells. The following day, medium was changed 

to the cells with HBSS (without calcium chloride and sodium magnesium) 

after washing a couple of time with HBSS and cells were then incubated for 

at least 30 minutes at 37 °C.  

Dilutions of the ligands of interest were prepared in HBSS and, after the 

incubation step ended, they were added similarly to how described already 

for other assays before. Cells were firstly pre-treated with 10 μL of increasing 

concentrations of antagonist for 15 minutes (in case of antagonist test), then 

10 μL of fluorescent substrate NanoGlo (Promega) were added and after 5 

minutes of incubation, 10 μL of agonist were added (EC80 of agonist in case 

of antagonist test or increasing concentrations of agonist in absence of 

antagonist). Dual 535 and 475 nm luminescent emission measurements were 

then taken at 90 seconds intervals using a PheraStar FS plate reader (BMG 

labtech) before adding the agonist, to assess the signal background of the 
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assay and after agonist addition and up to 30-45 mins following the addition 

of the indicated test compounds (Scarpa et al., 2021). 

Net BRET responses were calculated as the 535/475 ratio after correcting 

values obtained for both the wells baseline and test compound vehicle 

response (Scarpa et al., 2021). BRET data were then reported as the 

concentration-response curve showing net BRET signal at the time point 

before the plateau started (usually 20 mins since agonist addition). 

 

 

   2.6.4    Schild regression analysis 

The Schild plot is a pharmacological method of receptor classification, which 

helps in studying the influence of specific ligands on the response generated 

in response to ligand-receptor complex formation or to the receptor itself. In 

fact, with Schild analysis it is possible to assess the rightward shift of ligands 

concentration–effect curves in presence of different concentrations of the 

respective receptor antagonist and present their relationship in a double log 

plot, referred to as Schild plot. The pA2 value determined from this 

experiment gives a measure of affinity of the antagonist for its receptor and, 

thus, the equilibrium dissociation constant.  

The Schild analysis was carried out by using a cAMP accumulation assay, 

with a protocol already described for this assay in relative paragraph 2.6.2. 

Differences with the previously described cAMP accumulation assay reside 

in the fact that, to determine the effects of adrenomedullin on hCXCR4, six 

different concentrations of ADM were used to pre-stimulate Flp-In T-REx 

293 cells stably expressing FLAG-hCXCR4-mEGFP (no ADM, 100 nM, 500 

nM, 1 μM, 5 μM, 10 μM), before adding increasing concentrations of 

CXCL12 agonist. Data generated relative to HTRF signal were analysed to 

determine whether ADM was able to induce a shift either in potency or 

efficacy of CXCL12, which would give insights about the nature of this 

ligand either as orthosteric antagonist or an allosteric antagonist. 
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2.6.5     NanoLuc® Binary Technology (NanoBiT) assay 

The NanoBiT assay was carried out to investigate the role of different ligands, 

especially ADM, in GPCR-GRK interactions taking advantage of the nature 

of this complementation assay. For both hCXCR4 and hACKR3, the assay 

conditions were optimized accordingly. HEK 293 cells in which expression 

of all GRKs was eliminated via CRISPR-Cas9 were used in this assay and 

they were kindly provided by Prof. Carsten Hoffmann, University of Jena. 

The plasmids containing GRKs-LgBiT and hCXCR4/hACKR3-SmBiT were 

a kind gift of Dr Andy Chevigné, Luxembourg Institute of Health. 

These cells were transfected transiently with 500 ng of receptor and 50 ng of 

GRK of interest and with empty vector pcDNA3 to fill up the total amount of 

DNA to 5 μg by using the PEI transfection method as described in the related 

paragraph 2.4.4. Cells were cultured overnight, then the following day 

100000 cells/well were seeded on 96-well plates coated with poly-D-lysine 

(1:20 ratio) and cultured overnight.  

The day of the assay, dilutions of increasing concentrations of drugs to use 

were prepared in HBSS without calcium chloride and sodium magnesium and 

a dilution 1:20 of coelenterazine H was used as luminescent substrate 

preparation. Coelenterazine substrate was added to the plate, and this was 

incubated for 5 minutes before reading the plate a first time to establish the 

baseline values to use for data analysis. After these 5 minutes, agonist 

dilutions were added to the plate and the reading was carried out by using a 

CLARIOstar (BMG LabTech).  

In case of antagonist test, the antagonist was added by pre-treating cells for 

15 minutes before adding coelenterazine H substrate to the plates, and after 

that a fixed concentration of agonist (EC80) was added to cells. Data were 

collected and analysed as ratio between the absorbance value after ligand 

administration over the absorbance value after coelenterazine addition. The 

values obtained were then plotted on a graph by using GraphPad Prism 

software, where the X axis represented the concentrations of ligands and the 

Y axis the percentage of GKR recruitment detected. 
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2.7        Cell biology assays 

 

 

2.7.1     Fluorescence microscopy 

Fluorescent images of different cell lines generated were acquired using a 40x 

Plan-Apochromat objectives of the Zeiss 880 Axio Observer Z1 Laser 

Scanning Confocal Microscope (Zeiss). 

This visualization approach was used to assess the correct expression of the 

constructs encoding for the inducible expression of FLAG-hCXCR4-mEGFP 

and FLAG-hACKR3-mEGFP and their respective cellular localization in Flp-

In T-REx 293 cells transfected to express stably these constructs by detecting 

the emitted green mEGFP signal. 

 

 

  2.7.2         Label-free impedance assay via xCELLigence Real Time Cell  

                   Analysis (RTCA) 

 

xCELLigence RTCA (Real Time Cell Analysis) (Agilent) approach was used 

to investigate the role of different ligands, especially ADM, in affecting the 

cell’s adhesion properties once these ligands were added to the cells. In a 

cellular impedance assay such as the xCELLigence RTCA, the functional unit 

are golden microelectrodes placed at the bottom surface of a microtiter well 

plate (E-plates, purchased from Agilent). When submersed in an electrically 

conductive solution, which in this specific case was tissue culture medium for 

Flp-In T-REx 293 cells (see the relevant paragraph for more information), an 

electric potential was applied through the microelectrodes and this induced 

the electrons to exit the negative terminal, pass through the bulk solution, and 

then deposit onto the positive terminal.  

This event depends on interactions between microelectrodes with bulk 

solution used for the assay. Therefore, since adherent cells are placed at the 

microelectrode-bulk solution interface, the flow of electron finds an 

impedance. The magnitude of this impedance depends on the number, size 

and shape of the cells, but also on the quality of the interaction between cells 
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and substrate. Instead, cells health or behaviour is not affected at all during 

the process. 

E-plates used for this assay are covered by gold microelectrode biosensors, 

which are linked into “strands” disposed in a way to form an interconnected 

array, and this settlement helps the simultaneous monitoring of cells under 

study and furnishes a high level of sensitivity to several parameters providing 

information of cells plated in the wells. 

For the assay, conditions used represented the optimization of the method 

previously described in Lin et al. (2021). Therefore, Flp-In T-REx 293 cells 

stably expressing either hCXCR4-mEGFP or hACKR3-mEGFP upon 

doxycycline addition were seeded onto xCELLigence E-plates (4×104 

cells/well) after passing them through a syringe to allow a better separation 

of cells plated. Cells were then left at room temperature for 30 minutes to 

allow their attachment to the plate. Before plating the cells, 100 μL of medium 

was added to the plate and a first read of the plate was executed to determine 

the baseline. Cells were added to each well topping up the volume to a total 

of 200 μL per well. Cells were then incubated overnight at 37 °C.  

The following day, medium was changed to cells and doxycycline was added 

to the usual concentration described previously (100 ng/mL) to allow the 

expression of the receptor. The following day, dilutions of the ligands of 

interest were prepared as required after warming them up at 37 °C for 10 

minutes before adding them to the cells. In case of antagonist test, cells were 

pre-treated for 20 minutes with the antagonist before adding the agonist.  

Upon ligand or vehicle control addition, the impedance (represented as “cell 

index”) was recorded every 30 seconds over an hour period using 

xCELLigence RTCA recorder. The Cell Index (CI) value is described with 

the following mathematical equation, as already described in Lin et al. (2021): 

 

CI = (impedance at time point n – impedance in the absence of cells)/nominal 

impedance value 
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  2.8        Small molecule inhibitors and enzymes treatments 

 

 

  2.8.1     Compound 101 and compound 19 treatment 

Compounds 101 (Tocris Biosciences) and compound 19 (kind gift of Dr. 

David E. Uehling, Ontario Institute for Cancer Research, Canada, and Dr. 

Rodger E. Tiedemann, Princess Margaret Cancer Centre, Canada) were used 

to block, respectively, the recruitment of GRK2/GRK3 and GRK5/GRK6 in 

SDS-PAGE and NanoBiT assay. In all the assays where they were used to 

characterize the role and the effects of GRK2/3/5/6, cells were pre-treated 

with one of these small molecules for 30 minutes with a concentration of 10 

μM (diluted in DMSO) at 37°C before adding the agonist and compared with 

vehicle controls in absence of agonist. 

 

 

  2.8.2     Barbadin treatment 

Barbadin (Sigma Aldrich) treatment was used because this small molecule 

can prevent β-arrestin and β2-adaptin subunit of the clathrin adaptor protein 

AP-2 from interacting among each other. Anyway, this does not affect the 

formation of functional complexes formed between receptor and β-arrestin 

upon GPCRs activation, and this leads, as a result, to block the agonist-

promoted endocytosis of the receptor (Beautrait et al., 2017). In impedance 

assay via xCELLigence RTCA the concentration used was 5 μM administered 

to cells incubated for 30 minutes at 37°C before adding the agonist. 

 

 

  2.8.3     Pertussis toxin from Bordetella pertussis treatment 

Gαi protein activation is sensitive to pertussis toxin (PTX), an exotoxin which 

is normally secreted by a gram-negative bacterium called Bordetella 

pertussis. The first time this exotoxin was discovered and purified, showing 

important pharmacological properties was in a work published by Katada and 

Ui (1979).  
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It was observed that, when this exotoxin crosses the plasma membrane, its 

subunit A catalyses the adenosine diphosphate (ADP) ribosylation of Gαi 

subunit, locking the G proteins in their inactive state (in which a molecule of 

GDP is bound) and preventing its activation (Holz et al., 1998; Capoferri, 

2020). This treatment was used to characterize the potential involvement of 

G proteins in CXCL12 signalling, in particular in xCELLigence RTCA, to 

rule out the possibility of CXCL12-mediated hACKR3 signalling.  

For impedance assay via xCELLigence RTCA Flp-In T-Rex 293 cells were 

pre-treated for 16 hours with PTX (1:8000 dilution) before starting the assay 

to determine a possible role of Gαi/o proteins involvement in affecting cell 

adhesion properties upon treatment with CXCL12. 

 

 

 2.8.4     λ protein phosphatase enzyme (λPP) treatment 

In SDS-PAGE experiments, to remove phosphate groups, samples were 

treated with λ-PP (lambda protein phosphatase) enzyme at a final 

concentration of 10 units/μl for 90 mins at 30 °C before elution with 2×SDS-

PAGE sample buffer as explained previously for SDS-PAGE in the relative 

paragraph (Marsango et al., 2022). 

 

 

2.9    Data analysis 

 

 

      2.9.1     GraphPad Prism 

All data generated from different functional assays were analysed by using 

GraphPad Prism 9.5.1 version software, according to the suitable statistical 

analysis required and where possible, a one-way ANOVA test was used for 

statistical analysis.
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3.    CHAPTER 3 (Results part 1) - Characterisation of hACKR3 

adrenomedullin interactions 

 

 

Klein et al. (2014) showed that loss of ACKR3 results in postnatal lethality in mice 

due to aberrant cardiac development and myocytes hyperplasia. They also 

demonstrated how the dosage and signalling of the mitogenic peptide hormone 

adrenomedullin, normally required for normal cardiovascular development, is 

controlled by ACKR3 in mice. This observation was interpreted as a result of a 

possible scavenging activity for hACKR3 towards adrenomedullin in vitro. Indeed, 

it was observed an upregulation of cxcr7 gene expression in ADMhi/hi mice cardiac 

tissue when compared to that of wildtype littermates. Conversely, loss of adm gene 

expression in isolated endothelial cells resulted in a consistent reduction in ACKR3 

expression. Moreover, haploinsufficiency of adrenomedullin in ACKR3(-/-) mice led 

to a gain-of-function cardiac and lymphatic vascular phenotype reverting the 

severeness of these pathological conditions.  These outcomes demonstrated that 

hACKR3 is required as a molecular rheostat for controlling AM ligand availability 

during development. By contrast, Szpakowska et al. (2018), using glioma U87 cells, 

showed no interaction between adrenomedullin and ACKR3 in the same 

concentration range for which all other known ligands for this decoy receptor were 

observed. This information still leaves an open interpretation about the possible 

interactions between adrenomedullin and ACKR3 and, if so, the eventual mechanism 

of action by which this interaction occurs. To study potential interactions between 

ACKR3 and adrenomedullin, therefore, hACKR3-expressing stable cell lines were 

generated and characterized. 

 

 

3.1 Generation of a FLAG-hACKR3-mEGFP construct and production of Flp-

In T-REx 293 stable cell lines 

Sequence details of vector constructions have been described previously in chapter 

2 “Materials and methods”, section 2.3.12. Briefly, a hACKR3 construct with an N-

terminal FLAG epitope tag and C-terminal monomeric enhanced green fluorescent 
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protein (mEGFP) in pcDNA5/FRT/TO was generated using as a backbone construct 

FLAG-hCXCR4-mEGFP, by replacing the sequence of hCXCR4 with hACKR3.  

After confirmation of the correct sequence, the final construct was then transfected 

stably into Flp-In TREx 293 cells to generate a stable cell line allowing expression 

of the receptor construct in an inducible fashion.  Induction was performed routinely 

by adding doxycycline overnight. 

 

 

3.2 Assessment of receptor expression and localisation 

Once obtained, cells of this clone were validated for expression and membrane 

localisation of the receptor. Cells were treated overnight with increasing 

concentrations of doxycycline to establish how the expression of the receptor varied 

with such treatment. Cell lysates obtained were immunoprecipitated with a FLAG 

tag Fab-Trap kit, resolved by SDS-PAGE, and then immunoblotted with anti-FLAG 

primary antibody that identified the FLAG tag sequence DYKDDDDK. Such 

immunoblots were then exposed to an infrared dye-labelled donkey anti-rabbit 

secondary antibody (Fig. 3.1). Although several structural hACKR3 antisera from 

different companies were tested, none of them successfully detected the receptor, 

leading to the choice of the anti-FLAG antibody. The possible explanation behind 

the unsuccessful outcome of testing these antisera can be due to the epitope used for 

the generation of these antisera. In this case, the antigen‑binding site maybe does not 

recognize the antibody, making harder the proper detection of the hACKR3 

polypeptide. Also experimental conditions such as pH of the buffer used, 

temperature and concentration used might have affect the outcome of this method. 

The experimental condition used were an optimization of 7TM antibody company 

protocol, since the majority of the antisera tested were provided from this company. 
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As shown in Fig. 3.1, the predominant polypeptide detected was generated in a 

doxycycline-induced fashion and migrated with Mr (relative molecular mass) in the 

region of 65-70 kDa, as anticipated. Higher molecular mass polypeptides were also 

detected with Mr corresponding to some 125 kDa-160 kDa, which may correspond 

to oligomeric forms of hACKR3, due to the nature of their molecular mass. A similar 

behaviour it has been observed for other GPCRs and it might depend on experimental 

conditions used. Indeed, some groups (Blum et al., 2024) observed that decreasing 

the temperature used for heating the samples from 65 to 55 ֯C and increasing the 

incubation time up to 20 mins, it improves the quality of the immunoblots. In fact, 

the detection of higher molecular mass polypeptides is strongly reduced, allowing a 

more specific detection of the correct mass of the polypeptide of interest, maybe 

Fig. 3.1: Detection of the expression of FLAG-hACKR3-mEGFP in Flp-In T-REx 

stable cells by immunoblot. Stable Flp-In T-REx 293 cells developed to be able to express 

FLAG-hACKR3-mEGFP were treated with the indicated concentrations of doxycycline 

overnight and immunoprecipitated with a FLAG Trap kit. After this step, samples were 

resolved on by SDS-PAGE and immunoblotted by using an anti-DYKDDDDK (FLAG) 

antibody. The anticipated molecular mass of the receptor construct is 69 kDa (41 kDa 

hACKR3, 27 kDa mEGFP and 1 kDa FLAG tag). Red arrows (lower and upper) represent 

immunoreactivity corresponding to the receptor construct upon doxycycline treatment. 
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because of a major breaking of chemical bonds between different domains of the 

receptor of interest. 

It is evident that concentrations of doxycycline as low as 5 ng/ml were able to induce 

detectable expression of the receptor. However, as this was not reduced by treatment 

with higher concentrations of doxycycline, therefore, to achieve the highest levels of 

expression of the receptor, 100 ng/ml doxycycline was chosen the standard 

concentration to use in subsequent experiments. This immunoblot shows some 

smeared bands, which can be due to overloaded samples (higher amount of lysate 

was used to help the detection of the receptor and to allow a more clear visualization 

of the polypeptide of interest). Because these samples were immunoprecipitated with 

a FLAG-Trap Kit, it is impossible to have a control represented by an housekeeping 

protein-targeting antibody, because the housekeeping protein would not be 

recognized because of the absence of the FLAG tag. An alternative could have been 

keeping a fraction of the lysates before immunoprecipitating them and resolving 

them with an anti-actin antibody, to have an additional control.  

To determine whether the receptor expressed by these cells was localized either to 

the plasma membrane or intracellularly, cells from this clone were grown on 

coverslips according to the protocol described in chapter 2, section 2.7.1, and induced 

with 100 ng/ml doxycycline treatment overnight, before examining the intensity of 

the fluorescent signal. The fluorescence of mEGFP was detected by fluorescence 

microscopy using a Zeiss LSM 880 confocal microscope (Fig. 3.2). 
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This analysis showed the localization of the hACKR3-mEGFP construct, that 

appears constitutively internalized (Fig. 3.2A) and grouped into intracellularly 

located clusters, with a clear cytoplasmic localization. The signal observed was 

clearly receptor-specific, since this was absent without treatment with doxycycline 

(Fig. 3.2B). As a comparison, same cells are shown after applying a bright-field (Fig. 

Fig. 3.2. Assessment of ACKR3 localization in FLAG-hACKR3-mEGFP-expressing 

Flp-In T-REx 293 cells by fluorescence microscopy. Flp-In T-REx 293 cells able to 

express FLAG-hACKR3-mEGFP were examined by fluorescence microscopy either after 

(panel A) and without (panel B) overnight doxycycline treatment (100 ng/ml). Green 

fluorescent signal corresponds to FLAG-hACKR3-mEGFP. The same cells are also shown 

by using a bright-field filter (panel C, cells induced with doxycycline, and panel D, cells 

without any doxycycline addition). 
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3.2C, cells treated with doxycycline, and Fig. 3.2D, cells without doxycycline 

addition). As both immunoblots and confocal microscopy confirmed doxycycline-

induced receptor expression I proceeded to perform assays to assess functionality of 

the receptor construct. 

 

 

3.3 xCELLigence RTCA approach to assess the role of CXCL12 and ADM at 

hACKR3 

To determine whether ligands such as CXCL12 and adrenomedullin (ADM) would 

have measurable effects at hACKR3 xCELLigence RTCA (Real Time Cell Analysis) 

studies were carried out. This is an elegant and sensitive approach, by which it is 

possible to monitor, in real-time, variations in the adherent properties of cells in a 

non-invasive and label-free manner. To do so cells are grown as a monolayer on a 

support able to record alterations in electrical conductance (referred as cellular 

impedance) and they respond over time as when they are challenged with ligands of 

interest. CXCL12 was used as a reference agonist as it is well established to be an 

endogenous ligand of hACKR3. Each experimental condition was tested in 3 separate 

wells of an E-plate, to have a biological replicate. This setting was kept in n = 4 

independent experiments. 

When added to cells (at 100 nM), CXCL12 produced a time-dependent increase in 

the signal that reached a maximum within 20 mins (Fig 3.3A). However, after this 

time, the signal decreased until it reached a plateau phase. This could be due to the 

desensitization of hACKR3, which could lead to a decreased response to the agonist 

over time. In such assays parallel vehicle controls are required as cells may respond 

to a wide range of stimuli. Although effects of the vehicle were observed (Fig 3.3A) 

clear separation of the extent of the cell response to vehicle and to CXCL12 were 

observed (Fig 3.3A). The response generated by the vehicle could be explained by 

changes in cells environment. Indeed, together with the change of cell medium before 

the assay, water was added to the wells of the vehicle simultaneously with the 

addition of the ligands to other wells. This was done to keep similar experimental 

conditions between agonist-treated cells and vehicle. However, this could cause a 

response-like situation, although not really significant. Additionally, normalization 

of the values recorded were done over the values collected on the wells containing 

medium before seeding the cells. Therefore, the values of the vehicle do not reach 0 
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because cells might induce a background response, due to their attachment to the 

wells and their differentiation. Another explanation about the high baseline recorded 

could depend on the number of cells, that could have been to high, or to the presence 

of clumps of cells, which could impact the electrons flux and then the cell index 

values recorded. (Hamidi et al., 2017). 

 Since adrenomedullin (ADM) has been reported in certain settings to be an agonist 

for hACKR3, this ligand was also tested, and added to cells at 1 μM. As observed for 

CXCL12, ADM generated a time-dependent increase in the signal with a plateau 

reached within 20-30 mins that was substantially greater that with treatment with 

vehicle (Fig 3.3B).  

 

 

 

 

 

 

 

 

 

 

 

The choice of the concentration depends on literature describing these ligands and 

their effects on this receptor. Indeed, various work reported the potency of CXCL12 

towards hACKR3, with a working concentration used in several assays between 10 

nM and 100 nM. In case of adrenomedullin, little is known about its effects on 

hACKR3, and in vitro these effects are observed at a concentration >1 μM. This 

explain the reason behind the choice of these concentrations, rather than carrying out 

Fig. 3.3. Effects of CXCL12 and ADM on hACKR3-mEGFP-expressing Flp-In T-

REx 293 cells measured using xCELLigence RTCA. Representative traces are shown 

from n=4 independent experiments, in which 3 wells of a single E-plate have been used 

for each condition to have a biological replicate. Kinetic curves were recorded after 

treatment either with CXCL12 (100 nM, panel A) or ADM (1 μM, panel B), compared 

to vehicle (water for CXCL12 and 0.001% acetic acid in water for ADM). The intensity 

of the response was measured as variation of cell index over a 60 min time period.  
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a concentration-response curve, which would have been too expensive, especially for 

adrenomedullin. 

Data derived from n=4 different independent experiments were combined (Fig. 3.4). 

Both CXCL12 and ADM increased response in a statistically significant manner 

compared to the vehicle-generated response. As an additional control, Flp-In T-REx 

293 cells in absence of doxycycline treatment were used, to assess whether the signal 

observed in this assay were specific and determined by hACKR3 expression (Fig. 

3.5). In this case, the ligand of choice used to determine the robustness of this 

approach was CXCL12, already established as an agonist for hACKR3. In Fig. 3.5, 

cells induced with doxycycline (+dox) to express hACKR3 generated a higher 

response compared to cells in absence of doxycycline (-dox). However, this response 

was higher in presence of CXCL12 stimulation, as expected from previous 

experiments. The presence of an effect on +dox cells might be due to a basal activity 

of the receptor combined with the addition of water to the vehicle, which can cause 

a small change in the cell environment which the plate reader records as a partial 

positive signal. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4. Both CXCL12 and ADM increase xCELLigence cell index in hACKR3-

mEGFP-expressing Flp-In T-REx 293 cells. The graph is the analysis of the combination 

of n=4 independent experiments. Both CXCL12 (100 nM) and ADM (1 μM) induce a 

statistically significant increase in response compared to vehicle (*, p < 0.5, one-way 

ANOVA). 
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As hACKR3 is considered to produce signals only via β-arrestin recruitment and fails 

to signal via G proteins of the inhibitory Gi family, I then used xCELLigence RTCA 

assays on hACKR3-mEGFP expressing Flp/In T-REx 293 cells after treatment with 

either pertussis toxin or barbadin (Fig. 3.6). Pertussis toxin (PTX) is secreted by the 

gram-negative bacterium Bordetella pertussis. When this toxin crosses the plasma 

membrane, the subunit A catalyses the ADP-ribosylation of Gαi, locking the G 

protein in its inactive (GDP bound) state and preventing its activation by GPCRs. By 

contrast barbadin is reported to be a β-arrestin/β2-adaptin interaction inhibitor, hence 

potentially blocking the agonist-promoted endocytosis of the receptor if this route is 

engaged.   

 

 

 

 

Fig. 3.5. CXCL12 and doxycycline treatment induce a major response in Flp-In T-

REx 293 cells compared to untreated cells belonging to the same clone. The figure 

represents a n=1 experiment. It shows the effects observed when inducing hACKR3 

expression via doxycycline treatment (+dox and +dox/+CXCL12 in legend, respectively 

purple and green) when compared to cells where doxycycline treatment was not performed 

(-dox and -dox/ +CXCL12, respectively blue and red). The intensity of the response was 

measured as variation of cell index over a 30 min time period.  
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Fig. 3.6 shows a trend about how barbadin and PTX affect hACKR3 activation. As 

shown in previous xCELLigence experiments in this chapter, CXCL12 promoted the 

activation of hACKR3 (Fig. 3.6, red bar) compared to vehicle (Fig. 3.6, blue bar). 

This activation was hugely increased by administering barbadin (5 µM) to cells and 

incubating them for 30 mins before adding CXCL12 (Fig. 3.6, green bar). Even 

though it is known from literature the ability of hACKR3 of recruiting G proteins, it 

has been demonstrated that this receptor fails to generate a signalling response 

through them. Therefore, a possible role of G proteins in affecting hACKR3 

activation was investigated by adding PTX (200 ng/ml) to cells overnight before 

barbadin (30 mins before adding agonist) and CXCL12 on the day of the assay (Fig. 

3.6, purple bar). This re-established activation levels of hACKR3 almost to 

CXCL12-only condition, evidencing a role of PTX in affecting CXCL12-promoted 

hACKR3-activation. As an additional control, cells were pre-treated with PTX 

before adding CXCL12 and in absence of barbadin (Fig. 3.6, orange bar). This 

treatment completely abolished the activation of hACKR3 initially observed after 

CXCL12-treament, and this strengthens the hypothesis considered previously about 

Fig. 3.6. Barbadin and pertussis toxin treatment affect ACKR3 functioning with 

diverse outcomes. The figure represents a combination of n=2 independent experiments, 

in which each condition have been tested in triplicate on a 96-well E-plate. The figure 

shows Flp-In T-REx 293 cells expressing hACKR3-mEGFP with CXCL12 or vehicle 

and barbadin, pertussis toxin (PTX) separately and/or in combination. The intensity of 

the response was measured as variation of cell index over a 30 min time period. 



120 
 

the possibility of G proteins (and in particular of Gαi/0) in regulating CXCL12-

mediated activation of hACKR3 receptor.  

However, because of the high statical error of these last experiments, it is hard to say 

whether the explanation is strong enough, and further experiments or different 

approaches should be used. 

 

 

3.4 Characterization of adrenomedullin effects on β-arrestin recruitment to 

hACKR3 using a bystander Bioluminescence Resonance Energy Transfer 

assay 

 

hACKR3 is believed to signal only via β-arrestin recruitment. I therefore explored 

interactions between hACKR3 and β-arrestin-2 by using a bystander 

Bioluminescence Resonance Energy Transfer (BRET) approach. Unlike the standard 

BRET approach, where a GPCR of interest is tagged either with a nanoluciferase or 

with a fluorescent protein, in the ‘bystander’ assay an untagged receptor, in this case 

hACKR3 is used.  hACKR3 was co-transfected with an internal ribosome entry site 

plasmid (pIRES) that allows for expressing two genes in mammalian cells from the 

same bicistronic transcript. These were β-arrestin-2-nanoluciferase and 

mNeonGreen which when expressed becomes linked to the plasma membrane via 

incorporation of the fatty acylation motif of the Lyn non-receptor tyrosine kinase. 

Initially I assessed the effect of varying concentrations of CXCL12 in a set of kinetic 

assays (Fig. 3.7A). Concentrations are expressed as nano/micromolar in case of 

kinetics experiments, while they are expressed in logarithmic scale in case of 

concentration-response curve. pEC50/pIC50 values are the negative logarithm of 

EC50/IC50 values. 
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These showed that CXCL12 promoted robust β-arrestin-2 recruitment into proximity 

with hACKR3 in a concentration-dependent manner. They also showed that the 

kinetics of this measurement varied with different concentrations of CXCL12 tested. 

Indeed, a peak is observed at 10 mins upon CXCL12 addition at concentration ≥ 100 

nM. This peak is not observed  in concentrations tested up to 50 nM instead, although 

the receptor is still activated. This could be explained by the possibility that hACKR3 

could be active but not internalized yet, while at higher concentrations, a quick and 

transient overactivation of the receptor may lead to internalization of a portion of 

hACKR3 expressed. Therefore, the BRET signal generated is still positive, but it 

lowers progressively across the time. Also, this peak could result from a 

concentration-dependent conformation of hACKR3-β-arrestin 2 complex, which can 

be quickly de-associated upon agonist physiological depletion. By taking the net 

BRET values after exposure to CXCL12 for 20 minutes it was possible to generate a 

concentration-response curve to CXCL12 with pEC50 7.5±0.4. (Fig. 3.7B). 

Fig. 3.7. CXCL12-promotes β-arrestin-2 recruitment to hACKR3. A) Increasing 

concentrations of CXCL12 were used to treat HEK293T cells transiently co-transfected 

to express hACKR3 and with a pIRES vector able to express both β-arrestin-2-

nanoluciferase and Lyn11-mNeonGreen. Samples were measured every 90 seconds for 

45 minutes after agonist addition. The association kinetics of hACKR3 and β-arrestin-2 

increased with CXCL12 concentration.  B) A concentration-response curve was 

generated by selective values obtained from the kinetic curves (20 mins after agonist 

addition). The graph shows a concentration-dependent effect of CXCL12 in recruiting 

β-arrestin-2 to the receptor. pEC50 for CXCL12 in this assay was 7.5 ± 0.4 (n =3) 
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To further characterize the robustness and sensitivity of the assay and its ability to 

explore the pharmacological profile of hACKR3, a small synthetic ligand that has 

been described as an inverse agonist at this receptor was tested. This ligand 

(VUF16840) was a generous gift from Prof. Rob Leurs, from Vrije University of 

Amsterdam. Increasing concentrations of VUF16840 decreased the effect of a fixed 

concentration of CXCL12 (EC80 = 80 nM) in a concentration-dependent fashion (Fig. 

3.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

These experiments showed good suitability of bystander BRET assay to detect β-

arrestin-2 recruitment to hACKR3. Because the experimental conditions required for 

the quality of the assay were assessed with the previous experiments, the same 

conditions and protocol were used to determine whether ADM had an effect in 

promoting β-arrestin-2 recruitment to hACKR3. However, although a substantial 

effect was observed when using an exceptionally high concentration of ADM, no 

significant effect was observed at concentrations at or below 1 µM (Fig 3.9A and 

Fig. 3.9B). Additionally, even considering the possibility of comparing earlier time 

points between CXCL12 and adrenomedullin, the current data did not differ 

substantially (data not shown), showing that the time point chosen (20 mins) can be 
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Fig. 3.8. VUF16840 blocks CXCL12-promoted β-arrestin-2 recruitment to hACKR3. 

HEK293T cells were transiently co-transfected to express hACKR3 and with a pIRES 

vector able to express both β-arrestin-2-nanoluciferase and Lyn11-mNeonGreen. Cells 

were pre-treated for 15 mins with varying concentrations of VUF16840 before adding a 

fixed concentration (80 nM) of CXCL12 (EC80 as assessed from Fig 3.6B) and reading the 

plate for 45 minutes. The concentration-response curve for this small ligand was generated 

choosing a single time point in the plateau phase of the kinetic curve (20 mins). The graph 

is representative of n=3 independent experiments.  The calculated pIC50 for VUF16840 in 

this assay was 8.4 ± 0.3.  
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indicative in the same way as an early one. At an earlier time point there could be the 

risk of a higher window for CXCL12, due to the nature of the ligand effect on kinetics 

of hACKR3 (as reported in Fig.3.7A). 

 

 

 

 

 

 

 

 

Adrenomedullin was not able to efficiently promote β-arrestin-2 recruitment to 

hACKR3 except at the highest concentrations tested (> 1 μM). This means it was 

impractical to assess a pEC50 value. 

Although several assays were performed to determine whether interactions between 

adrenomedullin and hACKR3 could exist, this possibility cannot be ruled out yet, 

because only higher concentrations of adrenomedullin seem to exert an effect on 

hACKR3, with important consideration about the physiological relevance of this 

outcome. Therefore, many further analyses would be required to (dis)prove this 

hypothesis.  

 

 

 

Fig. 3.9. Adrenomedullin is able to promote recruitment of β-arrestin-2 to hACKR3 

only at very high concentrations. The figure is a representative of n=2 independent 

experiments. A) Kinetics studies performed using increasing concentrations of ADM to 

treat HEK293T cells co-transfected transiently with hACKR3 and the pIRES vector as 

described in Figures 3.6 and 3.7 before reading the plate for 60 minutes. B) The 

concentration-response curve was generated choosing a single time point in the plateau 

phase of the kinetic curve (20 mins). 

 



124 
 
3.5 Discussion 

As discussed earlier in this chapter, the aim of this sub-project was determining a 

possible role of adrenomedullin ligand at hACKR3. hACKR3 is considered a 

scavenger receptor for many ligands, such as CXCL12, opioids and adrenomedullin. 

The scavenging activity of this receptor consists in regulating the clearance of 

designated ligands and, by this way, influencing the signalling of other GPCRs. The 

first scavenger receptor was described in the late 1970s by Brown and Goldstein and 

was defined by its ability to bind and subsequently internalize low density 

lipoproteins (LDLs) (Patten and Shetty, 2018). This process can be particularly 

important in both homeostatic and disease conditions, as they detect and remove, or 

scavenge, unsolicited ligands self-antigens from general circulation. 

Adrenomedullin (ADM) is an endogenous agonist for calcitonin-like receptor 

(CLR), in complex with one of three receptor activity-modifying proteins (RAMPs) 

and, specifically, for CLR complexed with RAMP2 or RAMP3, which create the 

adrenomedullin-1 (AM1) or adrenomedullin-2 (AM2) receptors (Weston et al., 

2016). This hypotensive peptide was originally discovered in human 

pheochromocytoma by monitoring the elevating activity of platelet cAMP. Because 

this peptide was found to be abundant in normal adrenal medulla as well as in 

pheochromocytoma tissue originating from adrenal medulla, it was designated as 

"adrenomedullin” (Kitamura et al., 1993). However, in the past years, different 

groups showed a possible role of this ligand at hACKR3 as an agonist, with the 

hypothesis that hACKR3 could act as a scavenger receptor for this ligand. 

Adrenomedullin has been shown to be involved in regulation of several 

physiological process, such as the promotion of cardiac development, vasodilation 

and formation of blood and lymph vessels, with important clinical implications. As 

a first way to screen whether adrenomedullin could be a ligand for hACKR3, an 

xCELLigence RTCA assay was used, as firstly reported by Stallaert and colleagues 

(2012). This is based on the principle that the adhesion of cultured cells onto an array 

microelectrodes embedded at the bottom of wells of a microtitre plate induces 

changes in the local ionic environment at the electrode/solution interface, conferring 

an increase in electrode impedance. The result of this is that any changes in cell 

physiological properties modulating the physical contact between cell and electrode 

(i.e. morphology, adhesion), will be reflected by changes in the measured impedance 

between the measurement taken before seeding the cells (background), which is 

subtracted from the cell index values generated following cell attachment. 
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This approach has become popular recently in pharmacology and drug discovery 

because of the possibility of understanding the possible effects of a drug on cells and 

on particular receptor expressed. This approach was successfully used by Xing and 

colleagues in measuring the effects of drugs in cardiomyocytes (Xing et al., 2005) or 

by Boitano and colleagues, which showed the effects of novel compounds acting as 

agonists for the Protease-Activated Receptor 2 (PAR2) (Boitano et al., 2011).  

Data from the xCELLigence RTCA assay showed in this chapter, in which Flp-In T-

REx 293 cells stably expressing hACKR3-mEGFP were treated with 

adrenomedullin, showed an increase response after treatment with this ligand, 

demonstrating an activation of hACKR3 promoted by adrenomedullin at the 

minimum concentration of 1 μM. This strengthened the hypothesis already reported 

in literature of adrenomedullin as an agonist for this receptor. 

Looking at xCELLigence experiments, where cells derived from same cell line were 

tested with CXCL12 after pertussis toxin treatment (PTX) and barbadin addition, 

two small ligands that block, respectively, Gαi/o proteins and a β-arrestin/β2-adaptin 

interaction, interesting data were generated. According to outcomes derived from 

these experiments, the blockade of Gαi/o proteins affected the signal increase 

generated as response after CXCL12 addition. This does not surprise, since hACKR3 

has been reported to be able to interact and recruit G proteins but fail at activating a 

signalling pathway through them (Rajagopal et al., 2010). This may suggest that, 

even though the G proteins do not activate a proper signalling cascade for this 

receptor, they may have a regulatory role in facilitating CXCL12 effect on hACKR3 

and, in a way, may affect also β-arrestin-2 recruitment pathway, since this is the 

signalling cascade of choice for this receptor (Schafer et al., 2023). On the other side, 

treatment with barbadin also showed an important aspect to take in consideration. In 

fact, by blocking the β-arrestin/β2-adaptin interaction, the CXCL12-promoted 

endocytosis was inhibited. This also affected the response generated after adding 

CXCL12 to cells, translating a visible increased signal observed when compared to 

CXCL12 without barbadin. This may find an explanation in a possible major 

localization of the receptor on the plasma membrane. This results in a disruption of 

the physiological role of hACKR3 as scavenger receptor, also supported by 

fluorescence microscopy images reported earlier in this chapter, where receptor 

seems to be constitutively internalized and grouped in clusters placed intracellularly. 
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Despite the known localization of the receptor in the cells, it was hard to better 

characterize the phosphorylation and/or the functionality of the receptor expressed 

by Flp-In T-REx stable cells via immunoblots, since no valid antibodies specific for 

hACKR3 are commercially available. Some of them (mostly provided from 7TM 

antibodies company) were tested as a small side-project before making them 

commercially available, but unsuccessfully. This led to choose an anti-FLAG 

(DYKDDDDK) antibody to detect the receptor via immunoblots, since the construct 

encoding for hACKR3 showed a FLAG tag at the N-terminal side of the receptor. 

However, when β-arrestin recruitment was assessed for hACKR3, few 

considerations have been done. While CXCL12 promoted β-arrestin recruitment in 

a dose-dependent manner, adrenomedullin, even though it has been proposed to be 

an agonist at hACKR3, showed an effect in stimulating β-arrestin recruitment at this 

receptor almost only at the highest concentration used (10 μM), in agreement with 

what has been shown by Meyrath et al. (2021). In their paper, this group reported a 

partial activity of adrenomedullin in triggering, at the highest concentration tested (9 

μM), about 50% of the maximum response observed with the full agonist CXCL12.  

Because only 10 μM were able to induce an evident positive BRET signal, it may be 

possible to consider this as an off-target effect, since the concentration levels of 

adrenomedullin required to promote β-arrestin recruitment to hACKR3 are hugely 

over the range of adrenomedullin plasma levels in human body in physiological state 

(range of picomolar/liter, rather than micromolar as observed in vitro).  Nishikimi et 

al. (1995) reported a physiological level of adrenomedullin of 2.5 pmol/liter in 

control group tested in parallel with heart failure-affected group, where this value 

was increased according to different severity of this pathological condition. Also, in 

rats platelet, this peptide was shown to elevate cAMP levels at the maximal 

concentration of 1 μM. This concentration is still out of the range observed by the 

few works reported in literature where in vitro approaches were used (Meyrath et al., 

2021). Indeed, another group from Marcus Thelen reassessed the adrenomedullin 

scavenging activity of hACKR3 but they did not observe any significant effect, 

although adrenomedullin seemed to induce proliferation of lymphatic endothelial 

cells (Sigmund et al., 2023). 

Additionally, in plasma, adrenomedullin is specifically bound to adrenomedullin 

binding protein-1 (AMBP-1), which was later identified as complement factor H 

(Garayoa et al., 2000). Adrenomedullin bound to complement factor H cannot be 

easily detected in plasma, so it has been theorized that the total plasma 
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adrenomedullin could be higher than reported in most studies. Also, the kinetic of 

this peptide is fast, since the circulating adrenomedullin is rapidly degraded with a 

half-life of 16-20 minutes (Dupuis et al. 2005, Larrayoz et al., 2014). 

To conclude, while adrenomedullin has a significant positive effect in stimulating 

the receptor by interacting with hACKR3 at a more general cellular level that remains 

not fully understood, as discussed before, it is hard to confirm solidly whether this 

ligand may exert an agonist activity in promoting a signalling cascade for this 

receptor at concentrations that are compatible with general human physiology. 

Because of the physiological role that adrenomedullin has in human body and the 

big potential in drug discovery and clinical relevance, it is important to further  

characterize the interaction adrenomedullin-hACKR3 and the concrete effect of this 

interaction. These considerations still leave open questions on how to achieve this 

goal, to further understand the pharmacological profile of this receptor with the aim 

of developing new drugs based on adrenomedullin interacting with hACKR3, to 

translate into new therapeutic strategies for pathological conditions in which this 

receptor is involved.
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4. CHAPTER 4 (Results part 2) - Characterization of the 

effects of hCXCR4-adrenomedullin interactions  

 

 
The characterization of adrenomedullin-hCXCR4 interactions finds its rationale in 

the importance of hACKR3 for hCXCR4 physiology and pharmacology, due to its 

reported role in regulation of hCXCR4 functions (Levoye et al., 2009; Luker et al., 

2009), with one of the main results of this interaction consisting of attenuation of 

hCXCR4-induced rise in intracellular Ca2+. Moreover, an enhanced expression of 

both receptors has been detected in a wide range of tumours and cells residing within 

the tumour microenvironment.  

hCXCR4 and hACKR3 share CXCL12 as a ligand, with CXCL12 considered to be 

an endogenous agonist for hCXCR4, but hACKR3 has been proposed to bind several 

other ligands of various natures, including adrenomedullin. Another important 

feature of the connection between these two receptors is their localization in the 

body. While hCXCR4 is ubiquitously expressed in non-hematopoietic cells and in 

all leukocytes, the expression pattern of hACKR3 is still poorly characterized and a 

matter of debate (Murphy and Heusinkveld, 2018; Infantino et al., 2006).  

Because of their localization, the CXCL12/hCXCR4/hACKR3 signalling pathways 

have been primarily described in immune cells or in model systems. Because these 

two receptors can heterodimerize (Martínez-Muñoz et al., 2018), a new hypothesis 

about a possible interaction between adrenomedullin and hCXCR4 was considered, 

with the possibility that this ligand may regulate the CXCL12/hCXCR4/hACKR3 

axis as a key player in several pathophysiological conditions.   

In this chapter, I aimed to characterize the possible interactions between 

adrenomedullin and hCXCR4, to enlighten the molecular basis of the mechanism of 

action of this interaction. 
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4.1 Generation of FLAG-hCXCR4-mEGFP and of a Flp-In T-REx stable cell line 

able to express this construct 

Details of vector constructions have been described in Chapter 2 “Materials and 

methods”, section 2.3.12. Briefly, a hCXCR4 construct with an N-terminal FLAG 

epitope tag and C-terminal monomeric enhanced green fluorescent protein (mEGFP) 

in pcDNA5/FRT/TO was a kind gift from Dr. Richard J. Ward (University of 

Glasgow).  After confirmation of the correct sequence, this construct was 

successively transfected into Flp-In T-REx 293 cells to generate a cell line able to 

allow expression of the receptor construct in an inducible fashion.  Induction was 

performed routinely by adding doxycycline overnight. 

 

 

4.2 Assessment of receptor expression and localization 

Once obtained, cells of this clone were validated for expression and membrane 

localisation of the receptor. Cells were treated with increasing concentrations of 

doxycycline to establish how the expression of the receptor construct varied with such 

treatment. Cell lysates obtained were resolved by SDS-PAGE and then 

immunoblotted with an anti-CXCR4 primary antiserum (7TM Antibodies, Jena, 

Germany), which identified the C-terminal sequence of hCXCR4. Such immunoblots 

were then exposed to an infrared dye-labelled donkey anti-rabbit secondary antibody 

(Fig. 4.1). 

As shown in Fig. 4.1, the predominant polypeptide detected was generated in a 

doxycycline-induced fashion and migrated with Mr (relative molecular mass) in the 

region of 65-70 kDa, as anticipated. Higher molecular mass polypeptides were also 

detected with Mr corresponding to some 125 kDa-160 kDa. As already explained for 

hACKR3 in the previous chapter relatively to Fig.3.1, the higher molecular mass 

polypeptide detected is probably represented by oligomeric form of hCXCR4. The 

presence of oligomeric forms of the receptor can depend on using specific 

experimental conditions, such as the temperature. Indeed, decreasing the temperature 

chosen for heating the sample before loading them on a gel, and simultaneously 

increasing the incubation time improves the quality of the bands detected in SDS-

PAGE, especially for GPCRs (Drube et al., 2022). It is evident that concentrations of 

doxycycline as low as 1 ng/ml were able to induce detectable expression of the 

receptor. However, as this was not reduced by treatment with higher concentrations 

of doxycycline then to achieve the highest levels of expression of the receptor, 100 
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ng/ml doxycycline was chosen as the standard concentration to use in subsequent 

experiments. However, no additional controls were used, such as immunoblotting 

with an antibody for a specific housekeeping protein (i.e. actin), since the purpose of 

this experiment was to test the right concentration of doxycycline to use to induce 

hCXCR4 expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine whether the receptor expressed by these cells was localized either to 

the plasma membrane or intracellularly, cells from this clone were grown on 

coverslips according to the protocol described in chapter 2, section 2.7.1, and induced 

with 100 ng/ml doxycycline treatment overnight, before examining the intensity of 

the fluorescent signal. The fluorescence of mEGFP was detected by fluorescence 

microscopy using a Zeiss LSM 880 confocal microscope (Fig. 4.2). 

Fig.4.1. Detection of the expression of FLAG-hCXCR4-mEGFP in Flp-In T-REx 

293 stable cells by immunoblot. Flp-In T-REx 293 cells able to express FLAG-

hCXCR4-mEGFP in a doxycycline-inducible manner were treated with the indicated 

concentrations of doxycycline overnight, resolved by SDS-PAGE and immunoblotted 

using an anti-CXCR4 antiserum. The anticipated molecular mass of the receptor 

construct is 68 kDa (40 kDa hCXCR4, 27 kDa mEGFP and 1 kDa FLAG tag). The red 

arrows indicate the correct band of the receptor hCXCR4. 
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This analysis showed the localization of the hCXCR4 construct, that appears mainly 

localized homogeneously along the cell membrane. The signal observed was clearly 

receptor-specific since this was absent without treatment with doxycycline. As both 

immunoblots and confocal microscopy confirmed doxycycline-induced receptor 

expression I proceeded to perform assays to assess functionality of the receptor 

construct. 

Fig. 4.2. Assessment of CXCR4 localization in FLAG-hCXCR4-mEGFP-expressing 

Flp-In T-REx 293 cells by fluorescence microscopy. Flp-In T-REx 293 cells able to 

express FLAG-hCXCR4-mEGFP were examined by fluorescence microscopy either after 

(panel A) and without (panel B) overnight doxycycline treatment (100 ng/ml). Panel C and 

panel D show the bright field filter applied to cells respectively treated and untreated with 

doxycycline for comparison.  
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4.3 xCELLigence RTCA approach to assess the role of CXCL12 and ADM at 

hCXCR4 

To determine whether CXCL12 and adrenomedullin (ADM) would have measurable 

effects at hCXCR4, xCELLigence RTCA (Real Time Cell Analysis) studies were 

carried out (see Chapter 2 “Material and Methods” and Chapter 3 “Characterization 

of hACKR3-adrenomedullin interactions”). As for hACKR3, CXCL12 was used as a 

reference agonist as it is well established to be an endogenous ligand of hCXCR4. 

Since no interaction between ADM and hCXCR4 is currently known from literature, 

I tested two different concentrations (100 nM and 1 μM) of this ligand to determine 

the most suitable required to observe any potential regulation of CXCR4, either in the 

presence or in the absence of CXCL12. As for hACKR3, the concentration chosen for 

CXCL12 (100 nM) resulted from previous literature where the potency of this agonist 

was assessed in functional assays. Additionally, this value was confirmed in the 

experiments I carried out during this project. However, because the main purpose of 

xCELLigence in this case was to determine an effect of the ligand towards hCXCR4, 

no concentration-response curve was carried out because too expensive, in particular 

for adrenomedullin. 

When added to cells, CXCL12 (100 nM) added to Flp-In TREx 293 cells stably 

expressing hCXCR4-mEGFP generated a clear time-dependent increase in signal that 

reached a maximum within 20 mins (Fig 4.3A, Fig. 4.3B) and a plateau reached in 30 

mins. Although effects of the vehicle were observed (Fig 4.3A), a clear separation of 

the extent of the cell response to vehicle and to CXCL12 were observed (Fig 4.3A, 

Fig. 4.3B). By comparison ADM alone generated a more limited time-dependent 

increase in the signal with a plateau reached within 15 mins. However, this was not 

statistically significant compared to the response generated by the vehicle (Fig. 4.3B). 

Although vehicle seems to generate a response, this does not represent an activation 

of the receptor and could be due to cell environment. For example, too many cells 

could have been plated or cells seeded were in clumps, with the results of lowering 

the window generated during the assay (Hamidi et al, 2017). 

By contrast, when pre-stimulating cells with ADM (either 100 nM or 1 μM) for 15 

mins before adding 100 nM CXCL12, the response initially observed in CXCL12-

only treated cells dropped significantly (especially in presence of 1 μM ADM) (Fig. 

4.3B). Indeed, this reduction resulted, respectively, in 59.0 ± 11.0% of positive  

response generated by CXCL12-stimulation (in presence of 100 nM ADM pre-
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treatment), and 32.0 ± 4.0% of positive  response generated by CXCL12-stimulation 

(in presence of 1 μM ADM pre-treatment), as shown in Fig. 4.3.B. 

 

 

 

 

 

 

 

 

As an additional control, also Flp-In T-REx 293 cells in absence of doxycycline 

treatment were used to assess whether the responses generated by ligands used in this 

assay were specific and determined by CXCR4 expression (Fig. 4.4). In Fig. 4.4, 

cells induced with doxycycline (+dox) to express hCXCR4 generated a higher 

response compared to cells in absence of doxycycline (-dox). However, this response 

was higher in presence of CXCL12 stimulation, as expected from previous 

Fig. 4.3. Effects of CXCL12 and ADM on hCXCR4-mEGFP-expressing Flp-In T-REx 

293 cells measured using xCELLigence RTCA. Representative traces are shown from 

n=3 independent experiments. In each case, kinetic curves recorded after treatment either 

with CXCL12 (100 nM) or ADM (1 μM or 100 nM), or pre-treating cells with ADM for 15 

mins before adding CXCL12 demonstrated effects of these ligands compared to vehicle 

(water for CXCL12 and 0.001% acetic acid in water for ADM). The intensity of the response 

was measured as variation of cell index over a 60 min time period (panel A). CXCL12 (100 

nM, red bar) and ADM (1 μM, blue bar) induce a statistically significant increase in response 

compared to vehicle (*, p < 0.5, one-way ANOVA) (panel B), while 100 nM ADM failed 

to induce a significant increase in response compared to vehicle (panel B). When cells from 

the same clone were pre-stimulated with ADM before adding CXCL12 the intensity of the 

response measured was lower than cells in presence of CXCL12 only (panel B, 1 μM ADM, 

green bar, 32.0 ± 4% of full response generated by CXCL12; 100 nM ADM, orange bar, 

59.0 ± 11% of full response generated by CXCL12). The reduction observed was 

statistically significant compared to vehicle and CXCL12 (*, p < 0.5, one-way ANOVA). 
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experiments. The presence of an effect on +dox cells might be due to a basal activity 

of the receptor combined with the addition of water to the vehicle, which can cause 

a small change in the cell environment which the plate reader records as a partial 

positive signal. Also, the quality and the number of the cells seeded could affect this 

response, such as the number of cells plated per well or the presence of clumps, which 

may elevate the cells index and reduce the window between cells treated with the 

agonist and untreated cells. Another point is that CXCL12 seems to induce a partial 

response when added to cells not induced with doxycycline. Flp-In T-REx 293 cells 

are HEK cells derivatives and hCXCR4 is relatively low endogenously expressed in 

HEK cells (Atwood et al., 2011). Then, this partial response could be due to a partial 

presence of hCXCR4 expressed by these cells as a response to CXCL12 treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

4.4 Characterization of ADM effects on Gαi/o protein signalling at hCXCR4 
using a [35S]GTPγS incorporation assay. 
Once the possibility of an adrenomedullin-mediated effect on CXCR4 had been 

established, different functional assays were carried out to assess the impact of this 

ligand on CXCR4-signalling pathways. Since the ability of this receptor to signal 

through Gαi/o proteins was known from the literature, the first assay of choice for 

studying this signalling pathway was a [35S]GTPγS incorporation assay, in which it is 
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Fig. 4.4. CXCL12 and doxycycline treatment induce response in Flp-In T-REx 293 cells 

able to express hCXCR4-mEGFP compared to untreated cells. The figure shows the 

effects of inducing hCXCR4 expression via doxycycline treatment (+dox) and activating 

this with CXCL12 (+dox/+CXCL12) compared to cells where doxycycline treatment was 

not performed (-dox and -dox/+CXCL12). The intensity of the response was measured as 

variation of cell index over a 30 min time period.  
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possible to follow the activation of the receptor by assessing the binding of  this GTP-

analogue to downstream activated G protein(s). This substrate is not hydrolysed 

during the physiological G protein signalling pathway steps initiated as the 

consequence of agonist-mediated GPCR activation. Therefore, the response observed 

is related to the activation of Gαi/0 proteins.  

In Fig. 4.5, membranes derived from Flp-In T-REx 293 cells expressing hCXCR4-

mEGFP after addition of doxycycline were pre-exposed to ADM for 15 mins before 

adding a fixed concentration of CXCL12 (EC80 = 20 nM, previously calculated from 

agonist test) or, membranes were stimulated with different concentrations of CXCL12 

agonist in the absence of adrenomedullin. In the presence of agonist only, there was 

an evident concentration-dependent effect in the activation of Gαi/o protein mediated 

by CXCL12 (pEC50: 8.3 ± 0.5, red). This CXCL12-promoted Gαi/0 signalling of 

hCXCR4 was limited by pre-exposure of membranes expressing the receptor to ADM, 

again in a concentration-dependent fashion (pIC50 = 7.8 ± 0.7, blue). Concentrations 

are expressed in logarithmic scale in case of concentration-response curve. 

pEC50/pIC50 values are the negative logarithm of EC50/IC50 values. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5. [35S]GTPγS incorporation assay using membranes of hCXCR4-mEGFP 

expressing cells. The graph is the analysis of the combination of n=6 (CXCL12) and n=4 

(ADM) independent experiments. CXCL12 promotes Gαi/o protein activation in a 

concentration-dependent manner (pEC50: 8.3 ± 0.5). When membranes were pre-treated with 

ADM before addition of CXCL12 (EC80), ADM prevented this effect (pIC50: 7.8 ± 0.7).  
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These data show a possible antagonistic effect of ADM at hCXCR4, with higher 

concentrations of this ligand able to inhibit more efficiently the activation of Gαi/0 

proteins. Further experiments were performed as controls by comparing effects of 

these ligands in cells expressing hCXCR4-mEGFP with cells not induced with 

doxycycline. In this case, in membranes derived from cells which were treated with 

increasing concentrations of CXCL12 or pre-treated with ADM before adding a fixed 

concentration of CXCL12 (EC80) but not induced with doxycycline, no significant 

activation or inhibition of Gαi/o activation were observed (Fig. 4.6). 

 

 

 

 

 

 

 

 

The effect of a known CXCR4 antagonist called IT1t (Ward et al., 2021) was also 

assessed in the same way in cells expressing hCXCR4-mEGFP. This is a drug-like 

isothiourea derivative that has been used previously as a reference antagonist for this 

receptor. Fig. 4.7 shows that IT1t potently antagonised CXCL12-mediated Gαi/o 

protein activation in a concentration-dependent fashion. The figure is a combination 

of n = 2 independent experiments only, since this ligands has been previously 

characterized by Ward and colleaugues (2021), where similar data were reported. 

Fig. 4.6. The effect of ADM and CXCL12 on [35S]GTPγS incorporation requires the 

expression of CXCR4. The graph is the analysis of the combination of n=2 independent 

experiments. In cells induced to express hCXCR4-mEGFP, CXCL12 promotes Gαi/o 

protein activation in a concentration-dependent manner (pEC50: 8.3 ± 0.2). When 

membranes prepared from cells deriving from the same clone were pre-treated with ADM 

before addition of CXCL12 (EC80), ADM prevented this effect (pIC50: 7.8 ± 0.3). In 

membranes derived from cells treated with the same ligands but not induced with 

doxycycline, no significant activation or inhibition of Gαi/o activation was observed. 
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This experiment demonstrated that IT1t displayed a potent inhibitory effect on G 

protein activation similar to the effect observed with adrenomedullin, providing 

certainty about the robustness of the assay and the effects caused by adrenomedullin. 

 

 

4.5 Characterization of adrenomedullin effects on G protein signalling at 

hCXCR4 via a cAMP accumulation assay 

A cAMP accumulation assay was used as an additional approach to characterize the 

G protein signalling of hCXCR4. This functional assay helps in investigating Gαi/0 

or Gαs activity by measuring the production of the intracellular second messenger 

cAMP, regulated via G proteins. In the specific case of receptors signalling via Gαi/0, 

which is the category to which hCXCR4 belongs, once Gαi/0 protein is activated 

upon agonist stimulation, one of the consequences is the inhibition of adenylyl 

cyclases, leading to reduced production of intracellular cAMP. The role of the 

cAMP is physiologically important, because it regulates the activity of cAMP-

dependent protein kinase A (PKA), which plays an important role in a variety of 

downstream cellular processes, and other cellular effectors, such as exchange 

proteins directly activated by cAMP (EPAC), popeye domain containing proteins 

(Popdc) and cyclic nucleotide–gated ion channels (CNG channels). 

Fig. 4.7 [35S]GTPγS incorporation assay in CXCR4-mEGFP membranes shows 

an antagonist effect of IT1t on CXCL12-mediated G protein activation. The figure 

shows analysis of n=2 independent experiments. Gαi/o protein activation was promoted 

by CXCL12 was concentration-dependent (red, pEC50: 8.8 ± 0.5). Inhibition of an 

EC80 concentration of CXCL12 was observed with pre-treatment with IT1t (black, 

pIC50: 7.4 ± 0.2).  
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Also in this case, adrenomedullin was tested to further confirm the results obtained 

with the [35S]GTPγS incorporation assay. Additionally, IT1t was used as a reference 

antagonist for hCXCR4. In this assay CXCL12 reduced cAMP levels in a 

concentration-dependent manner with pEC50: 8.8 ± 0.6 (Fig. 4.8), whilst 

adrenomedullin (pIC50: 8.0 ± 0.7) prevented the effect of an EC80 concentration of 

CXCL12, causing an increase of intracellular cAMP. Concentrations are expressed 

in logarithmic scale in case of concentration-response curve. pEC50/pIC50 values are 

the negative logarithm of EC50/IC50 values. 

 

 

 

 

 

 

 

 

 

As reported in Fig. 4.8, hCXCR4 signalling by CXCL12 through Gαi/o proteins, 

reduced forskolin-amplified cAMP levels. When cells pre-treated with ADM for 15 

mins before adding a fixed (EC80) concentration of CXCL12 (63 nM, previously 

calculated from the agonist test), the opposite was observed. This shows that ADM 

can prevent CXCL12-induced inhibition of adenylyl cyclase, resulting in an 

increased intracellular cAMP level. Therefore, ADM seems to antagonize CXCL12-

mediated G protein activation in a similar way to that observed in [35S]GTPγS 

incorporation assay. Additionally, in the concentration-response curve of ADM, the 

vehicle start from a value of 20%. This value is the result of the normalization on the 

Fig. 4.8. CXCL12 reduces cAMP accumulation in hCXCR4-mEGFP-expressing 

Flp-In T-REx 293 cells and adrenomedullin reverses this effect. The data show mean 

± SEM from n=10 and n=5 independent experiments, respectively, for CXCL12 and 

ADM. CXCL12 inhibited forskolin-amplified cAMP levels (pEC50: 8.8 ± 0.5) whilst 

adrenomedullin (pIC50: 8.0 ± 0.7) prevented the effect of an EC80 concentration of 

CXCL12.  
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percentage of the maximal response generated by CXCL12. The vehicle contains 

only the EC80 of CXCL12, but it does not contain ADM. This means that, in the 

normalization process, a signal is obtained because the effect observed is due mostly 

to the action of CXCL12. This does not differ substantially from the lowest 

concentration tested of ADM (10-11, or 0.01 nM) in presence of 63 nM CXCL12 

added to cells. 

As further control, adrenomedullin was also tested alone, to show if there was any 

partial activation of the receptor’s signalling activity. Fig. 4.9 shows in a bar graph a 

comparison between vehicle, adrenomedullin (1 μM) and CXCL12 (1 μM) in 

generating HTRF signal, without plotting with cAMP standard curve. This shows 

that ADM was unable to mimic CXCL12. This enforces the outcomes obtained from 

previous experiments in which adrenomedullin acted as an antagonist for CXCL12-

mediated G protein signalling of hCXCR4. 

 

 

 

 

 

 

 

 

 

 

 

 

As further control to assess the quality of this assay in detecting the antagonism of a 

ligand for CXCR4, the small ligand antagonist IT1t was used as a reference inhibitor 

of CXCL12 activity.  

Fig. 4.9. ADM does not directly activate hCXCR4-mEGFP to regulate cAMP levels. 

Data are means ± SEM of n=3 independent experiments. Both ADM and CXCL12 were 

tested at the concentration of 1 μM. ADM was not able to generate a statistically 

significative HTRF signal when compared to vehicle (*, p < 0.5, one-way ANOVA). 
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The results were analysed as previously described and the data are represented in 

Fig. 4.10. IT1t caused an increase of cAMP accumulation at higher concentrations 

administered to the cells after their pre-treatment with different concentrations of this 

ligand for 15 mins before adding a fixed concentration (EC80) of CXCL12 agonist. 

This is a result of the block of the Gαi/o protein signalling pathway, as previously 

reported in literature by Ward et al. (2021).  

These outcomes confirm the quality of this assay in investigating Gαi/o protein 

signalling for hCXCR4 and that the effects observed with ADM are reliable. 

 

 

 

 

 

 

 

 

 

 

4.6 Adrenomedullin does not antagonize CXCL12-mediated hCXCR4 β-

arrestin interactions  

GPCRs can signal through various signalling pathways: previously in this chapter, G 

protein signalling for CXCR4 was characterized. In this section, β-arrestin 
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Fig. 4.10. cAMP accumulation assay with IT1t treatment of hCXCR4-mEGFP-

expressing Flp-In T-REx cells shows blockade of CXCL12-mediated inhibition of 

adenylyl cyclase activity. The graph is the analysis of the combination of n=10 and n=4 

independent experiments, respectively, for CXCL12 and IT1t. CXCL12 displayed a 

concentration-dependent effect in blocking the activity of adenylyl cyclase that causes a 

reduction in intracellular cAMP level (pEC50: 8.8 ± 0.6). IT1t (pIC50 7.2 ± 0.4), added for 

15 minutes to the cells followed by a fixed concentration of CXCL12 (EC80), acted to 

reverse the effect of CXCL12 on adenylyl cyclase activity, leading to an increase of 

intracellular cAMP levels. 
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recruitment for hCXCR4 will be assessed. As a consequence of outcomes reported 

earlier for adrenomedullin, the next step in characterization of hCXCR4-

adrenomedullin interaction consisted of assessing whether this ligand might affect β-

arrestin recruitment to hCXCR4. I therefore explored interactions between hCXCR4 

and β-arrestin-2 by using a bystander Bioluminescence Resonance Energy Transfer 

(BRET) approach.  

As previously described in Chapter 3, when the same assay was used to characterize 

hACKR3-β-arrestin-2 interaction, and in the relevant paragraph in Materials and 

Methods chapter, in the ‘bystander’ BRET assay an untagged receptor, in this case 

hCXCR4, is used. This was co-transfected with an internal ribosome entry site 

(pIRES) plasmid that allows expression of two proteins in mammalian cells from the 

same bicistronic transcript. These were β-arrestin-2-nanoluciferase and 

mNeonGreen.  When the mNeonGreen is expressed, it becomes linked to the plasma 

membrane because its sequence has been modified to incorporate the fatty acylation 

motif of the Lyn non-receptor tyrosine kinase. Initially I assessed the effect of varying 

concentrations of CXCL12 on hCXCR4 mediated β-arrestin-2-nanoluciferase 

translocation to the vicinity of mNeonGreen in a set of kinetic assays (Fig. 4.11A). 

Concentrations are expressed as nano/micromolar in case of kinetics experiments, 

while they are expressed in logarithmic scale in case of concentration-response curve. 

pEC50/pIC50 values are the negative logarithm of EC50/IC50 values. 
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These results showed that CXCL12 promoted robust β-arrestin-2 recruitment into 

proximity with hCXCR4 in a concentration-dependent manner. They also showed 

that the kinetics of this measurement varied with different concentrations of CXCL12 

tested. By taking the net BRET values after exposure to CXCL12 for 25 minutes it 

was possible to generate a concentration-response curve to CXCL12 with pEC50 7.4 

± 0.3 (Fig. 4.11B). 

To further characterize the robustness and sensitivity of the assay and its ability to 

explore the pharmacological profile of hCXCR4, the small ligand antagonist IT1t 

was also tested in this assay as previously used in other approaches. Therefore, 

HEK293T cells were transiently co-transfected with untagged hCXCR4 and the 

pIRES and pre-treated for 15 mins with increasing concentrations of IT1t, before 

adding a fixed concentration of CXCL12 (EC80, 150 nM, calculated previously from 

agonist test). It was observed that increasing concentrations of IT1t decreased the 

effect of CXCL12 in a concentration-dependent fashion (Fig. 4.12A). Also in this 

case as previously seen for CXCL12, the kinetics of these measurements varied with 

different concentrations of IT1t tested, as shown in Fig. 4.12A, with pIC50 7.8 ± 0.4 

(Fig .4.12B). 

 

 

 

 

Fig. 4.11. CXCL12-promotes β-arrestin-2 recruitment to hCXCR4. A) Increasing 

concentrations of CXCL12 were used to treat HEK293T cells transiently co-transfected to 

express hCXCR4 and with a pIRES vector able to express both β-arrestin-2-nanoluciferase 

and Lyn11-mNeonGreen. BRET was measured every 90 seconds for 60 minutes after 

agonist addition. The association kinetics of hCXCR4 and β-arrestin-2 increased with 

CXCL12 concentration.  B) A concentration-response curve was generated by selecting 

values obtained from the kinetic curves (25 mins after agonist addition). The graph shows 

a concentration-dependent effect of CXCL12 in recruiting β-arrestin-2 to the receptor. 

pEC50 for CXCL12 in this assay was 7.4 ± 0.3. (n = 9) 
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These experiments displayed good suitability of the bystander BRET assay in 

detecting β-arrestin-2 recruitment to hCXCR4, also in presence of an antagonist. 

Because the experimental conditions required for the quality of the assay were 

Fig. 4.12. IT1t blocks CXCL12-mediated β-arrestin-2 recruitment to hCXCR4. A) 

Increasing concentrations of IT1t were used to pre-treat HEK293T cells transiently co-

transfected to express hCXCR4 and a pIRES vector able to express both β-arrestin-2-

nanoluciferase and Lyn11-mNeonGreen before adding a fixed concentration of CXCL12 

agonist (EC80). Samples were measured every 90 seconds for 60 minutes after agonist 

addition. The association kinetics of hCXCR4 and β-arrestin-2 decreased with increasing 

IT1t concentrations.  B) A concentration-response curve was generated by taking values 

obtained from the kinetic curves (25 mins after agonist addition). The graph displays a 

concentration-dependent effect of CXCL12 in recruiting β-arrestin-2 to the receptor (red) 

and a concentration-dependent effect of IT1t in blocking this recruitment (green). The 

calculated pEC50 for CXCL12 in this assay was 7.4 ± 0.3 (n = 9), while calculated pIC50 

for IT1t was 7.8 ± 0.4 (n = 4). 
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assessed with the previous experiments, the same conditions and protocol were used 

to determine whether ADM had an effect in promoting β-arrestin-2 recruitment to 

hCXCR4. I tested ADM either in absence of CXCL12 or by pre-treating HEK293T 

cells transiently co-transfected with untagged hCXCR4 and pIRES before adding an 

EC80 concentration of CXCL12.  

The outcome of these experiments is reported in Fig. 4.13. When ADM was added 

alone to cells, no significant BRET signal was recorded at any concentration tested, 

suggesting that this ligand does not promote β-arrestin-2 recruitment to hCXCR4 

(Fig. 4.13A). When cells were pre-treated with ADM before adding a fixed 

concentration of CXCL12, the BRET signal due to the presence of agonist was 

unaffected (Fig. 4.13B). This indicates that ADM was not able to block the CXCL12-

mediated β-arrestin-2 recruitment to hCXCR4. As ADM was ineffective in this assay 

but was able to prevent CXCL12-induced G protein activation, this suggests that 

ADM may act as biased antagonist ligand for hCXCR4. 
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4.7 Characterization of adrenomedullin effects on hCXCR4 phosphorylation 

using phosphosite-specific antisera 

Another way to characterize hCXCR4 activation and the effect of its interaction with 

adrenomedullin that I used employed phosphosite-specific antisera via immunoblots 

to investigate the phosphorylation of hCXCR4 upon treatment with different ligands. 

Phosphorylation of intracellular serine and threonine residues is an important post-

translational modification of many GPCRs. After agonist exposure, these receptors 

acquire an active conformation, which is recognized by a family of highly specialized 

GPCR kinases (GRKs). Agonist-driven phosphorylation by GRKs regulates acute 

receptor desensitization, arrestin recruitment, internalization, and post-activation 

signalling.  

Phosphosite-specific 7TM antisera are designed to specifically detect agonist-

activated GPCRs and were purchased from 7TM antibodies and Invitrogen. The 

intracellular C-terminal region of hCXCR4 contains several residues that may be 

subject to phosphorylation: pSer324/Ser325, pSer330, pSer338/Ser339, pSer346/Ser347. The 

localization of these phosphosites is represented in Fig.4.14. Since a potential 

pSer346/Ser347 antiserum I had access to did not work very efficiently, no immunoblots 

are shown using this antiserum. The pSer338/Ser339 antiserum (Invitrogen), as well as 

pSer324/Ser325 (7TM antibodies) were already commercially available and I 

characterized a further antiserum, pSer330 (7TM antibodies) to determine whether it 

was sensitive and suitable to use for such studies. 

Fig. 4.13. ADM does not alter β-arrestin-2 recruitment to hCXCR4. A) Representative 

traces of n = 2 independent experiments are shown. Increasing concentrations of ADM 

were used to treat HEK293T cells transiently co-transfected to express hCXCR4 and a 

pIRES vector able to express both β-arrestin-2-nanoluciferase and Lyn11-mNeonGreen. 

Samples were measured every 90 seconds for 50 minutes after ligand addition. ADM did 

not generate any significant BRET signal, showing no interaction between hCXCR4 and 

β-arrestin-2. B) Representative traces of n = 2 independent experiments are shown. When 

added to cells for 15 mins before adding a fixed concentration of CXCL12 (EC80), ADM 

was not able to block β-arrestin-2 recruitment to hCXCR4 even at the highest 

concentration of ligand tested. CXCL12 showed a positive BRET response, as previously 

reported. 
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To determine whether adrenomedullin would influence phosphorylation of 

hCXCR4, stable Flp-In T-REx 293 cells expressing hCXCR4-mEGFP after addition 

of doxycycline were (pre)treated with the ligand of interest (CXCL12 and/or ADM) 

according to the conditions already described in Chapter 2, Materials and Method 

section, paragraph 2.5.3 before preparing cell lysates to use for these experiments. I 

also assessed the effect of IT1t in these studies which represents a good control since 

this ligand has already been characterized in the past and its effects on hCXCR4 are 

known.  

Fig. 4.14. hCXCR4 contains several sites within its C-terminus that may be 

subject to phosphorylation. Potential phosphosites located in the C-terminus 

(colored differently than the rest of hCXCR4 structure) are shown: pSer324/Ser325 

(red), pSer330 (blue), pSer338/Ser339 (green), pSer346/Ser347 (grey, data not shown). 

Phosphosite-specific antisera targeting these sites were generated in rabbits by 

commercial providers. The figure was generated by using the GPCR database 

(https://gpcrdb.org). 

 

https://gpcrdb.org/
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Since the receptor was tagged with mEGFP, all samples were immunoprecipitated 

using a GFP-TRAP kit (Chromotek) to enrich their yield and facilitate their detection 

via immunoblot (as described in Chapter 2, Materials and Methods section, 

paragraph 2.5.4). I firstly started the characterization of the effects of adrenomedullin 

on hCXCR4 by separating protein samples by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) and successively transferring 

protein samples onto a nitrocellulose membrane. Each sample loaded onto the gel 

contains an estimated quantity of 250 μg of lysate, which were originally calculated 

by using the BCA assay. However, it is hard to quantify the exact concentration of 

the samples after the immunoprecipitation step, because for the nature of the protocol 

the amount loaded onto the gel is quantified in total μL rather than μg. However, 

each lane should contain the same amount of cell lysate once loaded onto the gel. 

After incubating with blocking buffer, primary antiserum solution and secondary 

antiserum solutions were added before scanning the membranes using a LICOR 

system.   

Fig. 4.15 displays the effects of CXCL12 (100 nM), IT1t (10 μM) + CXCL12 and 

ADM (1 μM) + CXCL12 on hCXCR4 phosphorylation after immunoblotting with a 

structural anti-CXCR4 (not phosphorylation state-dependent) antiserum 

(Fig.4.15A), anti-CXCR4 pSer324/Ser325 (Fig. 4.15B), anti-CXCR4 pSer330 (Fig. 

4.15C), or anti-CXCR4 pSer338/Ser339 (Fig. 4.15D) phosphosite-specific antisera. 
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 Fig. 4.15: Different ligands display diverse effects on hCXCR4 phosphorylation. 

Stable Flp-In T-REx 293 cells expressing FLAG-hCXCR4-mEGFP were treated with 

the indicated ligands as reported in Table 4.1 before preparing immunoprecipitated 

lysates from these cells. Samples were resolved by SDS-PAGE and immunoblotted by 

using anti-CXCR4 not phospho-state antiserum (panel A), anti-CXCR4 pSer324/Ser325 

(panel B), anti-CXCR4 pSer330 (panel C) or anti-CXCR4 pSer338/Ser339 (panel D). In all 

blots shown, the samples are (from left to right): ADM (1 μM) + CXCL12 EC80 (100 

nM), IT1t (10 μM) + CXCL12 EC80, CXCL12 EC80, +doxycycline only, -doxycycline. 

The figure shows representative traces of n = 3 independent experiments. 
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While CXCL12 treatment was carried out for 5 mins, pre-stimulation with IT1t and 

ADM was carried out for 15 mins before adding CXCL12 for the same amount of 

time as would be used in absence of antagonists. Looking at all immunoblots shown 

in Fig. 14.15, a first feature that is clear is the presence of different phosphorylation 

levels for different conditions tested when membranes were incubated with an anti-

CXCR4 no phospho antiserum (Fig. 4.15A). Indeed, the detection of the receptor 

decreased in presence of treatment with CXCL12, which makes more difficult the 

detection of hCXCR4 compared to the vehicle condition (+ dox), at the point that the 

relative band has almost “disappeared”. IT1t pre-treatment before adding CXCL12 

seems to be comparable to + dox condition, while the pre-stimulation with ADM did 

not alter the effect of CXCL12 on hCXCR4, making the detection of the receptor as 

reduced as CXCL12 only condition, although the band relative to ADM is very clear 

due to the export of the image. These effects observed might be explained by the 

possibility that CXCL12-mediated phosphorylation of the receptor might alter the 

ability of the antiserum to identify hCXCR4. 

In fact, in Fig. 4.14, it is shown the presence of several serine residues along the C-

terminal domain of the receptor which may be highly phosphorylated upon CXCL12 

binding. The high phosphorylation levels of this region could lead to a 

conformational change in the receptor which causes a steric hindrance making harder 

the detection of the receptor by this antiserum. Indeed, antisera provided by 7TM are 

generated based on C-terminus side of the receptor used as tagging epitope for 

receptor detection once these antisera are produced in the species of interest. 

However, because IT1t effectively blocks CXCL12-mediated hCXCR4 activation, it 

is reasonable to think that IT1t restores the phosphorylation state of the receptor to a 

level comparable to +dox. On the contrary, this effect is not observed in presence of 

ADM, which does not seem to alter the phosphorylation state of hCXCR4, and it 

could fail in reversing CXCL12-mediated effects on antiserum detection. 

Fig. 4.15B shows the effects of ligands on hCXCR4 in membranes immunoblotted 

with anti-CXCR4 pSer324/pSer325 phosphosite-specific antiserum. This was already 

commercially available when I started the characterization of the phosphorylation of 

hCXCR4. In this case, CXCL12 showed an activation of the receptor, confirmed by 

the higher intensity of the band representing treatment with this agonist when 

compared to vehicle (+dox). This activation was effectively blocked by IT1t, while 

ADM did not alter this activation. 
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I characterized the newly generated anti-CXCR4 pSer330 phosphosite-specific 

antiserum, whose results are showed in Fig. 4.15C. Here it is still present a minor 

activation of hCXCR4 mediated by CXCL12, but the increase observed in this case 

is minimal when compared to +dox condition. This might be due to constitutive 

phosphorylation of the receptor on this phosphosite, which may be CXCL12-

independent. Besides, the reduction in signal observed by IT1t pre-stimulation was 

less relevant compared to that observed with anti-CXCR4 pSer324/pSer325 

phosphosite-specific antiserum. Similar conclusion can be done for ADM pre-

stimulation, which did not differ substantially from CXCL12 only condition.  

Lastly, immunoblot with anti-CXCR4 pSer338/pSer339 phosphosite-specific 

antiserum is shown in Fig. 4.15D. By using this antiserum from Invitrogen, it was 

possible to observe the agonist-dependent activation of hCXCR4 upon CXCL12 

stimulation. This activation was not affected by ADM pre-treatment, which did not 

differ from CXCL12 addition only. No bands are detected for +dox and IT1t + 

CXCL12, showing that this antiserum correctly detects phosphorylated forms of 

hCXCR4 upon agonist addition. 

Moreover, differences in the mobility were observed in each immunoblots upon IT1t 

pre-stimulation before adding CXCL12 agonist. Although in SDS-PAGE proteins 

should be resolved according to their negative charges, the presence of serine-

enriched regions can cause a higher molecular weight which could slow down 

proteins’ mobility on SDS-PAGE (Kinoshita et al., 2006; Kirkwood et al., 2013; Zhu 

et al., 2023).  Therefore, CXCL12, phosphorylating the receptor might lead to a 

higher band compared to IT1t, which blocks the phosphorylation of hCXCR4 and 

can affect the molecular weight of the receptor on SDS-PAGE. However, a good 

quantification of phosphorylation levels upon ligands addition was harder with the 

anti-CXCR4 no phospho antiserum.  

So, for this reason, membranes were also incubated in parallel with an anti-GFP 

control antibody, which is shown in Fig. 4.16. In this case all samples, including 

adrenomedulliun, show a comparable intensity and molecular weight except joint 

IT1t + CXCL12 treatment. This was consistently found in n = 3 different experiments 

and it may be due to the possible effects on IT1t in increasing the receptor density of 

hCXCR4 at higher concentrations and in presence of long-term treatment, as 

explored in the past by Ward et al. (2021). Indeed, during the wash steps carried out 

during immunoprecipitation of samples, IT1t was kept in the wash buffer for the 
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entire duration of the process, leading to longer times of treatment. Thus, this could 

result into a higher intensity band, while other ligands do not show a similar effect. 

The presence of specific bands for each sample confirms that in the previous 

immunoblots the samples are all present in the same amount in the gels. Because the 

construct expressed by these cells is hCXCR4-mEGFP, where “m” stands for 

monomeric (Ward et al., 2021), the absence of the upper band is clearly due to the 

specific detection only of the monomeric form of the GFP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The anti-GFP antibody used as control helped the quantification of the 

phosphorylation levels detected by different phosphosite-specific antisera and 

confirmed the considerations made earlier in this paragraph. In fact, Fig. 4.17 reports 

Fig. 4.16: Immunoblot with anti-GFP antibody as control shows the same band 

intensity for all immunoprecipitated samples but IT1t + CXCL12 condition. The 

figure is a representative of n=3 separate experiments carried out in parallel with other 

immunoblots previously shown. Stable Flp-In T-REx 293 cells expressing FLAG-

hCXCR4-mEGFP were treated with the indicated ligands as previously reported, before 

preparing immunoprecipitated lysates from these cells. Samples were resolved by SDS-

PAGE and immunoblotted by using an anti-GFP antibody. Samples are, from left to right: 

ADM (1 μM) + CXCL12 EC80, IT1t (10 μM) + CXCL12 EC80, CXCL12 EC80 (100 nM), 

+doxycycline only, -doxycycline.  
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as bar graph a combination of n = 3 independent experiments, in which the values 

were normalized based on the luminescence percentages generated by the anti-GFP 

antibody. Data expressed as normalized mean values ± SEM were analysed by using 

one-way ANOVA test and where */**/*** are shown, they mean that the data 

observed are statistically significant.  

Anti-CXCR4 pSer324/Ser325 (Fig. 4.17A) antiserum showed statistically significant 

(*, p < 0.5, one-way ANOVA) increases in luminescence upon CXCL12 (100.0 ± 

0.5%) and CXCL12+ADM (113.0 ± 23.0%, **, p < 0.5, one-way ANOVA) 

treatments when compared to -dox (0.1 ± 1.4%) and +dox (0.7 ± 1.5%). This means 

that the phosphorylation at this phosphosite is agonist-dependent upon CXCL12-

mediated stimulation. Also, the decreased luminescence of CXCL12 observed in 

presence of IT1t pre-stimulation was statistically significant (*, p < 0.5, 6.4 ± 8.3%), 

showing the efficacy of IT1t in blocking the CXCL12-promoted phosphorylation of 

the receptor at this site. The effect of the pre-stimulation with ADM was statistically 

significant only compared to IT1t pre-treatment (**, p < 0.5), but not when compared 

with CXCL12 only, showing that ADM did not affect either positively or negatively 

the agonist-dependent phosphorylation of hCXCR4, as previously suspected after 

carrying out a bystander BRET assay where no affection of the β-arrestin recruitment 

to hCXCR4 was recorded.  

The same statistical analysis was performed with combined data deriving from 

membranes incubated with anti-CXCR4 pSer330 antiserum, but no statistically 

significant data were observed (Fig. 4.17B) overall. In particular, CXCL12 treatment 

did not statistically increase the phosphorylation of the receptor at this phosphosite 

(100.0 ± 0.1%) when compared to -dox (-0.2 ± 18.6%) and +dox (85.5 ± 25.7%), 

although a partial increase was observed. This can be due to either the high statistical 

error, or to the possibility that this phosphosite phosphorylation might be agonist-

independent or constitutive. However, IT1t pre-stimulation caused a decrease in 

general phosphorylation of the receptor (-2.6.0 ± 20.8%), and ADM seemed to 

diminish the phosphorylation level when compared to CXCL12 (49.9 ± 11.4%), 

although these decreases were not statistically significant. 

Finally, the anti-CXCR4 pSer338/Ser339 (Fig. 4.17C) antiserum showed comparable 

statistically significant data and outcomes as seen for anti-CXCR4 pSer324/Ser325 

antiserum, and this means that this phosphosite phosphorylation is agonist-dependent 

upon CXCL12 addition (99.9 ± 0.1%). Indeed, this activation was higher than -dox 



153 
 

(2.2 ± 0.1%, *, p < 0.5) and +dox (-0.1 ± 4%, **, p < 0.5) conditions. Once again, 

the CXCL12-mediated activation of hCXCR4 could be effectively blocked by IT1t 

pre-stimulation (-8.6 ± 5.8%, **, p < 0.5). However, even in this case, ADM pre-

treatment did not affect the phosphorylation of CXCL12 (105.6 ± 15.1%,***, p < 

0.5), confirming the previous consideration about the role of ADM as biased 

antagonist for hCXCR4.  

Additionally, no oligomeric form of the receptor was detected, because hCXCR4 is 

tagged with mEGFP, where “m” stands for monomeric. Since the anti-GFP antibody 

used is a home-made antibody (produced in our lab), it is possible that the oligomeric 

form of the receptor is not easily detected because of steric hindrance reasons. 

Indeed, steric hindrance could affect the recognition by the antibody of the epitope 

that was used for the generation of the anti-GFP antibody.  

Another explanation about the absence of oligomers in the immunoblot can be that 

when FLAG-hCXCR4-mEGFP expressed by Flp-In T-REx 293 cells forms 

oligomers, the GFP tagged to the receptor in the protomeric form enters in contact 

with the other GFP tagged to another hCXCR4 protomer. Therefore, they could be 

able to form oligomeric complexes of GFP as a result of the oligomerization of 

hCXCR4. These complexes, however, are not recognized by the specific anti-GFP 

antibody used, because the GFP recognized at the molecular mass relative to 

hCXCR4 is monomeric.   

The characterization of these phosphosite-specific antisera showed that ADM is not 

involved in hCXCR4 phosphorylation, and this is in agreement with the outcome of 

bystander BRET assay, in which ADM did not show any effect in β-arrestin 

recruitment to hCXCR4 upon CXCL12-mediated activation of the receptor.  
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Fig. 4.17: The effects of ligands on 

hCXCR4 phosphorylation at 

different sites. The figure is the 

combination of n=3 separate 

experiments carried out in parallel with 

other immunoblots previously shown. 

Here, a quantitative analysis is reported 

for the different effects observed when 

different ligands were added to cells 

expressing FLAG-hCXCR4-mEGFP 

upon doxycycline treatment. Combined 

data from immunblots with anti-CXCR4 

pSer324/Ser325 are shown in Fig. 4.17A. 

Fig. 4.17B shows combined data of 

immunoblots with anti-CXCR4 pSer330. 

Fig. 4.17C shows the combination of 

experiments carried out with 

pSer338/Ser339 antiserum. Data 

represents normalized means ± SEM 

and were analysed by using one-way 

ANOVA test on GraphPad Prism. Data 

were normalized based on the 

luminescence percentages generated by 

the anti-GFP antibody, as shown in Fig. 

4.16. 
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When working with phosphorylation, a good negative control is represented by 

treating samples with an enzyme called λPPase (lambda protein phosphatase), a 

Mn2+-dependent protein phosphatase with activity towards phosphorylated serine, 

threonine, and tyrosine residues. This enzyme can be used to release phosphate 

groups from these phosphorylated residues present in proteins. Therefore, this 

treatment can provide insights about whether the phosphorylation is agonist-

mediated or not. 

As further control to check the specificity of the phosphorylation due to CXCL12-

mediated effects, I carried out SDS-PAGE experiments with samples treated or not 

with this enzyme and CXCL12, whose results are shown in Fig. 4.18. Although this 

treatment has been extensively used in our lab (Marsango et al., 2022; Barki et al., 

2023) and the protocol executed was effective for other GPCRs, in case of hCXCR4 

antisera, this treatment did not give consistent results. Indeed, in presence of samples 

treated with this enzyme, what I would have expected to see was a reversion of 

CXCL12 effect observed in other immunoblots, demonstrating the specificity of the 

phosphorylation of hCXCR4 dependent on CXCL12 administration, detected by 

these phosphosite-specific antibodies. 

This outcome did not happen consistently in any of the immunoblots reported with 

all the antisera used for these experiments. A reason behind these negative results 

could be that, according to the protocol used, samples are incubated for 90 mins at 

30 °C before elution in SDS-PAGE sample buffer. Samples are then heated for 10 

mins at 60 °C before resolving them on an SDS-PAGE gel. This long time at these 

temperatures might degrade samples and making difficult to quantify possible 

reductions of phosphorylation for this receptor. When incubated for longer times, 

membranes did not show any sample left, since they were all degraded in each blot 

(data not shown).  

Another key point could be due to the number of units used for λPPase to treat 

samples (normally 10 units/μL), which might not be enough specifically for this 

receptor. Therefore, further optimizations of the protocol used would be required to 

determine the specificity of the phosphorylation observed in immunoblots shown in 

this paragraph. 

However, although further controls and additional experiments might be required to 

fully demonstrate this hypothesis, it sounds reasonable to say that a trend was 
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observed in this approach about the effects of adding adrenomedullin to hCXCR4-

mEGFP-expressing Flp-In T-REx 293 cells. Indeed, according to data collected up 

to this point, this ligand seems to be unable to affect hCXCR4 phosphorylation, 

maintaining its G protein-biased antagonist behaviour towards this receptor. 
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4.8 Characterization of adrenomedullin effects on hCXCR4 homo-
oligomerization using Blue Native PAGE (BN-PAGE) and phosphosite-
specific antisera 
Another additional explanation for the effects of adrenomedullin as a biased 

antagonist for hCXCR4 previously observed and discussed in this chapter was 

related to a possible role of ADM in influencing the homo-oligomerization state of 

hCXCR4. Therefore, to further characterize the effects of the interactions between 

adrenomedullin and hCXCR4, I used the same phosphosite-specific antisera 

described and characterized in this chapter to investigate whether adrenomedullin 

might influence the homo-oligomerization state of hCXCR4. For this type of study, 

a blue native PAGE approach was used. Here proteins are analysed in native 

conditions, avoiding their denaturation. Instead of Coomassie Blue, an analogue dye 

is used, called G-250. By using this approach, it is possible to study protein-protein 

interactions in native conditions and, therefore, the homo-oligomerization state of 

GPCRs. Using this approach, Ward et al. (2021) showed that the antagonist IT1t was 

able to selectively disrupt the oligomerization state of hCXCR4. I carried out a 

similar study with adrenomedullin to determine whether this ligand might affect 

hCXCR4 homo-oligomerization, since an interaction between this ligand and the 

CXCR4 receptor was already hypothesised in previous paragraphs of this chapter. 

Firstly, I assessed the effects of CXCL12 on hCXCR4 homo-oligomerization by 

immunoblotting lysates derived from stable Flp-In T-REx 293 cells expressing 

FLAG-hCXCR4-mEGFP. Fig. 4.19 shows a concentration-response curve of 

CXCL12 treatment of these cells and following immunoblots with anti-hCXCR4 no 

phospho antiserum (Fig. 4.19A) and the anti-hCXCR4 pSer324/pSer325 antiserum 

Fig. 4.18: The effects of λPP treatment on hCXCR4 phosphorylation at different 

sites. The figure shows representative traces of n=2 separate experiments, in which Flp-

In T-REx cells induced to express hCXCR4-mEGFP, either in presence or absence of 

CXCL12 treatment, were treated or not with λPP enzyme before eluting in SDS-PAGE 

sample buffer. Immunoblots with different anti-CXCR4 antisera (no phospho, Fig. 4.18A; 

pSer324/Ser325, Fig. 4.18B; pSer330, Fig. 4.18C; pSer338/Ser339, Fig. 4.18D) are displayed. 

Red box represents the expected molecular mass for FLAG-hCXCR4-mEGFP, where it is 

possible to observe the band detected by these antisera.  
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(Fig. 4.19B). As shown in Fig. 4.19A, hCXCR4 was detected by anti-CXCR4 no 

phospho antiserum as a mixture of oligomers and monomers, with a major presence 

of the former. With addition of increasing concentrations of CXCL12, this 

relationship changes, with an increase presence of monomeric forms and a 

consequential decrease in oligomeric forms of the receptor once CXCL12 

concentration reaches 100 nM.  

When immunoblotted with anti-CXCR4 pSer324/pSer325 antiserum (Fig. 4.19B), the 

situation is quite different. This antiserum recognizes, conceptually, the 

phosphorylated forms of hCXCR4. In the condition +doxycycline (when, thus, no 

ligand is added), the ratio between oligomers and monomers shows a clear preference 

for the latter in this case, suggesting that monomeric forms of hCXCR4 are the most 

phosphorylated forms in the basal state. This feature is kept until 100 nM CXCL12 

agonist are added to cells, which cause an overall decrease in signal detected, with 

still a major presence of monomers observed. 

The reduction in band intensity observed at 100 nM has been observed frequently in 

BN-PAGE experiments. This outcome may depend on the high level of 

phosphorylation present in C-terminus side of hCXCR4. Indeed, as observed in Fig. 

4.14, several residues (especially serine residues) are present upstream of the 

phosphorylation site detected by this antiserum. These residues, upon CXCL12-

dependent phosphorylation, may lead to steric hindrance which can cause a lower 

detection of the receptor by the antiserum. Moreover, this site is very important for 

the regulation of the phosphorylation of hCXCR4 since it represents one of the key 

areas in which CXCL12 exert an effect. Indeed, these residues are rapidly 

phosphorylated by protein kinase C and GRK6 upon CXCL12 treatment, with a 

kinetic that is faster than other sites phosphorylated upon CXCL12 treatment (Busillo 

et al., 2010). 

In parallel, as a control, the same cells lysates were resolved on an SDS-PAGE 

experiment and immunoblotted with the same antisera (Fig. 4.20). A concentration-

response curve is shown in Fig. 4.20B, where it was observed that 100 nM is the 

minimum concentration required to see an agonist-mediated activation, and so 

phosphorylation of hCXCR4. Indeed, lower concentrations of agonist do not differe 

substantially from +dox. The same concentration causes a decrease in signal with 

anti-CXCR4 no phospho antiserum (Fig. 4.20A), as already noticed and discussed 
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previously in paragraph 4.7 of this chapter and as already observed for other GPCR 

as well, such as GPCR35 (Ganguly et al., 2023). 

The phenomenon observed in BN-PAGE was not observed in SDS-PAGE, where 

CXCL12 causes an increase in phosphorylation of hCXCR4, leading instead to a 

major detection of the receptor upon agonist treatment. This is probably due to the 

nature of the assay, since in BN-PAGE samples are not heated before resolving them 

in a gel, while in SDS-PAGE a key step is represented by heating the samples to 

allow the denaturation of the receptor. By this way, it is possible to break the weak 

chemical bonds and help the SDS-PAGE sample buffer to bind the sample and cover 

them with negative charges. Therefore, the steric hindrance that may cause detection 

problems in BN-PAGE might not be that relevant in SDS-PAGE, because CXCL12-

mediated phosphorylated forms of hCXCR4 are the monomeric ones. 

 

 

 

 

 

 

 

 

 

A B 

Fig. 4.19: CXCL12 affects oligomerization state of hCXCR4 increasing the quantity of 

monomeric form of the receptor. The figure shows representative traces of n = 2 independent 

experiments. Stable Flp-In T-REx 293 cells expressing FLAG-hCXCR4-mEGFP were treated 

with different concentrations of CXCL12 agonist as reported in the figure (from 0 to 100 nM) 

before preparing lysates from these cells. Samples were resolved by BN-PAGE and 

immunoblotted by using anti-CXCR4 no phospho antiserum (panel A), anti-CXCR4 

pSer324/Ser325 (panel B). hCXCR4 is physiologically expressed in a co-existence of oligomers 

(upper arrow) and monomers (lower arrow), with a major presence of the former in the not 

phosphorylated form of the receptor, while monomer proportion is higher when the receptor is 

phosphorylated.  
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However, the information gained from these immunoblots is limited by the absence 

of a proper quantification. Firstly, for the nature of the assay it is hard to quantify 

correctly BN-PAGE experiments in terms of size of the oligomeric complex and the 

molecular mass shown in the marker is indicative. Also, it is hard to say whether 

oligomers are dimers or trimers or higher-order complexes because of the presence 

of post-translational modifications, such as glycosylation, which may influence the 

molecular mass detected for both oligomers and monomers. In addition, no 

immunoblots with a housekeeping protein was carried out as a further control, 

although it would have been helpful for the quantification of both types of 

immunoblots.  

 

Fig. 4.20: 100 nM CXCL12 is the minimum concentration required to detect agonist-

mediated phosphorylation of hCXCR4. The figure shows representative traces of n = 2 

independent experiments. Stable Flp-In T-REx 293 cells expressing FLAG-hCXCR4-

mEGFP were treated with different concentrations of CXCL12 agonist as reported in the 

figure (from 0 to 100 nM) before preparing lysates from these cells. Samples were resolved 

by SDS-PAGE and immunoblotted by using anti-CXCR4 no phospho antiserum (panel 

A) or anti-CXCR4 pSer324/Ser325 (panel B). In panel B, anti-CXCR4 pSer324/Ser325 shows 

an agonist-mediated activation of the receptor only at 100 nM. 

B 
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The reason behind these missing experiments is that this part of the project was 

mostly explorative (as it is possible to see from the number of biological replicates 

reported here) and it would have been time consuming in the late stage of the project. 

Finally, the sensitivity of BN-PAGE as an approach is more limited than other 

approaches used for characterizing oligomerization of GPCR, such as BRET or 

FRET, for the nature of the assay itself. In fact, a limitation for BN-PAGE is that it 

requires clean and robust antibodies that can detect the protein in its native form. 

Antibodies based on denatured antigens of the protein may have trouble detecting 

proteins on a BN-PAGE. Also, the lack of resolution between protein complexes 

could also represent an issue and would require further optimization of the gradient 

gel parameters. Furthermore, the Coomassie dye is not totally inert to protein-protein 

interactions, which could lead to some disruption of native complexes and, in 

addition, the presence of salts or other solutes may cause protein smearing, lowering 

the quality of the gel. Lastly, this approach would eventually provide information 

about the homo-oligomerization of hCXCR4 upon ligand stimulation, but not about 

the hetero-oligomerization of the receptor, which would require more sensitive and 

specific approaches. 

Once the effects of CXCL12 on hCXCR4 oligomerization were determined, also 

adrenomedullin effects were assessed by using the same approach. Fig. 4.21 reports 

the result of samples derived from same cell line stably expressing hCXCR4 

immunoblotted with the same antisera used before. In the immunoblot with anti-

CXCR4 no phospho antiserum (Fig. 4.21A), the outcome of treating these cells with 

adrenomedullin is pretty similar to what was seen previously with CXCL12 

treatment. Therefore, there is an evident major presence of monomeric forms of the 

receptor in presence of CXCL12 treatment which differs from +doxycycline only 

where the prevalence of oligomers is more evident. When 1 μM ADM only and 100 

nM CXCL12 only are compared, both oligomers and monomers seem to increase 

upon ADM treatment compared to CXCL12 treatment, with still a major presence of 

monomers. However, compared to + doxycycline, the presence of monomers in 

ADM treatment in absence of CXCL12 seems to be increased. In the immunoblot 

with anti-CXCR4 pSer324/Ser325 (Fig. 4.21B), although both + doxycycline and 1 μM 

ADM show a similar trend, with a major presence of oligomeric forms of hCXCR4, 

the band corresponding to 1 μM ADM seems to be slightly more intense than + 

doxycycline. Moreover, pre-stimulating cells with ADM before adding a fixed 

concentration of CXCL12, the only effect observed was an increase in monomers 
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formation as already described with CXCL12 treatment in previous BN-PAGE 

experiments. Although ADM seems to exert some effects on oligomerization state of 

hCXCR4, it is hard to say whether this could be true, due to a lack of a quantification 

system which would allow a suitable statistical analysis and more specific 

interpretation of these data. Additionally, the effect observed could be related to a 

steric hindrance issue caused by adrenomedullin, which would help the antisera to 

better recognize the receptor, rather than a specific ligand-dependent effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In parallel, as a control, the same cell lysates were resolved on an SDS-PAGE 

experiment and immunoblotted with the same antisera (Fig. 4.22). A concentration-

response curve of samples pre-stimulated with ADM for 15 minutes before adding a 

fixed concentration of CXCL12 (100 nM) is shown in Fig. 4.22A and Fig. 4.22B. In 

Fig. 4.21: ADM does not affect the oligomerization state of hCXCR4 neither in 

presence nor absence of CXCL12. The figure shows representative traces of n = 2 

independent experiments. Stable Flp-In T-REx 293 cells expressing FLAG-hCXCR4-

mEGFP were pre-treated with different concentrations of ADM as reported in the figure 

(from 0 to 1 μM) before adding a fixed concentration of CXCL12 (100 nM) and preparing 

lysates from these cells. Samples were resolved by BN-PAGE and immunoblotted by 

using anti-CXCR4 no phospho antiserum (panel A), anti-CXCR4 pSer324/Ser325 (panel 

B). Lower arrows indicate monomers, while the higher arrows represent oligomers. 
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both cases, it was observed that 1 μM ADM is not sufficient to either stimulate 

receptor phosphorylation or block CXCL12-mediated hCXCR4 phosphorylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although it is hard to clearly define the outcome of these data relative to ADM effects 

on hCXCR4 because of the explanation provided earlier in this paragraph, these data 

seem to show a trend which could be on the same page with the results obtained with 

bystander BRET assay and with SDS-PAGE data. Therefore, ADM did not seem to 

affect in any way either the recruitment of β-arrestin recruitment to hCXCR4 or the 

phosphorylation of hCXCR4 and, potentially, neither the oligomerization state of 

hCXCR4. 

As further control, I re-assessed via BN-PAGE and SDS-PAGE also the activity of 

the small antagonist IT1t, to determine the sensitivity of the approach used and 

confirm the robustness of the assay used to justify the data observed for ADM. Data 

Fig. 4.22: ADM does not affect agonist-mediated phosphorylation of hCXCR4. The 

figure shows representative traces of n = 2 independent experiments. Stable Flp-In T-REx 

293 cells expressing FLAG-hCXCR4-mEGFP were treated with different concentrations 

of ADM as shown in the figure before adding a fixed concentration of agonist (100 nM 

CXCL12) before preparing lysates from these cells. Samples were resolved by SDS-

PAGE and immunoblotted by using anti-CXCR4 no phospho antiserum (Fig. 4.22A) or 

anti-CXCR4 pSer324/Ser325 (Fig. 4.22B). 
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relative to IT1t treatment of cells deriving from same cell line are shown in Fig. 4.23, 

where a BN-PAGE approach was used to confirm the disruption of oligomerization 

of hCXCR4 as already demonstrated and published by Ward et al. (2021). 

 

 

 

 

 

 

 

 

 

 

 

 

As observed in Fig.4.23A, IT1t displayed its disrupting effect on oligomeric forms 

of hCXCR4, increasing the quantity of monomers when cells were stimulated for 15 

minutes with this ligand. This disruption was effective even in presence of CXCL12 

added to cells, but it showed a concentration-dependent effect. Fig. 4.23B reports the 

outcome of immunoblotting lysates treated with different concentrations of IT1t and 

a fixed concentration of CXCL12. In this case, there is still a definite presence of 

oligomeric form of the receptor, with a major reduction of monomeric forms. This 

seems to suggest that IT1t tends to affect phosphorylation of hCXCR4 in a 

Fig. 4.23: IT1t disrupts oligomerization of hCXCR4. The figure shows representative 

traces of n = 2 independent experiments. Stable Flp-In T-REx 293 cells expressing FLAG-

hCXCR4-mEGFP were pre-treated with different concentrations of IT1t as reported in the 

figure (from 0 to 1 μM) before adding a fixed concentration of CXCL12 (100 nM) and 

preparing lysates from these cells. Samples were resolved by BN-PAGE and 

immunoblotted by using anti-CXCR4 no phospho antiserum (panel A), anti-CXCR4 

pSer324/Ser325 (panel B). Upper arrows represent oligomeris, while lower arrows indicates 

monomers. 
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monomeric form, rather than the oligomeric form. Moreover, differences in running 

mobility of the receptor were observed, depending probably on post-translational 

modifications. 

Besides, these immunoblots showed variability in phosphorylation states of both 

oligomeric and monomeric forms of the receptor upon IT1t and CXCL12 treatments. 

This variability can be due to the cell environment, in which, some oligomers might 

be still active even thought IT1t was added. In fact, this ligand may exert a better 

effect in blocking phosphorylation on monomeric forms of hCXCR4, affecting, in 

some ways, the detection of the receptor with these antisera. 

As further control, also an SDS-PAGE experiments was carried out as seen for 

CXCL12 and ADM. The data deriving from this experiment are shown in Fig. 4.24. 

These outcomes show what was already observed in other SDS-PAGE immunoblots 

with IT1t and its ability to block the phosphorylation of hCXCR4 (Fig. 4.24B) with 

a minimum concentration of 100 nM. Instead, when immunoblotting with anti-

CXCR4 no phospho antiserum, decreasing concentrations of IT1t added to cells in 

presence of a fixed concentration of CXCL12 agonist show an overall decrease in 

signal detected, as already seen for CXCL12 in previous SDS-PAGE immunoblots 

experiments (Fig. 4.24A). 

Even in this case, previous considerations that have been explained about differences 

between BN-PAGE and SDS-PAGE about the effects observed upon different 

ligands, especially for CXCL12 can be applied also to IT1t. 
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These results show that the approach used could be helpful to investigate the homo-

oligomerization of GPCRs upon ligands treatments, although further optimization 

might be needed, and additional controls should be considered to better clarifying 

the role of these ligands in affecting GPCRs quaternary structure. 

 

 

4.9 Is adrenomedullin a competitive or non-competitive modulator of 

hCXCR4-mediated G protein activation? 

Earlier I showed that ADM may act as a ‘biased’ antagonist of CXCR4. I further 

investigated whether ADM was a competitive or non-competitive modulator of the 

effects of CXCL12 to activate G protein-signalling via hCXCR4. To address this 

question, a Schild regression analysis was carried out. In this method concentration–

response curves to agonist are generated in the absence of antagonist and in presence 

of a series of increasing antagonist concentrations. This should give a surmountable 

shift in agonist potency (in case of competitive antagonism) or a reduction in 

efficacy (in the case of non-competitive antagonist).  

To explore this, I used a cAMP accumulation assay to test ADM because the 

antagonism of this ligand was only observed in G protein signalling-based assays. 

In Fig. 4.25, where generation of HTRF signal was measured, several concentrations 

of ADM (0, 100 nM, 500 nM, 1 μM, 5 μM and 10 μM) were tested in the presence 

of increasing concentrations of CXCL12. The results showed a decline in efficacy 

of CXCL12 with increasing ADM concentration whilst the observed pEC50 of 

CXCL12 did not change significantly. 

Fig. 4.24: IT1t blocks the agonist-mediated phosphorylation of hCXCR4. This figure 

shows representative traces of n = 2 independent experiments. Stable Flp-In T-REx 293 

cells expressing FLAG-hCXCR4-mEGFP were treated with different concentrations of 

IT1t as shown in the figure before adding a fixed concentration of agonist (100 nM 

CXCL12) before preparing lysates from these cells. Samples were resolved by SDS-PAGE 

and immunoblotted by using anti-CXCR4 no phospho antiserum (Fig. 4.24A) or anti-

CXCR4 pSer324/Ser325 (Fig. 4.24B). 
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This indicates that ADM acts as a non-competitive antagonist/ negative allosteric 

modulator, because it is able to inhibit the G protein signalling of hCXCR4. 

Although there is currently no information on the binding site of ADM it must be to 

a distinct binding site from the region occupied by CXCL12.  

 

  

 

 

 

 

 

 

 

 

 

 

 

4.10 Discussion 

 

As discussed earlier in this chapter, the aim of this sub-project was determining a 

possible role of adrenomedullin ligand at hCXCR4. This ligand, acting as an 

endogenous agonist for calcitonin-like receptor complexed with RAMP2 (forming 

the adrenomedullin-1 receptor) or RAMP3, which creates the adrenomedullin-2 

receptor. In the previous chapter I investigated its role as a possible agonist for 

hACKR3. Therefore, it sounded reasonable the hypothesis of a possible role of 

adrenomedullin also for hCXCR4, which strictly interacts with hACKR3 via 

heterodimerization and with which it shares some ligands, such as CXCL12, 

endogenous agonist for hCXCR4. Data from the xCELLigence RTCA assay 

described in this chapter, in which Flp-In T-REx 293 stable cells expressing FLAG-

hCXCR4-mEGFP were treated with adrenomedullin, either in presence or absence 

Fig. 4.25: Adrenomedullin acts as a non-competitive antagonist and negative 

allosteric modulator for hCXCR4 in cAMP inhibition assay. Data derive from n=3 

independent experiments. Stable Flp-In T-REx 293 cells expressing FLAG-hCXCR4-

mEGFP were treated with six concentrations of ADM (for 15 min) as indicated before 

increasing concentrations of CXCL12 were added. 
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of CXCL12, showed a decrease of CXCL12-mediated response after pre-treatment 

with this ligand. This demonstrates that adrenomedullin can affect the adhesion 

properties of cells expressing hCXCR4 influencing this receptor activity at the 

concentration of 1 μM, even though already 100 nM ADM is sufficient to partially 

reduce CXCL12-mediated effect. The possibility that adrenomedullin could affect 

hCXCR4 functionality has been already investigated by Tanaka and colleagues 

(2021). Indeed, this study originally aimed to test the therapeutic potential of the 

adrenomedullin-RAMP2 system after laser-induced choroidal neovascularization, a 

mouse model of age-related macular degeneration. The authors observed that 

adrenomedullin intravitreal injections improved pathological conditions of mice 

tested and that fibrosis-related molecules, including tgfb, cxcr4, ccn2, and thbs1, 

were all downregulated by adrenomedullin. Therefore, this recent study seems to 

open up the possibility of a connection between adrenomedullin and CXCR4, among 

other receptors and proteins. 

To further characterize the effects of interactions between adrenomedullin and 

hCXCR4 on receptor signalling, functional assays to investigate G protein signalling 

pathways were carried out, such as [35S]GTPγS incorporation and cAMP 

accumulation assays, where adrenomedullin showed an inhibitory effect on CXC12-

mediated Gαi/o signalling of hCXCR4 in a concentration-dependent manner, with a 

oupIC50 of 7.8 ± 0.8. The effects observed are specific of adrenomedullin, since when 

cells were not induced with doxycycline to express hCXCR4, no inhibition 

adrenomedullin-mediated was seen, strengthening the idea of a specific effect of this 

ligand for this receptor. Moreover, the small antagonist IT1t was used as positive 

control to assess the robustness of the assay; because IT1t exerted its antagonist 

activity already described in literature (Ward et al., 2021), this suggests that data 

obtained were strong enough to hypothesize the antagonism of adrenomedullin on 

hCXCR4. 

The signalling of hCXCR4 was furtherly characterized via bystander BRET assay to 

determine whether adrenomedullin might have an impact on arrestin-3 recruitment 

to hCXCR4. In this assay no effect was observed when adrenomedullin was added 

to cells either in presence or absence of CXCL12 agonist and, specifically, no 

blockade of CXCL12-mediated arrestin-3 recruitment was observed, while IT1t used 

as reference antagonist was efficient in blocking this recruitment. This outcome 

disagreed with data from functional assays investigating the influence of 

adrenomedullin on G protein signalling of hCXCR4, suggesting a possibility of this 
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ligand acting as a biased antagonist on hCXCR4, with a preference for G protein 

signalling rather than arrestin-3 recruitment. The first evidence of biased signalling 

for GPCRs were originally explored by Kenakin (1995) and only later the first 

ligands were classified as biased, with the development of the concept of functional 

selectivity. Functional selectivity simply indicates a difference in efficacy for one or 

more functional readouts, while ligand bias usually involves a formal analysis of 

opposing pathways and can be quantitative (Tan et al., 2018).  

However, so far no specific technology has been developed for easily identifying 

biased ligands. In general, these ligands are identified from an initial bias hypothesis 

that one pathway should be favored over a second one to improve the candidate 

behavior. Therefore, two functional assays can be used to investigate different 

pathways, with the objective to identify ligands biased for a pathway A over a 

pathway B. Considering the data from the different functional assays carried out, a 

further step in the analysis of the potential biased behaviour of adrenomedullin could 

consist in the calculation of the bias by measuring the ΔΔlog(τ/KA) (Kenakin et al., 

2012) between two different pathways. In this case, τ represents the operational 

efficacy of the ligand in the receptor system, and KA which represents the 

dissociation constant of the ligand for the receptor. This measurement would 

probably give a more quantifiable insight on the biased behaviour of adrenomedullin 

towards hCXCR4.   

Because arrestin-3 recruitment is often related to phosphorylation in GPCRs, also 

phosphosite-specific antisera targeting hCXCR4 at a different number of sites were 

used. These sites are phosphorylated as consequence of receptor activation upon 

agonist binding (Busillo et al., 2010), so it was expected to see an inhibition of 

phosphorylation of the receptor once adrenomedullin was used to stimulate cells 

expressing hCXCR4. However, while IT1t displayed an inhibition of the receptor’s 

phosphorylation when used as a control to assess the quality of the approach used, 

adrenomedullin did not cause any consistent reduction in phosphorylation. These 

outcomes strengthen and complement the data collected from bystander BRET assay 

to investigate the arrestin-3 recruitment on hCXCR4 and, therefore, the idea of 

adrenomedullin as biased antagonist for hCXCR4. However, these antisera used in 

this project presented some limitations. Indeed, as already observed for other GPCRs 

studied in our lab, such as GPR35 (Divorty et al., 2022; Ganguly et al., 2023), the 

antiserum generated for the detection of hCXCR4 independently on phosphorylation 

state of the receptor did not show these properties. Instead, upon ligand addition to 
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cells, such as the agonist CXCL12, the detection of the receptor was affected with a 

loss of signal relative to the receptor detected. Even with an “home-made” anti-GFP 

antibody, which should recognize the receptor with no differences depending on its 

phosphorylation state, a similar effect was consistently observed with IT1t 

antagonist, which blocks the phosphorylation of the receptor with a preference of its 

monomeric forms. The effect of IT1t observed may be due to its property in 

increasing the receptor density of hCXCR4 at higher concentrations and in presence 

of long-term treatment, as explored in the past by Ward et al. (2021).  

A limit of studying phosphorylation sites with phosphosite-specific antisera is that 

phosphorylation sites are often used as binding domains for adaptors and scaffold 

proteins (Skolnik et al., 1993). If an adaptor or scaffold protein binds tightly to a 

phosphorylated amino acid residue in a protein, this adaptor may prevent the reaction 

by the antibody with its phospho-epitope. An optimization of this approach could 

consist of using saponin and Triton-X-100 as permeabilizing agents and/or other 

fixatives such as methanol that may solve some steric hindrance problems 

(Brumbaugh et al., 2017). Therefore,  because of everything that has been said 

before, other additional studies may be required to further understand whether 

adrenomedullin might affect the phosphorylation of hCXCR4 with either more 

efficient antisera or with other approaches. 

Of these phosphosite-specific antisera, the best characterized from the ones provided 

from 7TM Antibodies company is the anti-CXCR4 pSer324/Ser325 antiserum and the 

anti-CXCR4 no phospho antiserum. Therefore, these were used to highlight possible 

effects mediated by adrenomedullin on homo-oligomerization of hCXCR4. In blue 

native PAGE experiments, although adrenomedullin did not show any influence on 

homo-oligomerization of hCXCR4, CXCL12 and IT1t, which induced 

monomerization of the receptor, showed similar limitations in allowing the detection 

of the receptor with these antisera because of a possible impairment in the C-terminal 

tail of the receptor due to its high phosphorylation state upon ligand addition. This 

consideration, already explained for SDS-PAGE experiments, can be extended to 

BN-PAGE experiments as well, therefore, even in this case, the homo-

oligomerization state of hCXCR4 may require further analysis with different systems 

to better highlight the outcomes explained in this chapter. 

Finally, it was determined with a Schild regression analysis that adrenomedullin, 

additional to its role as a biased antagonist, act as a negative allosteric modulator 

(NAM) for hCXCR4. This means that this ligand might bind the receptor in a 
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different site than CXCL12, but it can still exert its antagonist role, fixing the 

receptor in a specific conformation which could inhibit the binding of G proteins. 

This information might help in clarifying the biased behaviour of this ligand towards 

G protein signalling pathways with proper additional studies. 

In recent years, increasing attention has been paid to new biased ligands, because of 

their selective effect in improving the quality of new therapeutics developed. Indeed, 

biased ligands may change the functional consequences of different pathways 

activation, even when these pathways could be subject to convergent regulation by 

different mechanisms. Moreover, these ligands might show a preference for 

determined active states of receptors that they bind, shifting their equilibrium and 

therefore, also affecting their pharmacological and physiological profiles. hCXCR4 

is known to have some biased ligands, such as the clinical candidate plerixafor 

(Jørgensen et al., 2021) or the synthesis small peptide antagonist X4-2-6 (Hitchinson 

et al., 2021) and the ability to form hetero-complexes with other GPCRs might 

partially explain the results observed with adrenomedullin, which itself can bind 

several GPCRs in hetero-complexes as explained earlier.  

Although biased agonists are overall more common than biased antagonists, some 

examples of the latters have been reported in literature, such as 6β-naltrexol for μ-

opioid receptor (Sadee et al., 2020), 1-(3-(3-chlorophenyl)-1H-pyrazol-4-yl)-1,4-

diazepane 2c against 5-HT7R (Kwag et al., 2021), peptide R321 for CCR3 

(Grozdanovic et al., 2019). Therefore, it could be possible for that other ligands may 

act as biased antagonist for hCXCR4, since the GPCR family is quite various and 

intricated in terms of signalling and information about some receptors is still limited. 

Additionally, adrenomedullin was firstly reported as a possible agonist towards 

hACKR3. Whilst little is still known about its possible interaction with hCXCR4, 

other examples exist of ligands and small molecules that act as antagonist for 

hCXCR4 but as agonists for hACKR3, such as ADM3100 (Kalatskaya et al., 2009) 

and TC14012 (Gravel et al. 2010). Then, adrenomedullin could potentially show a 

similar behaviour as these ligands, due to its structural or chemical features. 

Another important detail about adrenomedullin is its size, which is relatively small 

compared to CXCL12 and other chemokines. Indeed, it is known that hCXCR4, as 

the most of chemokine receptors, possesses a large binding pocket to accommodate 

its cognate chemokine ligand CXCL12 (Mysinger et al., 2012; Kalinina et al., 2013). 

This difference in the size of adrenomedullin compared with CXCL12 might play a 

role in the way this ligand could bind hCXCR4 and affect its pharmacological 
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behaviour, added to the high versatility of this ligand in binding several receptors. 

Indeed, this high tendency to interact with GPCRs of different nature might by 

affected by the molecular weight of adrenomedullin and its size, which could cause 

steric hindrance with negative effects for other ligands to bind their cognate 

receptors. This would also explain the outocome reported by Meyrath and colleagues 

(2021) for hACKR3, for which adrenomedullin is a putative agonist. Indeed, in their 

work it is shown how proadrenomedullin N-terminal 20 peptide (PAMP) and even 

more evidently PAMP-12 had a stronger potency toward hACKR3 than 

adrenomedullin, to underline that the size of this family of peptides has a relevance 

that needs to be considered in pharmacology and drug discovery. 

Because little is still known about this ligand and its possible interaction with 

hCXCR4, the study presented in this chapter represents a first step in understanding 

the molecular mechanisms and the effects of this interactions. Different methods 

such as radioligand binding assay or molecular docking approaches combined to 

recent deep learning-based protein structure predictions (Lee et al., 2022) could be 

used to better clarify the aspects that are still to enlighten, to determine the exact 

region allowing the allocation of adrenomedullin on hCXCR4 and explain its biased 

behaviour on hCXCR4. These outcomes and these plans would be helpful in drug 

discovery research on hCXCR4 pharmacology, with the hope of developing new 

therapeutics based on adrenomedullin ligands, acting efficiently on specific 

signalling pathways of hCXCR4 which may be used to treat the multiple pathological 

conditions to which this receptor is associated. 
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5. CHAPTER 5 (Results part 3) - Study of GPCRs kinases 

(GRKs) recruitment and GRKs-mediated phosphorylation 

of hCXCR4 and hACKR3 

 

 
GRKs are a group of seven different soluble (except for GRK5 and GRK6 which are 

membrane tethered, as explained later in details) proteins whose main function is to 

phosphorylate at Ser or Thr residues within the intracellular loops and/or carboxyl-

terminal tail (C-tail) of GPCRs upon agonist-promoted activation of the receptor. 

This phosphorylation represents an essential step in promoting receptor 

desensitisation. GRK 2, 3, 5 and 6 are ubiquitously expressed (Pitcher et al., 1998): 

GRK2 and GRK3 localize to the plasma membrane in response to receptor activation 

and thanks to the pleckstrin homology (PH) domain they can bind the Gβγ subunit of 

the G proteins. The binding of this subunit recruits GRK2/3 to the membrane, where 

the receptors reside, to allow the kinases to cause phosphorylation (Haga K. and Haga 

T., 1992; Pitcher et al. 1992; Pitcher et al., 1995).  

The GRK4/5/6 subfamily lacks the PH domain as well as the C-terminal prenylation 

that allows GRK1 and GRK7 to remain anchored to the plasma membrane. (Gurevich 

et al., 2012). Instead, these GRKs associate with the plasma membrane via 

palmitoylation of specific C-terminal cysteines (Cys561, Cys562, Cys565) and/or via an 

amphipathic helix interacting with the membrane phospholipids (Gurevich et al., 

2012; Gurevich V.V. and Gurevich E.V., 2019, Stoffel et al., 1994). These make 

them constitutively localized to the plasma membrane. The increasing interest in 

understanding the mechanisms by which phosphorylation works on specific amino 

acid residues is related to the interesting concept of how such phosphorylation may 

differ in the identity or order of sites involved, generating the so-called GPCR 

phosphorylation barcode that determines β-arrestin recruitment, receptor 

intracellular fate, and signalling outcomes (Reiter et al., 2012).  

In recent years, several studies have shown the important role of GRKs, especially 

GRK2 and GRK6 in phosphorylating Ser residues in the C-terminal region of 

CXCR4, with distinct and non-overlapping effects on a cellular and disease 

phenotype-levels (Busillo et al., 2010; Mueller et al., 2013; Balabanian et al., 2008). 

ACKR3 GRKs-mediated phosphorylation is still poorly characterized due to lack of 
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effective mass spectrometry analysis. Indeed, only one study carried out by using 

astrocytes showed a GRK2-mediated ACKR3 phosphorylation, with no involvement 

of other GRKs. Moreover, this phosphorylation was essential for subsequent 

ACKR3-operated activation of ERK1/2 and AKT pathways (Lipfert et al., 2013), 

suggesting a cell type–dependent phosphorylation of ACKR3. In this chapter, the 

role(s) of GRK2/3/5/6 in hCXCR4 phosphorylation was explored after CXCL12 and 

ADM stimulation and the ability of hACKR3 to recruit the same GRKs after 

stimulation with the same ligands was determined. 

 

 

5.1 Investigation of GRKs-dependent phosphorylation of hCXCR4 using 
phosphosite-specific antisera and small molecule antagonists 
Previous works investigated the phosphorylation of hCXCR4 and reported that 

several serine residues, including Ser324, Ser325, Ser330, Ser338, Ser339, and all serine 

residues between Ser346 and Ser352 are subject to phosphorylation upon CXCL12 

agonist binding, and with different kinetics and hierarchy (Busillo et al., 2010). In 

first instance, roles of GRK2/3/5/6 were investigated by immunoblotting with 

phosphosites-specific antisera immunoprecipitated lysates prepared from Flp-In T-

REx cells that stably express FLAG-hCXCR4-mEGFP after doxycycline addition 

and treatment with the endogenous agonist CXCL12. Moreover, two small molecule 

inhibitor ligands, compound 101 and compound 19, were used to assess the 

dependency of the phosphorylation on GRK subtypes. Compound 101 (3-[[[4-

methyl-5-(4-pyridyl)-4H-1,2,4-triazole-3-yl] methyl] amino]-N-[2-(trifluoromethyl) 

benzyl] benzydaminehydrochloride) is a membrane-permeable, small-molecule 

inhibitor of GRK2 and GRK3, which was originally produced by Takeda (Lowe et 

al., 2015), while compound 19 ((S)-N2-(1-(5-chloropyridin-2-yl)ethyl)-N4-(5-ethyl-

1H-pyrazol-3-yl)-5-methoxyquinazoline-2,4-diamine) is one of a series of several 

GRK5/6 inhibitors reported by Uehling et al. (2021) in their recent paper. When cells 

stably expressing FLAG-hCXCR4-mEGFP were pre-stimulated with a fixed 

concentration of either compound 101 or compound 19 (each at 10 μM for 30 mins) 

before adding CXCL12 (100 nM for 5 mins), in all phosphosites studied there was a 

clear reduction of phosphorylation mediated by CXCL12, supporting the 

involvement of these GRKs in hCXCR4 phosphorylation stimulated by CXCL12 

(Fig. 5.1). 
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Fig. 5.1 Compound 101 and compound 19 limit phosphorylation of hCXCR4 in Flp-In 

T-REx cells stably expressing FLAG-hCXCR4-mEGFP. The figure consists of 

representative traces of n=2 independent experiments. Flp-In T-REx 293 cells developed to 

be able to express FLAG-hCXCR4-mEGFP on addition of doxycycline (+ DOX) were pre-

treated with 10 μM of compound 101 or compound 19 for 30 minutes before adding CXCL12 

(100 nM for 30 mins). Samples immunoprecipitated with GFP-TRAP kit were resolved by 

SDS-PAGE and immunoblotted using a non-phospho anti-CXCR4 antiserum (Fig. 5.1A) or 

antisera targeting pSer324/pSer325 (Fig. 5.1B), pSer330 (Fig. 5.1C), or pSer338/pSer339 (Fig. 

5.1D). The anticipated molecular mass of the receptor construct is 68 kDa (lower red 

rectangle). The immunoreactivity corresponding to the receptor construct was detected also at 

higher molecular mass (see upper red rectangle). All phosphosites are phosphorylated upon 

CXCL12 treatment. 
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As previously stated in Chapter 3 and Chapter 4, a proper quantification of the 

intensity of the bands observed is impossible because these samples are 

immunoprecipitated with an GFP-Trap kit, which enriches samples for the presence 

of GFP, avoiding the detection of unspecific bands. Additionally, a control 

experiment with a housekeeping protein is missing, which could have helped for a 

proper quantification of the increase/decrease observed for the differend bands 

corresponding to hCXCR4. Lastly, a statistical evaluation was not carried out even 

because of the number of biological replicates (n=2). 

 

 

5.2 Investigation of GRKs recruitment to hCXCR4 via NanoBiT technology 

To highlight the role of GRKs in hCXCR4 phosphorylation, an important aspect to 

consider is the recruitment of these kinases to the receptor. An established approach 

that has been developed to pursue this goal, especially for chemokine receptors, is 

described by Palmer et al. (2022). This assay is called the nanoluciferase-based 

complementation assay (NanoBiT), which represents a simple and standardized 

approach for systematic profiling of GRKs-GPCRs interactions based on the 

complementation of the split nanoluciferase enzyme. In this assay, the GRK of 

interest is N-terminally tagged with a fragment of the nanoluciferase (NLuc) enzyme 

(18 kDa), called Large-BiT (LgBiT), while the GPCR of interest is C-terminally 

tagged with the complementary 11 amino acid fragment, called Small-Bit (SBiT). 

Upon ligand binding and G protein dissociation, the active conformation of the 

receptor can accommodate a specific GRK allowing the Nluc complementation. Cells 

supplemented with the NLuc substrate produce strong bioluminescence, which can 

then easily be measured. Because the inhibitor studies suggested possible roles for 

each of GRK2/3/5/6 or combinations of these kinases in hCXCR4 phosphorylation, 

the NanoBiT assay was carried out by transiently co-transfecting a pNEB2 plasmid 

allowing the expression of hCXCR4-SBiT and a pNEB2 vector for GRK-LgBiT 

subtype expression.  

Fig. 5.2 shows the outcome of stimulation of HEK 293 cells in which expression of 

all GRKs was eliminated via CRISPR-Cas9. These cells were kindly provided by 

Prof. Carsten Hoffmann, University of Jena. These were transfected to transiently 

express hCXCR4-SBiT and the GRK-LgBiT of interest. Concentrations are 
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expressed in logarithmic scale in case of concentration-response curve. pEC50/pIC50 

values are the negative logarithm of EC50/IC50 values. CXCL12 and ADM were then 

added, either separately or together. GRK2 (pEC50 = 8.0 ± 0.1) and GRK3 (pEC50 = 

8.4 ± 0.1) showed concentration-dependent recruitment to hCXCR4 upon CXCL12 

stimulation (Fig. 5.2A, Fig. 5.2B). There was a level of potential constitutive 

interaction of hCXCR4 with each of GRK2 and GRK3 as detected by luciferase 

signal in the absence of addition of CXCL12 (Fig. 5.2A, Fig. 5.2B). When cells 

transfected to co-express hCXCR4-SBiT and the GRK-LgBiT were treated with 

various concentrations of ADM in the absence of CXCL12 a concentration-

dependent reduction in luciferase signal was observed for both GRK2 (Fig. 5.2A, 

pEC50 = 6.6 ± 0.1) and GRK3 (Fig. 5.2B, pEC50 = 7.0 ± 0.1).  This is at least 

consistent with ADM acting as a hCXCR4 inverse agonist. To extend this I explored 

the effect of ADM on the ability of CXCL12 to promote hCXCR4-SBiT interactions 

with LgBiT-tagged forms of GRK2 and GRK3. ADM inhibited in a concentration-

dependent manner (GRK2, Fig. 5.2A, pIC50 = 6.9 ± 0.1; GRK3, Fig. 5.2B, pIC50 = 

7.0 ± 0.1) the effect of an EC80 concentration of CXCL12 on these two GRK. 

Similar studies employing LgBiT-tagged forms of GRK5 and GRK6 were 

complicated by the high constitutive interaction recorded as luciferase activity. 

However, in each case addition of CXCL12 resulted in a concentration-reduction in 

signal for both GRK5 (Fig. 5.2C, pEC50 = 7.9 ± 0.1) and GRK6 (Fig. 5.2D, pEC50 = 

8.3 ± 0.1) displayed a concentration-dependent effect of CXCL12. Surprisingly, 

addition of ADM also results in a concentration-dependent decrease in nanoluciferase 

signal (Fig. 5.2C-D) with pEC50 for GRK5 (Fig. 5.2C, pEC50 = 7.6 ± 0.1) and GRK6 

(Fig. 5.2D, pEC50 = 7.8 ± 0.1). Additionally, as previously performed for GRK2 and 

GRK3, I explored the effect of ADM on the ability of CXCL12 to promote hCXCR4-

SBiT interactions with LgBiT-tagged forms of GRK5 and GRK6. Again, a 

concentration-dependent decrease was observed in nanoluciferase signal for both 

GRK5 (Fig. 5.2C, pIC50 = 7.4 ± 0.1) and GRK6 (Fig. 5.2D, pIC50 = 7.5 ± 0.2), even 

in presence of EC80 CXCL12 stimulation. For a better visualization of the 

pEC50/pIC50 values a table is reported in Fig. 5.2. This figure is a representation of 

combined data of n = 3 independent experiments. Statistical analysis was carried out 

by using a one-way ANOVA analysis (*, p < 0.5), but all data were not statistically 

significant due to the high error measured. 
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Even though a decrease of signalling is observed for GRK5 and GRK6, it is still 

unclear to the authors of the paper reporting this method on the reason behind this 

behaviour, which was observed for many GPCRs, belonging to different subfamilies, 

such as the μ-opioid receptor, the β2-adrenoceptor, and the atypical arrestin-biased 

chemokine receptor hACKR3, all of which were shown in the same published work. 

So, it does not surprise that a similar trend was observed for hCXCR4. According to 

Palmer et al. (2022), the interpretation provided for different orientation of the curves 

obtained for GRK2/3 and GRK5/6 resides in the different localizations that these 

GRKs have at a cellular level, since GRK5 and GRK6 are membrane-anchored, or it 

can be due to a constitutive interaction and competition from other effectors or 

regulators (Zheng et al., 2012; Laganà et al., 2021). Additionally, in the same 

published work, Palmer and colleagues showed that GRK5 and GRK6 recruitment 

seemed to be much slower than GRK2 and GRK3, and that it decreased over time, as 

already shown by Verweij and colleagues (2020). When agonists are used to stimulate 

GRKs recruitment to GPCRs, the different orientation of curves for GRK2/GRK3 

and GRK5/GRK6 may make the interpretation of results more difficult and less 

immediate to understand. This can become  especially true in presence of antagonists. 

Therefore, the authors conclude that the NanoBiT assay is more sensitive for the 

recruitment of GRK2/GRK3 rather than GRK5/GRK6. 
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As an additional control, also the hCXCR4 antagonist IT1t was tested in this assay 

to validate the antagonist test previously shown with ADM. Fig. 5.3 shows a 

combination of n = 2 independent experiments on the outcome of experiments carried 

out with this ligand, in which the same GRKs were analysed. Once again, in case of 

GRK2 (Fig. 5.3A, pEC50 = 8.9 ± 0.2) and GRK3 (Fig. 5.3B, pEC50 = 8.6 ± 0.2), the 

stimulation with increasing concentrations of CXCL12 agonist led to a 

concentration-dependent effect in recruiting GRK2-LgBiT and GRK3-LgBiT to 

hCXCR4-SmBiT. When cells were pre-stimulated for 15 mins with increasing 

concentrations of IT1t before adding EC80 CXCL12, IT1t seemed to block the 

GRK2-LgBiT (Fig. 5.3A, pIC50 = 6.6 ± 0.2) and GRK3-LgBiT (Fig. 5.3B, pIC50 = 

6.7 ± 0.2) recruitment to hCXCR4-SmBiT in a concentration-dependent manner.  

In case of GRK5 (Fig. 5.3C, pEC50 = 7.8 ± 0.2) and GRK6 (Fig. 5.3D, pEC50 = 8.1 

± 0.2) the stimulation with CXCL12 gave a similar outcome as observed in previous 

experiments in this chapter with this assay, with a concentration-dependent reduction 

of the luminescent signal recorded along CXCL12 concentration increases. In 

presence of IT1t pre-stimulation and EC80 CXCL12, a decrease in luminescence was 

observed in a concentration-dependent manner for both GRK5-LgBiT (Fig. 5.3C, 

Fig.5.2 Assessment of GRK subtype recruitment to hCXCR4 using NanoBiT assays 

in GRK knock-out 293 cells. HEK293 cells subjected to CRISPR-Cas9 to eliminate 

expression of all GRKs were co-transfected with hCXCR4-SmBiT and the specific GRK-

LgBiT of interest and treated with increasing concentrations of CXCL12, ADM or pre-

preteated with increasing concentrations of ADM before adding a fixed concentration of 

CXCL12 (EC80). Concentration-dependent effects of CXCL12 for each GRK were 

recorded in n = 3 independent experiments. Signal corresponding to GRK2 and GRK3 

recruitment was recorder upon CXCL12 stimulation (Fig. 5.2A-B, pEC50 = 8.0 ± 0.4, and 

pEC50 = 8.4 ± 0.5) and for GRK5/6 (Fig. 5.2C-D, pEC50 = 7.9 ± 0.4, and pEC50 = 8.3 ± 

0.5). Data correspondint to GRK2 and GRK3 recruitment upon ADM stimulation are 

shown in Fig. 5.2A-B, pEC50  = 7.0 ± 0.1, and pEC50 = 6.6 ± 0.1, Fig. 5.2C, pEC50 = 7.6 ± 

0.1 and Fig. 5.2D pEC50 = 7.8 ± 0.1. GRKs recruitment was also measured when cells were 

pre-stimulated with ADM for 15 minutes before adding a fixed concentration of CXCL12 

agonist (EC80) for GRK2 and GRK3 (Fig. 5.2A-B, pEC50 = 6.9 ± 0.4, and pEC50 = 7.0 ± 

0.6) and for GRK5 and GRK6 recruitment (Fig. 5.2C-D, pEC50 = 7.4 ± 0.3, and pEC50 = 

7.5 ± 0.3). Statistical analysis was carried out by using one-way ANOVA (*, p < 0.5) but 

all the results were not statistically significant. 
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pIC50 = 8.7 ± 0.2) and GRK6-LgBiT (Fig.5.3D, pIC50 = 9.1 ± 0.2) recruitment to 

hCXCR4-SmBiT. Additionally, a slight shift in the potency of CXCL12-mediated 

GRK5 and GRK6 recruitment was observed (Fig. 5.3C-D). For a better visualization 

of the pEC50/pIC50 values, a table is reported in Fig. 5.3. 

Because of the number of biological replicates carried out (n = 2), no statistical 

analysis has been carried out, although a trend for each GRK tested in presence of 

IT1t was observed. This may be explained with the ability of IT1t antagonist to 

negatively affect the phosphorylation of CXCR4, as widely reported in literature.  

Because of the reasons explained earlier about the nature of this assay, it is hard to 

determine whether for GRK5 and GRK6 it is possible to see a block of recruitment 

to the receptor. However, this approach shows a higher sensitivity and robustness for 

detecting GRK2 and GRK3 recruitment to GPCRs, as explained by Palmer et al. in 

their paper relative to the NanoBiT assay (2022). 
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5.3 Investigation of the effects of compound 101 and compound 19 on 

hCXCR4 GRKs recruitment via NanoBiT technology 

As next step in the characterization of GRK-mediated phosphorylation of hCXCR4, 

after I investigated the recruitment of GRK2/3/5/6 to hCXCR4, I further studied the 

roles of GRKs on hCXCR4 phosphorylation by using NanoBiT assay and small 

antagonists such as compound 101 and compound 19 previously mentioned in this 

chapter. Fig. 5.4 shows the outcome of stimulation of HEK 293 cells in which 

expression of all GRKs was eliminated by via CRISPR-Cas9 and that were transfected 

to transiently express hCXCR4-SBiT and the GRK-LgBiT of interest. As control, 

HEK 293 parental cells (PAR) were used. When CXCL12 was added to parental cells, 

GRK2 (Fig. 5.4A, pEC50 = 8.2 ± 0.3) and GRK3 (Fig. 5.4B, pEC50 = 8.3 ± 0.4) 

showed concentration-dependent recruitment to hCXCR4 upon CXCL12 stimulation. 

The same result was observed in GRK knock out cells transiently transfected to 

express hCXCR4-SmBiT and GRK2-LgBiT (Fig. 5.4A, pEC50 = 8.0 ± 0.2) or GRK3-

LgBiT (Fig. 5.4B, pEC50 = 8.3 ± 0.3). Once again, there was a level of potential 

constitutive interaction of hCXCR4 with each of GRK2 and GRK3 as detected by 

luciferase signal in the absence of addition of CXCL12 (Fig. 5.4A, Fig. 5.4B).  

When GRK knock out 293 cells transfected to co-express hCXCR4-SBiT and the 

GRK-LgBiT of interest were pre-treated with a fixed concentration of compound 101 

(10 μM for 30 mins) before adding increasing concentrations of CXCL12, it was 

Fig.5.3: IT1t affects GRK recruitment to hCXCR4 in GRK knock-out cells 293 cells 

using the NanoBiT assay. GRK knock-out 293 cells were co-transfected with hCXCR4-

SmBiT and the specific GRK-LgBiTof interest and pre-exposed to increasing concentrations 

of IT1t before adding a fixed concentration of CXCL12 agonist (EC80). Interaction of each 

GRK tested was modulated upon CXCL12 stimulation but distinct differences were recorded 

for GRK2/3 compared to GRK5/6. In case of GRK2 (Fig. 5.3A, pIC50 = 6.6 ± 0.5) and GRK3 

(Fig. 5.3B, pIC50 = 6.7 ± 0.5), a concentration-dependent effect of IT1t was observed in 

blocking the GRK2 and GRK3 recruitment to hCXCR4. In case of GRK5 (Fig. 5.3C, pIC50 

= 8.7 ± 0.2) and GRK6 (Fig. 5.3D, pIC50 = 9.1 ± 0.2), there was no difference in the 

orientation of the curve obtained from CXCL12-promoted GRK5 and GRK6 recruitment to 

hCXCR4 with IT1t, but a shift was observed comparing the two curves. Data shown are 

means ± SEM values derived from a combination of n=2 independent experiments. 
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observed that compound 101 seemed to increase CXCL12 efficacy to recruit GRK2 

(Fig. 5.4A, pEC50 = 8.5 ± 0.7) and GRK3 (Fig. 5.4B, pEC50 = 8.8 ± 0.7). This 

outcome, although not statistically significant (data were analyzed by using one-way 

ANOVA, p ≤ 0.5), is graphically represented in Fig. 5.4 by a shift in CXCL12 

concentration-response curve. In parental cells, the same pre-stimulation with 

compound 101 before adding increasing concentrations of CXCL12 resulted in a 

decrease of CXCL12 efficacy in recruiting GRK2 (Fig. 5.4A, pEC50 = 8.3 ± 0.6) and 

GRK3 (Fig. 5.4B, pEC50 = 9.1 ± 0.6). Although even this result is not statistically 

significant, the trend observed is represented graphically in Fig. 5.4 by a shift in 

CXCL12 concentration-response curve. 

Then, I carried out similar experiments to determine whether compound 19 was able 

to affect GRK5 and GRK6 recruitment to hCXCR4, by using NanoBiT assay in 

parental and GRK knock out 293 cells. The outcomes of these experiments are shown 

in Fig. 5.4. As previously seen by using this assay, stimulating GRK knock out 293 

cells transfected to express hCXCR4-SmBiT and GRK5-LgBiT or GRK6-LgBiT with 

increasing concentrations of CXCL12 resulted in a concentration-dependent decrease 

of luminescent signal recorded for both GRK5 (Fig. 5.4C, pEC50 = 7.9 ± 0.6) and 

GRK6 (Fig. 5.4D, pEC50 = 8.1 ± 0.6). A similar trend was observed when parental 

cells were stimulated with different concentrations of CXCL12 (GRK5, Fig. 5.4C, 

pEC50 = 7.8 ± 0.5; GRK6, Fig. 5.4D, pEC50 = 7.3 ± 0.6).  

In a similar way as described for compound 101, GRK knock out 293 cells expressing 

hCXCR4-SmBiT and GRK5-LgBiT or GRK6-LgBiT were pre-stimulated with a 

fixed concentration of compound 19 (10 μM, incubated for 30 mins) before adding 

increasing concentrations of CXCL12. In this case, it was observed for both GRK5 

(Fig. 5.4C, pEC50 = 8.6 ± 0.6) and GRK6 (Fig. 5.4D, pEC50 = 8.4 ± 0.7) a better 

recruitment upon compound 19 treatment, although these outcomes are not 

statistically significant. A similar trend was observed when similar experiments were 

executed with parental cells (GRK5, Fig. 5.4C, pEC50 = 7.3 ± 0.5; GRK6, Fig. 5.4D, 

pEC50 = 7.7 ± 0.6). For a more clear visualization of pEC50 values, a table in Fig. 5.4 

is reported to sum up. 

Taking into consideration the results of these experiments, it seems likely that 

compound 101 and compound 19 do not affect the recruitment of different GRKs to 

hCXCR4, since their action consists in blocking the activity of different GRKs. 

However, the high variability of the data, although derived from n = 3 independent 

experiments, resulted in non statistically significant values when analysed with a one-
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way ANOVA analysis (p ≤ 0.5). This variability can find its reasons in the nature of 

the assay, the quality of the cell culture and the experimental conditions used, included 

the quality of the luminescent substrate used for this assay. Therefore, the hypothesis 

connected to the findings of these experiments reported in this paragraph would 

require further analysis and different technologies to (dis)prove these results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4. Effects of compound 101 and compound 19 in GRKs recruitment to hCXCR4 

via NanoBiT assay. GRK knock-out and parental HEK 293 cells were co-transfected with 

hCXCR4-SmBiT and the specific GRK-LgBiT of interest and pre-stimulated for 30 

minswith 10 μM compound 101 or compound 19 before adding increasing concentrations of 

CXCL12 agonist or in presence of CXCL12 agonist only. The graphs represent the mean 

values ± SEM of n=3 independent experiments. All data were analysed by using one-way 

ANOVA analysis (p ≤ 0.5). 
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5.4 Investigation of GRKs recruitment to hACKR3 via NanoBiT technology 

Currently, no good phosphosite-specific antisera for hACKR3 are commercially 

available, making difficult studying the effects of GRK-mediated phosphorylation of 

hACKR3 via immunoblots as done for hCXCR4. However, the NanoBiT assay was 

used as a first effort to characterize the GRKs recruitment to this receptor upon 

CXCL12 and ADM stimulation and the effects of compound 101 and compound 19 

in possibly influencing this recruitment. Firstly, I assessed that GRK2/3/5/6 were all 

recruited to hACKR3 upon CXCL12 stimulation, as reported in Fig. 5.5. GRK knock 

out 293 cells co-transfected to express hACKR3-SmBiT and GRK-LgBiT of 

interested showed a similar outcome already seen for hCXCR4. Indeed, in presence 

of GRK2 (Fig. 5.5, pEC50 = 7.6 ± 0.1) or GRK3 (Fig. 5.5, pEC50 = 7.5 ± 0.1), an 

increase in GRK recruitment was observed along the concentration of CXCL12 added 

to cells. Similar to what was described for hCXCR4, in presence of increasing 

concentrations of CXCL12 agonist in GRK knock out 293 cells co-transfected to 

express the receptor and GRK5 or GRK6, a concentration-dependent decrease in 

luminescence was observed along the concentration of CXCL12 increased (Fig. 5.5, 

GRK5 pEC50 = 8.1 ± 0.1; GRK6 pEC50 = 8.0 ± 0.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5. Assessment of GRK recruitment to hACKR3 via NanoBiT assay in GRKs 

knock out cells with CXCL12 agonist. The graph represents mean values ± SEM of n=3 

independent experiments. HEK293 cells subjected to CRISPR-Cas9 to make them knock 

out for GRKs expression were co-transfected with hACKR3-SmBiT and the specific GRK-

LgBiT of interest and stimulated with increasing concentrations of CXCL12. As previously 

observed for other GPCRs, the curve for GRK2 (pEC50 = 7.6 ± 0.1) and GRK3 (pEC50 = 7.5 

± 0.1) showed an increase in GRKs recruitment in a concentration-dependent fashion. 

Instead, a decrease in luminescence was recorded when increasing concentrations of 

CXCL12 were added in GRK knock out cells co-transfected with GRK5 (pEC50 = 8.1 ± 0.1) 

or GRK6 (pEC50 = 8.0 ± 0.1). 
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Successively, I used the same approach to investigate the effects of adrenomedullin 

on hACKR3 via NanoBiT, as shown in Fig. 5.6. which showed differences with 

CXCL12. Surprisingly, when GRK knock out 293 cells co-transfected with the 

receptor in presence of GRK2 or GRK3, a concentration-dependent decrease in 

luminescence was recorded upon stimulation with increasing concentrations of ADM 

agonist for both GRK2 (Fig. 5.6, pEC50 = 6.3 ± 0.1) and GRK3 (Fig. 5.6, pEC50 = 

6.3 ± 0.1). Instead, for GRK5 (Fig. 5.6, pEC50 = 6.4 ± 0.1) and GRK6 (Fig. 5.6, 

pEC50 = 6.3 ± 0.1), as previously observed for hCXCR4, a concentration-dependent 

decrease in luminescent signal was recorded in presence of increasing concentrations 

of ADM. According to the paper published by Palmer at al. (2022), GRK2 and GRK3 

recruitment to hACKR3 seems to be negatively affected by ADM addition. 

Moreover, this outcome might partially explain why no arrestin-3 recruitment was 

observed for hACKR3 expressing HEK cells at a concentration lower than 1 μM 

(Fig. 3.9). However, this hypothesis would require further analysis to complement 

and support these findings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6. Assessment of GRK recruitment to hACKR3 via NanoBiT assay in GRKs 

knock out cells with adrenomedullin agonist. The graph reports mean values ± SEM of 

n=3 independent experiments. GRK knock out 293 cells were co-transfected with hACKR3-

SmBiT and the specific GRK-LgBiT of interest and stimulated with increasing 

concentrations of adrenomedullin (ADM). In presence of GRK2 or GRK3, a concentration-

dependent decrease in luminescence was recorded upon stimulation with increasing 

concentrations of ADM agonist for both GRK2 (Fig. 5.6, pEC50 = 6.3 ± 0.1) and GRK3 (Fig. 

5.6, pEC50 = 6.3 ± 0.1). A similar outcome was obtained for GRK5 (Fig. 5.6, pEC50 = 6.4 ± 

0.1) and GRK6 (Fig. 5.6, pEC50 = 6.3 ± 0.1), for which a concentration-dependent decrease 

in luminescent signal was recorded in presence of increasing concentrations of ADM. 



186 
 
5.5 Investigation of the effects of compound 101 and compound 19 on 

hACKR3 GRKs recruitment via NanoBiT technology 

As successive step after assessing the effects of CXCL12 and adrenomedullin on 

GRK2/3/5/6 recruitment to hACKR3 via NanoBiT, I also tested both compound 101 

and compound 19 properties via NanoBiT assay to define whether these small GRKs 

inhibitors could affect the recruitment of these kinases to hACKR3. These 

experiments were conducted in parallel in GRKs knock out cells and parental HEK 

293 cells as shown in Fig. 5.7 (CXCL12) and Fig. 5.8 (ADM, adrenomedullin). As 

seen for hCXCR4, compound 101 and compound 19 (both 10 μM) were used to pre-

stimulate for 30 minutes cells expressing the receptor and GRK of interest before 

adding increasing concentrations of agonist. When GRK knock out cells co-

transfected with hACKR3-SmBiT and GRK2-LgBiT or GRK3-LgBiT were 

stimulated with increasing concentration of CXCL12, a concentration-dependent 

effect was observed for CXCL12 in favouring the recruitment of GRK2 (Fig. 5.7A, 

pEC50 = 7.6 ± 0.6) and GRK3 (Fig. 5.7B, pEC50 = 7.6 ± 0.7). A similar result was 

obtained in parental cells for GRK2 (Fig. 5.7A, pEC50 = 7.6 ± 0.6) and GRK3 (Fig. 

5.7B, pEC50 = 8.0 ± 0.7).  

In presence of pre-stimulation with compound 101 in GRK knock out 293 cells, a 

decrease was observed in the efficacy of CXCL12 to recruit GRK2 (Fig. 5.7A, pEC50 

= 7.9 ± 0.6) and GRK3 (Fig. 5.7B, pEC50 = 7.8 ± 0.7). Although this finding seemed 

interesting, the result was not statistically significant when analyzed by using a one-

way ANOVA analysis. This was probably due to the high statistical error measured 

with these values. A similar outcome was recorded in parental cells pre-stimulated 

with compound 101 for GRK2 (Fig. 5.7A, pEC50 = 7.7 ± 0.6) and GRK3 (Fig. 5.7B, 

pEC50 = 7.7 ± 0.7), which again gave non statistically significant results on a one-

way ANOVA analysis.  

When GRK knock out 293 cells co-transfected with the receptor and GRK5-LgBiT 

or GRK6-LgBiT were stimulated with different CXCL12 concentrations, a 

concentration-dependent decrease in luminescence was recorded for both GRK5 

(Fig. 5.7C, pEC50 = 8.1 ± 0.5) and GRK6 (Fig. 5.7D, pEC50 = 8.0 ± 0.4). A similar 

result was found out in parental cells for GRK5 (Fig. 5.7C, pEC50 = 7.6 ± 0.5) and 

GRK3 (Fig. 5.7D, pEC50 = 7.9 ± 0.4).  

When GRK knock out 293 cells co-transfected with receptor and GRK5 or GRK6 

were pre-stimulated with compound 19 before adding increasing concentrations of 

CXCL12, a decrease in efficacy of CXCL12 to recruit GRK5 and GRK6 was 
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recorded, graphically represented by a shift. This decrease involved both GRK5 (Fig. 

5.7C, pEC50 = 8.1 ± 0.4) and GRK6 (Fig. 5.7D, pEC50 = 7.8 ± 0.5). This outcome, 

even though not statistically significant when analyzed by using a one-way ANOVA 

method, was observed also in parental cells, were instead it was more evident for both 

GRK5 (Fig. 5.7C, pEC50 = 7.6 ± 0.4) and GRK 6 (Fig. 5.7D, pEC50 = 7.9 ± 0.6). 

However, all these results are not statistically significant, probably due to high levels 

of variability recorded. For a better visualization of the values measured for pEC50, a 

table to sum up is shown in Fig. 5.7. As explained before, it is difficult to say whether 

this variability depends on a single factor or on many additional issues. These issues 

could be related to the sensitivity of the assay, the quality of the cell culture, the 

experimental conditions, the viability of the cells, the quality of the transfection and 

the functionality of the fluorescent substrate used, which could be partially degraded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7: Investigation of the effects of compound 101 and compound 19 in GRK 

recruitment to hACKR3 via NanoBiT assay upon CXCL12 stimulation. The graph 

represents the mean values of n=3 independent experiments analysed via one-way 

ANOVA. HEK293 cells subjected to CRISPR-Cas9 to make them knock out for GRKs 

expression and parental HEK293 cells were co-transfected with hACKR3-SmBiT and the 

specific GRK-LgBiT of interest and pre-stimulated with compound 101 or compound 19 

(10 μM, 30 mins incubation) before adding increasing concentrations of CXCL12 agonist. 
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Equally as done for CXCL12, I determined the effects of compound 101 and 

compound 19 after stimulating GRK knock out and parental HEK293 cells 

expressing hACKR3 and a GRK of interest with adrenomedullin, as shown in Fig. 

5.8.  

Fig.5.8A shows data relative to GRK2: this kinase was able to decrease the 

luminescent signal in a concentration-dependent fashion along the concentration of 

ADM increased in both GRK knock out 293 cells (pEC50 = 6.3 ± 0.1) and parental 

cells (pEC50 = 6.2 ± 0.1). Pre-treatment with compound 101 did not affect the 

luminescent signal relative to GRK2 and generated by stimulating cells with ADM 

in both GRK knock out 293 cells (pEC50 = 6.4 ± 0.1) and parental cells (pEC50 = 6.3 

± 0.1). Fig. 5.8B shows that GRK knock out 293 and parental cells co-transfected 

with the receptor and GRK3 showed a decreased luminescent signal at higher 

concentration of ADM in a concentration-dependent fashion (knock out cells, pEC50 

= 6.4 ± 0.2; parental cells, pEC50 = 6.3 ± 0.2), with no major differences. However, 

when cells were pre-treated with compound 101 before adding ADM at different 

concentrations, a small decrease in the curve generated by GRK3 was recorded in 

both GRK knock out 293 cells (pEC50 = 6.4 ± 0.3) and parental cells (pEC50 = 6.4 ± 

0.3). However, even in this case the values were not statistically significant. 

When GRK knock out cells co-transfected with hACKR3-SmBiT and GRK5-LgBiT 

were stimulated with CXCL12, the luminescent signal deriving from this interaction 

decreased with a concentration-dependent fashion (5.8C, pEC50 = 6.4 ± 0.3). The 

same effect was observed in parental cells (5.8C, pEC50 = 6.4 ± 0.5). After pre-

stimulation of 10 μM compound 19 for 30 mins, a decrease in signal was recorded 

for GRK5 recruitment in GRK knock out cells (Fig. 5.8C, pEC50 = 6.2 ± 0.3) and 

parental cells (Fig. 5.8C, pEC50 = 6.4 ± 0.5). Although this decrease in signal 

measured was more evident in parental cells, data were not statistically significant. 

GRK knock out cells were co-transfected with the receptor and GRK6 and stimulated 

with CXCL12. The outcome was like GRK5, with a concentration-dependent 

decrease in signal recorded upon higher concentrations of agonist (Fig. 5.8D, pEC50 

= 6.3 ± 0.3). As control, in parental cells the same experiment gave the same result 

(Fig. 5.8D, pEC50 = 6.2 ± 0.4). In presence of compound 19 pre-treatment, a little 

decrease in the efficacy of ADM in recruiting GRK6 was observed, showed as 

lowering of the curve obtained in absence of compound 19, in GRK knock out 293 

cells (Fig. 5.8D, pEC50 = 6.2 ± 0.2). The same effect was observed in parental cells 
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used as control (Fig. 5.8D, pEC50 = 6.2 ± 0.5). Although there seemed to be a specific 

effect, this was not statistically significant. All the pEC50 values are collected in a 

table represented in Fig. 5.8 for a better visualization of the data. 

Even if it looks like compound 101 and compound 19 might affect the GRKs 

recruitment to hACKR3, influencing the action of CXCL12 and ADM in promoting 

this process, statistical analysis executed on these data gave back non statistically 

significant results. This issue could be due to the overlapping of all concentration-

response curve for adrenomedullin. So, there is not a clear difference which would 

suggest a different interpretation for the recruitment of these GRK enzymes to 

hACKR3 upon small inhibitors stimulation. Therefore, further studies are required 

to determine whether these small ligands might affect not only the activation of the 

GRKs recruited to the receptor, but also GRKs recruitment as a possible consequence 

of different phosphorylation patterns. Data reported in this paragraph relatively to 

compound 101 and compound 19 effect on hACKR3-GRKs interactions may be cell-

type dependent and other cellular effectors may play a crucial role in helping the 

recruitment process of specific GRKs to hACKR3. 

 

 

 

 

 

 

 

 

 

 

 

 

 



190 
 
 

 

 

 

 

 

 

5.6 Determining the recruitment of GRK1, GRK4 and GRK 7 to hCXCR4 and 

hACKR3 via NanoBiT technology 

To further validate the assay, also GRK1, GRK4 and GRK7 were tested as additional 

control for both hCXCR4 and hACKR3. GRK1 and GRK7 are expressed respectively 

in retinal rods and cones, while the expression of GRK4 is limited to cerebellar, 

testicular and kidney tissues. Therefore, their recruitment upon agonist stimulation in 

this cell system used might not be relevant. Fig. 5.9 shows that none of these GRKs 

are recruited to the cognate receptor upon CXCL12 agonist treatment.  

Fig. 5.9A shows that, in GRK knock out 293 cells co-transfected with hCXCR4-

SmBiT and GRK-LgBiT of interest, CXCL12 stimulation (1 μM) did not give any 

significant GRK1/4/7 recruitment to hCXCR4, since the levels of recruitment 

recorded for GRK1 and GRK7 are, respectively, 10% and 20%, while GRK4 gave a 

negative level of recruitment, calculated as a -20%. All the values were normalized 

on the response generated by treating vehicle (GRK knock out cells expressing the 

receptor only, but not GRKs) with the ligand of interest. Analysing data which were 

collected for hACKR3, it was evident that nor 1 μM CXCL12 (Fig. 5.8B) or 10 μM 

adrenomedullin (ADM, Fig. 5.8C) were able to induce the recruitment of GRK1/4/7 

to hACKR3. In this case, GRK1 gave a negative signal (-20%) upon CXCL12 

stimulation, while GRK4 and GRK7 gave a positive signal (respectively 15% and 

30%). In case of ADM stimulation, all GRKs gave negative signals (GRK1, -100%, 

GRK4, -120%, GRK7, -90%).  

Therefore, these GRKs are not recruited in HEK cells upon agonist stimulation and 

the assay could be suitable for the detection of their recruitment. 

 

 

Fig.5.8: Study of compound 101 and compound 19 influence on GRK recruitment to 

hACKR3 via NanoBiT assay upon adrenomedullin stimulation. The graph represents 

the mean values of n=3 independent experiments analysed via one-way ANOVA. 

HEK293 cells subjected to CRISPR-Cas9 to make them knock out for GRKs expression 

and parental HEK293 cells were co-transfected with hACKR3-SmBiT and the specific 

GRK-LgBiT of interest and pre-stimulated with compound 101 or compound 19 (10 μM, 

30 mins incubation) before adding increasing concentrations of adrenomedullin. 
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5.7 Discussion 

In recent years, several published works reported the crucial role of specific GRKs in 

GPCRs life cycle, with a great emphasis on GRK2, GRK3, GRK5, GRK6 (Ferguson 

et al., 2001; Gurevich et al., 2012; Pitcher et al., 1992) and their importance in 

regulating important processes such as desensitization and internalization of GPCRs. 

Fig. 5.9. Assessment of GRK1/4/7 recruitment to hCXCR4 and hACKR3 via NanoBiT 

assay in GRKs knock out cells upon CXCL12 and adrenomedullin stimulation. The 

graph shows representative traces of n = 2 experiments. HEK293 cells subjected to CRISPR-

Cas9 to make them knock out for GRKs expression were co-transfected with hCXCR4-

SmBiT and the specific GRK-LgBiT of interest and stimulated with 1 μM CXCL12 or 10 

μM ADM. None of GRKs tested was able to be recruited to hCXCR4 (Fig. 5.8A) or 

hACKR3 (Fig. 5.8B-C) upon agonist stimulation. All the values were normalized to the 

response generated by treating vehicle (GRK knock out cells expressing either hCXCR4 or 

hACKR3 only, but not GRKs) with the ligand of interest. 
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The variety by which GRKs and other cellular effectors, such as arrestins and other 

kinases, makes the understanding of the phosphorylation mechanisms of GPCRs still 

not fully clarified. Indeed, different kinases can phosphorylate serine and threonine 

residues in the third intracellular loop or in C-terminus of GPCRs in different ways, 

establishing a phosphorylation signature that led to the conceptualization of the 

“barcode theory” (Tobin, 2008). This theory implies that there are multiple 

conformations of active arrestin energetically similar, and that different receptor 

phosphorylation patterns can increase the probability of arrestin to adopt a particular 

active conformation (Kim et al., 2005; Nobles et al., 2011; Kaya et al., 2020). 

Therefore, the research investigating about this topic focusses on highlighting the 

phosphorylation mechanisms regulating different GPCRs functionality and biology, 

in a drug discovery and therapeutic perspective. 

The increasing interest in investigating the role of GRKs in GPCRs pharmacology 

represented the rational for the execution of the experiments reported in this chapter. 

About hCXCR4, firstly the role of GRK2/3/5/6 in phosphorylating the receptor was 

assessed. Indeed, Busillo and colleagues (2010) reported that these GRK enzymes are 

involved in the phosphorylation of hCXCR4, with GRK2 and GRK3 phosphorylating 

distal Ser/Thr sites on the C-tail, whereas GRK6 phosphorylating more membrane 

proximal Ser/Thr sites. Additionally, GRK2/3-promoted phosphorylation of 

phosphosites located at the distal C-tail of hCXCR4 but not membrane proximal 

phosphosites is a required step for the CXCL12-mediated phosphorylation of FAK 

(focal adhesion kinase) (Zhuo et al., 2022). The phosphorylation of FAK, together 

with the β-arrestin 1-STAM1 (signal-transducing adaptor molecule) interaction are 

important for regulating the chemotaxis toward CXCL12 in HeLa cells (Alekhina and 

Marchese, 2016) and for the lysosomal trafficking and signalling of hCXCR4 (Malik 

and Marchese, 2010). 

The role of GRK enzymes in hCXCR4 phosphorylation was firstly assessed via SDS-

PAGE with phosphosite-specific antisera combined with the use of small inhibitors. 

These are called compound 101, a GRK2 and GRK3 inhibitor originally developed 

from Takeda (Ikeda et  al., 2007, Thal et al., 2011; Lowe et al., 2015) and compound 

19, which represents one of a series of GRK5 and GRK6 inhibitors developed by 

Uehling and colleagues (2021). 

These experiments showed how different serine residues localized in the C-terminal 

region of the receptor are subject to phosphorylation upon CXCL12 agonist treatment. 

This activation was inhibited by pre-stimulating Flp-In T-REx cells stably expressing 
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hCXCR4-mEGFP with compound 101 and compound 19, confirming that these GRK 

enzymes are crucial for hCXCR4 phosphorylation. 

To support these results, the NanoBiT assay was used to study the recruitment of these 

GRKs to hCXCR4. All GRKs tested were able to be recruited in a concentration-

dependent manner to hCXCR4 (but GRK1/4/7 as expected, because of their limited 

expression in human body to specific areas (Watari et al., 2016)) upon CXCL12 

stimulation. Even IT1t, antagonist for hCXCR4, and adrenomedullin displayed some 

interesting effects on GRKs recruitment. Both these ligands showed an inhibition of 

GRK2/3 recruitment, but unclear it is the result obtained with GRK5/6 because of the 

difficult interpretation of NanoBiT assay data. In fact, the orientation of GRK2/3 and 

GRK5/6 curves differ in an opposite way, and this is explained by Palmer et al. (2022) 

as a possible consequence of membrane-anchored localization of GRK5/6, a 

constitutive interaction and the possible competition with other cellular effectors with 

GRKs. If this interpretation is confirmed, the inhibition observed for adrenomedullin 

on GRK2/3 recruitment may find an explanation in adrenomedullin antagonist effects 

on G protein signalling of hCXCR4 reported in Chapter 3 of Results section in this 

thesis. Indeed, the Gβγ subunit can play a role in GRK2 and GRK3 activation in many 

GPCRs families (Daaka et al., 1997) in a ligand-dependent way. Therefore, by 

blocking CXCL12-mediated G protein signalling of hCXCR4, adrenomedullin might 

avoid the recruitment of GRK2 and GRK3 to hCXCR4 and this might also explain 

why bystander BRET assay did not show any arrestin-3 recruitment to hCXCR4 upon 

adrenomedullin addition to HEK cells expressing hCXCR4. However, these results 

and this hypothesis should be better clarified in the future with more sensitive and 

specific approaches to determine the importance of GRKs in hCXCR4 

phosphorylation and whether adrenomedullin might influence the recruitment of these 

GRKs. Indeed, the NanoBiT assay presents some limitations:  the assay requires the 

smallBiT and largeBiT tags, thus necessitates the use of recombinant proteins. 

Additionally, the composition of the buffer used in the assay might affect the quality 

of the experiments. For example, it has been observed that the presence of some 

detergents can interfere with the generation of the luminescent signal (Shetty et al., 

2020).  

For what concerns about hACKR3, since no good phosphosite-specific antisera are 

commercially available, the only way used to assess the recruitment of GRKs to 

hACKR3 was the NanoBiT assay. Also for hACKR3 the studied GRKs were 

GRK2/3/5/6 because they are widely expressed in the human body and the best 
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characterized. Indeed, GRK2 and GRK5 are the most known GRKs considered 

important for the phosphorylation of the C-terminal side of hACKR3 (Chen et al., 

2023; Schafer et al., 2023). 

 Even in this case, GRK2/3/5/6 were able to be recruited to hACKR3 in a 

concentration dependent-manner upon CXCL12 stimulation, with curves of GRK2/3 

and GRK5/6 orientated in an opposite way as seen already for hCXCR4. 

Adrenomedullin was tested as well as an agonist, since it is a putative agonist for this 

receptor, and while it looked like there was a trend in recruitment of GRK2/3 in a 

concentration-dependent manner, the curves obtained for GRK5/6 had the same 

orientation of GRK2/3, making harder once again the interpretation of the data. 

However, GRK1/4/7 have not shown any recruitment upon agonist treatment once 

again, as already seen for hCXCR4. Therefore, the role of adrenomedullin in 

recruiting GRKs to hACKR3 is still unclear and requires further studies with different 

approaches to reach a consistent conclusion. 

Finally, compound 101 and compound 19 were tested in NanoBiT assay to 

complement the information collected via immunoblots. The assay was carried out in 

GRK knock out HEK 293 cells and parental cells, to confirm that the effects observed 

were specific for GRKs activity and not due to other external factors. However, these 

small GRK inhibitors showed different trends, depending on different cell types used. 

Although for hCXCR4 a reduction in GRKs recruitment was observed for both knock 

out and parental cells, the entity of this decrease was not consistent among the GRKs, 

with differences in decreases recorded varying according to whether knock out cells 

or parental cells were used. Instead, for hACKR3 the major decrease in GRKs 

recruitment after CXCL12 stimulation was observed for GRK2 and GRK6 in both 

GRKs knock out and parental cells, but also in parental cells a diminished GRK5 

recruitment was observed, suggesting that different cellular effectors or other 

endogenous GRKs might have a role as well in hACKR3 phosphorylation. Moreover, 

with adrenomedullin no significant change in GRKs recruitment after pre-stimulation 

with compound 101 and compound 19 was observed, except for GRK5 in parental 

cells. Therefore, the considerations done previously for CXCL12 are also valid for 

adrenomedullin. 

As explained earlier, another complication of the NanoBit assay is that the signal 

measured is dependent on the complementation between the two recombinant proteins 

of this assay. In the case of hCXCR4, this is endogenously expressed at a certain level 

in HEK 293 cells (Atwood et al., 2011). Therefore, the variability found in the assay 
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could also depend on an background effect, because CXCL12 addition is going to 

activate both the endogenous and the modified receptors, with an effect on the 

luminescent signal recorded. The same issue could be applied in case of hACKR3 

transfection in GRK knockout cells, where endogenous hCXCR4 is still present, 

possibly affecting the GRK recruitment measured on this assay. A possible approach 

to overcome this problem would require using GRK knockout cells which have been 

made knockout also for hCXCR4 and/or hACKR3. In this way, the baseline used for 

the normalization analysis should be more precise and specific for the activity of the 

tagged receptors. 

Additionally, when comparing GRK knockout with parental cells, we need to consider 

that compound 101 and compound 19 are going to block the selective activation of 

GRK2/3 or GRK5/6. This becomes more relevant in parental cells where GRKs 

blocked may be “replaced” by the other ones because of a balancement or redundancy 

mechanisms adopted by cells. In fact, by using single GRK or multiple GRKs 

knockout cells, some GPCRs have been identified that interact with β-arrestins via the 

overexpression of specific GRKs even in the absence of agonists (Drube et al., 2022). 

Examples of these GPCRs which can be regulated by individual GRKs even in 

absence of agonists are reported in these work, such as angiotensin and vasopressin 

receptor. It is possible that, with some extent, also for chemokine receptors such as 

hACKR3 this might happen, explaining the effects observed for CXCL12 and 

adrenomedullin. 

Lastly, although compound 101 and compound 19 block the activation of these GRK 

kinases, they do not avoid the recruitment to the receptor. The variations observed in 

this recruitment might depend on the phosphorylation state of the receptor, which 

could assume a conformation in which the binding to other cellular effectors than 

GRKs, such as arrestins, might affect the agonist-mediated signalling of the receptor. 

This signalling, on the other end, is also regulated by other kinases which have not 

been investigated here, such as PKA or PKC. Therefore, an additional understanding 

on whether the phosphorylation mediated by these other kinases could also affect the 

recruitment of both GRKs and arrestins. 

All these data reported in this chapter represent an interesting addition to the current 

knowledge on GRKs-mediated hCXCR4 and hACKR3 phosphorylation and a first 

effort in understanding the molecular mechanisms behind this phosphorylation. This 

should provide some help in highlighting the barcoding of these receptors upon 



196 
 

treatment with different ligands, such as adrenomedullin, for which many molecular 

mechanisms of action and physiological effects are still poorly characterized.
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6. CHAPTER 6 – FINAL DISCUSSION 

 

 

6.1 OUTCOMES ON ACKR3-ADRENOMEDULLIN INTERACTIONS 

The rationale behind this project was determining whether the non-chemokine 

peptide adrenomedullin would exert an effect on hCXCR4 and hACKR3.  In the past, 

some works published have reported examples of interactions between 

adrenomedullin and hACKR3, for which this receptor may act as a scavenger receptor 

(Szpakowska et al., 2018; Meyrath et al., 2021). However, the mechanism by which 

hACKR3 regulates adrenomedullin availability by interacting with this ligand is still 

unclear and the mechanism needs to be clarified (Sigmund et al., 2023). What makes 

the characterization of the effects of these interactions difficult is the poor knowledge 

we currently have about this receptor. Indeed, only recently the first models of 

hACKR3 structure bound to some ligands (e.g. CXCL12) has been published and this 

seems to open new path in understanding the mechanisms by which this receptor 

binds the ligands for which it acts as a scavenger receptor, but also with other scaffold 

proteins involved in regulation of receptor signalling (Schafer et al., 2023; Chen et 

al., 2023; Sarma et al., 2023). 

Because of the biased nature of hACKR3, the most common way to determine the 

effects of a ligand on this receptor consists of using β-arrestin recruitment assays, 

which provide insights on β-arrestin recruitment upon agonist activation. However, 

adrenomedullin in bystander BRET assay did not show any recruitment at 

concentrations lower than 1 μM. Although this information might be interesting, it is 

important to consider the physiological relevance of this finding. In fact, 

adrenomedullin physiological levels in human plasma are found to be in an average 

value of 2.5 pmol/liter, with a consistent increase in presence of pathological 

conditions such as heart failure (from 3.5 to 8.7 pmol/liter, according to which type 

of heart failure is considered) (Nishikimi et al., 1995). Therefore, in terms of 

pharmacological profile, what was observed in bystander BRET assay, with 

adrenomedullin requiring high concentrations to activate and exert a functional effect 

on hACKR3 may be dependent on other cellular factors, such as type of assay, cell 

line, buffer used, rather than a real dependency on ligand-receptor interactions. 
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Another important consideration to keep in mind is also the size of adrenomedullin 

ligand and its nature as a highly “promiscuous” ligand. Indeed, adrenomedullin is 

known for its ability to bind other GPCRs, such as human calcitonin-like receptor 

(hCLR), in complex with one of three human receptor activity-modifying proteins 

(hRAMPs) and, specifically, for hCLR complexed with hRAMP2 or hRAMP3, 

which create the human adrenomedullin-1 (hAM1) or human adrenomedullin-2 

(hAM2) receptors (Weston et al., 2016). This versatility in interacting with different 

GPCRs represents an interesting feature and could be related to the relatively small 

size of this peptide (52 amino acids, while CXCL12 is 93 amino acids long), which 

could help it to fit in the binding pocket of several GPCRs. Fig. 6.1 displays the 

different structures of CXCL12 and adrenomedullin, with some arginine residues (R8 

and R12) on adrenomedullin which may have the same function of R8 and R12 on 

CXCL12, with a role in binding chemokine receptors hACKR3 and hCXCR4. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1. Comparison of adrenomedullin and CXCL12 structures. The figure displays 

the comparison between CXCL12, which act as an agonist for hACKR3 and represents the 

endogenous agonist for hCXCR4, and adrenomedullin. The size of CXCL12, 93 amino 

acids, is almost the double of adrenomedullin size, 52 amino acids. However, arginine 

residues R2 and R12 could correspond to R8 and R12 on CXCL12 and might allow the 

interaction between adrenomedullin and ACKR3/CXCR4 (adapted from Capoferri, 2020). 
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These structural features may justify the outcome of xCELLigence RTCA assay, in 

which an effect of adrenomedullin on hACKR3 was observed, (although only after 

1 μM) upon stimulation of hACKR3-expressing cells with adrenomedullin. 

However, for the nature of xCELLigence, it is hard to say whether this activation 

began signalling cascades or not and, in case, which ones these signalling cascades 

are. 

The final point about hACKR3-adrenomedullin interactions is the co-localization of 

hACKR3 and ADM. The first studies about the correlation between this peptide and 

this receptor started with Klein et al. (2014). Their work showed that loss of hACKR3 

resulted in postnatal lethality in mice due to aberrant cardiac development and 

myocyte hyperplasia and that dosage and signalling of adrenomedullin is controlled 

by hACKR3. Although this model could represent a good way to investigate the role 

of adrenomedullin-hACKR3 interactions, also the expression levels in different 

tissues could represent a limit for the effects generated by this interaction and which 

were observed.  

Fig. 6.2 show protein expression overview of, respectively, hACKR3 (Fig. 6.2A) 

and adrenomedullin (Fig. 6.2B). These graphs provide information about where both 

receptor and adrenomedullin are expressed at higher levels in terms of different 

organs and tissues. Both hACKR3 and adrenomedullin are highly expressed in 

thyroid glands, bronchi, pancreas, kidney, fallopian tubes, placenta, and appendix. 

These data collected about the protein expression levels narrows the investigations 

to those regions where the interactions ligand-receptor may occur and exert an effect 

in a physiological condition because of the presence of both hACKR3 and hCXCR4.  

However, all the studies carried out in this thesis were performed in an in vitro system 

represented by Flp-In T-REx 293 cells, which are derived from HEK (Human 

Embryonic Kidney) 293 cells. Therefore, it would be interesting and crucial to 

determine whether with an ex vivo or in vivo approach data would differ from the one 

I reported in this thesis and maybe considering possible differences between systems 

where experiments are performed and whether interactions between adrenomedullin 

and hACKR3 might be physiologically relevant and not due to other cellular 

effectors. 
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6.2 OUTCOMES ON hCXCR4-ADRENOMEDULLIN INTERACTIONS 

In terms of hCXCR4-adrenomedullin interactions, not so much was reported in 

literature. One of the aims of this project was determining whether adrenomedullin 

could exert an effect on hCXCR4 as a consequence of known interactions between 

this receptor and hACKR3, with which hCXCR4 shares CXCL12 as main agonist 

ligand. Although hACKR3 and hCXCR4 may look similar, one of the crucial 

differences is the possibility of hCXCR4 to signal via G protein as the majority of 

GPCRs. This helped in assessing the effects of adrenomedullin on this receptor. As 

seen for hACKR3, an xCELLigence RTCA approach was used also to determine 

whether adrenomedullin would have influenced hCXCR4. It was demonstrated that 

adrenomedullin could reduce the positive signal recorded upon CXCL12 stimulation 

A 

B 

Fig. 6.2. Comparison of hACKR3 and adrenomedullin protein expression in tissue. The 

figure displays the comparison between hACKR3 (panel A) and adrenomedullin (panel B) 

protein expression levels in different organs and tissues. Thyroid glands, bronchi, pancreas, 

kidney, fallopian tubes, placenta and appendix are the organs where both hACKR3 and 

adrenomedullin are physiologically highly expressed (adapted from proteinatlas.com). 

hACKR3 

ADM 
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in presence of pre-stimulation with this peptide before adding CXCL12 agonist to Flp-

In TRE-x 293 cells expressing hCXCR4-mEGFP. Therefore, this was the first 

evidence of an effect of adrenomedullin on this receptor, for which it was acting as a 

blocker for CXCL12-induced response. 

Then, during the characterization of G protein signalling pathway for hCXCR4, 

adrenomedullin showed an inhibitory effect on the agonist-dependent G protein 

activation for this receptor. Indeed, when Flp-In T-REx cells expressing hCXCR4 

were stimulated with adrenomedullin before adding CXCL12, a concentration-

dependent inhibition of this signalling pathway was observed. This phenomenon was 

appreciated in [35S]GTPγS incorporation assay and cAMP accumulation assay, in 

which G protein activation was measured either by using a GTP analogue which is 

not hydrolysed during the normal G protein signalling cascade and which was labelled 

with a [35S] group, or by measuring the accumulation of the intracellular second 

messenger cAMP, as a consequence of the inhibition of the adenylyl cyclase enzyme 

upon Gαi/o protein activation. 

However, the blocking effect of adrenomedullin was not observed in bystander BRET 

assay, where β-arrestin recruitment was measured. In this case, the CXCL12-mediated 

β-arrestin recruitment was not affected either negatively or positively by 

adrenomedullin. For the first time, these outcomes suggested the possibility of 

adrenomedullin as a possible biased antagonist for hCXCR4. This idea was confirmed 

via SDS-PAGE by using phosphosite-specific antisera targeting specific serine 

residues present in the C-terminus side of hCXCR4 which are phosphorylated upon 

agonist-mediated activation of the receptor. Indeed, even in this case adrenomedullin 

did not show any reduction of phosphorylation, suggesting that this peptide might be 

a real biased antagonist for hCXCR4 towards G protein signalling pathway.  

However, a point to underline was the limit represented by this, since the anti-CXCR4 

no phospho antiserum showed differences in detecting the receptor upon CXCL12 

addition. These differences were noticed also with an anti-GFP antibody, where 

instead IT1t increased the signal of the band relative to hCXCR4. The explanation 

provided is that the efficiency of these antisera may be affected by the presence of 

phosphorylated residues that are placed in the C-terminal side of the receptor. These 

can cause a steric hindrance with strong influence on the detection of the highly 

phosphorylated receptor. In case of hCXCR4, also the receptor density and the 

oligomerization state of the receptor could affect the recognition by these antisera 

since some ligands such as CXCL12 and IT1t seem to prefer hCXCR4 in its 
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monomeric form rather than oligomeric form. Similar problems with no phospho 

antisera were found in other GPCRs, such as GPR35 (Ganguly et al., 2023). Here 

problems in differences in receptor detection upon ligand addition were solved by 

adding in frame at the C-terminal side of GPR35 a HA-tag, in this case correcting the 

steric hindrance problems encountered before. The choice of the C-terminus relies on 

the location of the residues phosphorylated upon agonist activation in most of the 

GPCRs, and, therefore, this is the critical part where steric hindrance issues may arise 

in case of phosphorylation of the receptor, rather than the N-terminal side. However, 

the modification of the C-terminus side of GPCRs has always a percentage of risk of 

causing a loss of functionality of the receptors, because of the important role of this 

region in the regulation of the receptors life cycle and signalling. This makes more 

complicated the study of the phosphorylation of the receptor via immunoblots, since 

other approaches and additional controls may be needed to further highlights this 

aspect of receptor signalling. 

In the process of understanding the mechanism by which adrenomedullin could act as 

inhibitor for hCXCR4, by carrying out a Schild regression analysis in cAMP 

accumulation assay it was demonstrated that adrenomedullin could be a negative 

allosteric modulator for hCXCR4, since a shift in the efficacy of CXCL12 in 

generating HRTF signal was recorded with increasing concentrations of 

adrenomedullin used. Therefore, this ligand it may bind the receptor in a different 

binding pocket from CXCL12 to exert its effects. 

In recent years, in pharmacology, the existence of biased ligands has changed old 

concepts and opened new insights about the mechanisms of action of different 

molecules towards their receptors. In general, biased agonists which show a 

preference in activating a signalling pathway rather than another represents most of 

biased ligands currently known. Examples are α2-adrenergic receptors agonist, which 

show differences in the type of G protein that they stimulate (Eason et al., 1994), or 

dopaminergic D2 receptor agonists, which do not affect β-arrestin recruitment (Allen 

et al., 2011), or μ opioid receptor agonist morphine which is biased towards G protein 

signalling (Bohn et al. 2004). However, also few examples of biased antagonists are 

known, which make our knowledge about the biased ligands behaviour still not fully 

clear. Examples of these cases are some antagonists against 5-HT7R (serotonin 

receptor) (Kwag et al., 2021), the β-arrestin-biased β2 adrenergic receptor agonist 

carvedilol, and also the peptide antagonist X4-2-6 for CXCR4, which is derived from 

transmembrane helix 2 and extracellular loop 1 of this receptor and that blocks G 
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protein-dependent chemotaxis but not β-arrestin1/2 recruitment (Hitchinson et al., 

2018). 

The fact that biased antagonists exist and one for hCXCR4 has already been 

characterized in the past, enforces the idea that adrenomedullin could be added to this 

list for the peculiar behaviour towards this receptor. Moreover, many ligands which 

are antagonists for hCXCR4, such as IT1t or TC14010, act as agonists for hACKR3. 

Since adrenomedullin is a putative agonist for hACKR3, acting similarly to the 

ligands listed before, it may behave as antagonist for hCXCR4 because of its structural 

features and its ability to activate hACKR3, because of the possible 

heterodimerization of hCXCR4-hACKR3. This may be especially true in pathological 

situations, where GPCRs heterodimerization could occur because of their transient 

expression in regions where normally they are not present in the body (Zagzag et al., 

2006; Romain et al., 2014; Tiwari et al., 2021). 

Crystal structures of the receptor fused to the T4 lysozyme including the structure 

with IT1t and CVX15 (Wu et al., 2010), CXCL12 (Xu et al., 2013) and AMD3100 

(Adlere et al., 2019) have been described in the recent years, showing that hCXCR4, 

even if it displays a high similarity with other GPCRs in terms of structure, it presents 

some peculiarities which make different its binding to its ligands compared to the 

mechanisms adopted by other GPCRs. Moreover, to make this phenomenon even 

more intricated, also the tendency of hCXCR4 to form homodimers but also 

heterodimers with other GPCRs can affect and explain the possible binding of 

adrenomedullin to this receptor with consequent pharmacological effect. It has already 

been discussed that adrenomedullin binds to members of hCLR and hRAMPs when 

they heterodimerize, so it could be possible that this peptide could exert its effect after 

binding hCXCR4 in specific conformations, which are dictated by its structural 

flexibility. Indeed, Bailey at al. (2019) reported that hRAMP1 and hRAMP2 are 

endogenously expressed in HEK 293 cells, with a higher level of the former. Since 

hRAMP2, when oligomerizing with hCLR forms the adrenomedullin receptor, it may 

be possible that the presence of endogenously expressed hRAMP2 receptor could 

contribute to the role of adrenomedullin as biased antagonist for hCXCR4. This could 

depend either on the oligomerization of these (or more) receptors, or on structural 

interactions between adrenomedullin and hRAMP2, which may form a complex with 

inhibitory effects on hCXCR4. Therefore, it would be interesting to investigate more 

about the hetero-dimerization of these two receptors in relation to adrenomedullin to 
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determine whether there might be a role of other elements in adrenomedullin-

hCXCR4 interactions. 

Another aspect that could explain the biased antagonism of adrenomedullin towards 

G protein could be the conformation which hCXCR4 might assume upon cellular 

effectors binding, such as G proteins, arrestins or GRKs. Paradis et al. (2022) 

hypothesized the existence of two different conformations of hCXCR4 quaternary 

structure, which are called open-dimer and closed-dimer conformations, by using a 

QUESTS approach (QUaternary rEceptor STate design for Signaling selectivity). 

This method consists of building active and inactive states of GPCRs, which are 

docked to identify possible modes of protomer associations. This is used therefore to 

design binding interfaces and generate quaternary structures with distinct dimer 

stabilities, conformations, and propensity to recruit and activate specific intracellular 

signalling proteins (Paradis et al., 2022). In this study, it was put in evidence that the 

steric hindrance prevents the correct interaction between the finger loop of β-arrestin 

with the residues localized in the intracellular binding groove of hCXCR4 when the 

receptor occupies the closed-dimer conformation. In this conformation, the area of 

close contacts formed between β-arrestin and the open-dimer hCXCR4 (such as helix 

8 of hCXCR4 monomer 2 with the C-tip of β-arrestin, and ICL2 of hCXCR4 monomer 

1 with the C-loop of β-arrestin) would be disrupted and this could explain the biased 

behaviour of some ligands, which may show a preference for activating or inhibiting 

specific pathways because of steric hindrance and conformational reasons. 

The inhibition effect of adrenomedullin could also depend on the different 

phosphorylation state of hCXCR4. Although SDS-PAGE experiments with 

phosphosite-specific antisera did not show any influence of adrenomedullin on 

phosphorylation of hCXCR4 upon CXCL12 addition, in NanoBiT complementation 

assay used to study the interactions between GRKs and hCXCR4 interesting data were 

found. Indeed, in case of this receptor, adrenomedullin seemed to inhibit the 

recruitment of GRK2 and GRK3 to hCXCR4, which might affect the phosphorylation 

pattern required for a correct functioning of the receptor. Since the importance of the 

interactions with other cellular effectors, such as arrestins, has been shown for many 

GPCRs regulation and signalling using different approaches, it could be possible a 

correlation between the block of G protein signalling mediated by adrenomedullin and 

the block of GRKs. In the past, it has been reported a connection between GRKs and 

Gβγ subunit of G proteins, especially for GRK2 and GRK3 (Eichmann et al., 2003; 

Sterne-Marr et al., 2003). Indeed, GRK2/3, normally localized in the cytosol, rely on 



205 
 

free Gβγ subunits to translocate to the membrane to active receptor. This Gβγ-

mediated GRK2/3 recruitment is important to make the receptor able to be 

phosphorylated to enhance β-arrestin2 recruitment. This would explain even more the 

biased nature of adrenomedullin ligand towards G protein signalling. 

Therefore, since it is not fully understood yet the mechanisms through which 

adrenomedullin can act as a biased antagonist for hCXCR4, further analysis, which 

involve molecular docking, structural analysis and mutagenesis approaches shall be 

used to clarify the key residues of the binding pocket of this ligand on hCXCR4 and 

the study performed in this thesis represents a first step for the identification of new 

therapeutic agents targeting hCXCR4. 

 

 

6.3 FUTURE PERSPECTIVE 

Both hACKR3 and hCXCR4 still represent important targets for the treatment of 

several pathological conditions related to dysfunction of immune system. Moreover, 

these receptors are widely expressed in the body and might represent a target also for 

other conditions where inflammation might play an important role. Adrenomedullin, 

because of its heterogeneity in binding to different GPCRs, could represent an 

important lead molecule in a drug discovery perspective to obtain new treatments. 

Therefore, it would be interesting developing new and effective phosphosite-specific 

antisera to investigate the phosphorylation pattern determined by adding 

adrenomedullin to cells expressing hACKR3 and highlight which are the effects of 

this peptide on hACKR3.  

Also, by molecular docking on model of hACKR3, hCXCR4, CXCL12 and 

adrenomedullin structures, it would be interesting assessing which are the region 

involved in the binding and formation of ligand-receptor complexes. This in particular 

could be more complicated for hCXCR4, for which adrenomedullin has been 

proposed as a negative allosteric modulator in this study. The behaviour of this ligand 

strongly limits the possible choices about the approach to use to determine the binding 

mechanism to hCXCR4, because its binding site probably does not match with the 

CXCL12 binding site with a certain extent. 

Indeed, this would help in synthetize new ligands and playing with structure-activity 

relationship studies to find new effective therapeutics which may take advantage of 
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the biased antagonism of adrenomedullin, which would be particularly helpful from 

patients’ perspective.  

Lastly, it could be helpful to get insights about the effects of adrenomedullin on 

hACKR3-hCXCR4 hetero-dimer, to see whether the behaviour of this ligand may 

change in case of co-expression and co-localization of both receptors, but also with 

hetero-dimers formed between these chemokine receptors and other GPCRs that have 

been reported to be able to bind adrenomedullin, such as hCLR and hRAMPs 

receptors.  

Then, all these experimental approaches could potentiate our knowledge on these 

chemokine receptors, and this would help also to translate these findings to an in vivo 

approach, and, to follow, to human-based studies, with a great potential for improving 

patients’ health and our understanding of a huge spectrum of diseases in which 

adrenomedullin might play a crucial role.
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