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Introduction 

P2X receptors are trimeric ATP-gated ion channels that are broadly expressed in various 
cells and tissues, mostly in immune cells and neurons (North, 2002). Seven members 
(P2X1R – P2X7R) belong to the P2X receptors family. They participate in many 
physiological and pathological functions like energy metabolism modulation, 
intercellular communication, stimulation of secretion, differentiation, and proliferation, 
neuromodulation and -transmission, inflammation, musculoskeletal disorders,  
pain-sensing, diabetes, and cancer (Chaudhary et al., 2018, Burnstock, Kennedy, 2011, 
Illes et al., 2021). 

P2X4 receptors are very sensitive receptors and activate at nanomolar concentrations 
of ATP when most of the P2X receptor family members need higher concentrations. P2X4 
receptors act as non-selective cation channels with the highest permeability of Ca2+ in 
the P2X receptor family (Egan, Khakh, 2004). These receptors are abundantly expressed 
in peripheral and central neurons, microglia, several glandular tissues, endothelial cells, 
and vascular and cardiac smooth muscle cells (Burnstock, Kennedy, 2011, Ralevic 2015). 
P2X4 receptors can be found in the plasma membrane and intracellular compartments 
(Qureshi et al., 2007). 

In the P2X receptor family, P2X7 receptors demonstrate the lowest sensitivity to ATP 
(Sadovnick et al., 2017). But at inflammation sites and in cancer, the concentrations of 
extracellular ATP can increase to the level needed to activate these receptors (Di Virgilio 
et al., 2018a). After long activation, the P2X7 receptors can open pores that are large 
enough to allow the passage of 900 Da molecules (Khakh et al., 1999). P2X7 receptor is 
the most structurally and functionally distinct P2XR subtype, containing two cytoplasmic 
elements: Cysteine-rich anchor and cytoplasmic ballast domain, while the other P2X 
receptors lack the two last features. Palmitoylation of the Cysteine-rich anchor prevents 
receptor desensitization and allows to initiate apoptosis in the presence of a high 
concentration of extracellular ATP (McCarthy et al., 2019). P2X7 receptors are expressed 
on immune cells like macrophages/ microglia, B and T cells, natural killer cells, and mast 
cells (Di Virgilio et al., 2017). Thus, they have an important role in the control of innate 
and adaptive immune responses (Di Virgilio et al., 2018b). P2X7 receptors are also 
expressed in the cells of the central nervous system like oligodendrocytes, microglia, and 
Schwann cells, probably in neurons and astrocytes (Sluyter, Stokes, 2011) and have been 
implicated in psychiatric disorders and neurodegenerative diseases (Cheffer et al., 2018, 
Savio et al., 2018). 

P2X4 and P2X7 receptors are both promising therapeutic targets in neuroinflammatory 
disorders. Therefore, their precise roles and signalling processes in physiology and 
pathophysiology still need better understanding. 

The purpose of this thesis was to improve the knowledge about the biology of P2X4 
and P2X7 receptors in evolutionary, physiological, inflammatory, and autoimmunological 
contexts. The thesis is based on three publications. The first investigates the evolutionary 
origin of the P2X7 receptor. The second involves the production and validation of 
monoclonal antibodies against the P2X4 receptor and characterization of the P2X4 
receptor in human peripheral blood leukocytes and some murine cancer cell lines.  
The third explores P2X4 and P2X7 gene expression in multiple sclerosis and its animal 
model experimental autoimmune encephalomyelitis. 
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Abbreviations 

AA Amino acid 

Ab Antibody 

AD Alzheimer’s disease 

ATP Adenosine-5’-triphosphate 

BDNF Brain-derived neurotrophic factor 

bp Base pair 
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CNS Central nervous system 

DAMP Damage-associated molecular pattern 

EAE Experimental autoimmune encephalomyelitis 

EGFP Enhanced green fluorescent protein 

eATP Extracellular ATP 

FITC Fluorescein isothiocyanate 

GA Glatiramer acetate 

HC Healthy control 

IFNβ Interferon-β 

IL Interleukin 

IP Immunoprecipitation 

IRF Interferon regulatory factor 

KO Knock out 

mAb Monoclonal antibody 

MS Multiple sclerosis 

NLRP3 Leucine-rich repeat pyrin domain containing 3 

NT Not treated 

P2RX P2X gene 

P2XR P2X receptor 

PAM Positive allosteric modulator 

PB Peripheral blood 

PBL Peripheral blood leukocyte 

PBMC Peripheral blood mononuclear cells 

PNI Peripheral nerve injury 

qPCR Quantitative polymerase chain reaction 

RGS16 Regulator of G protein signalling 16 

SNI Spared nerve injury 

SNP Single-nucleotide polymorphism 

TM Transmembrane 

TNF Tumour necrosis factor 

WT Wild-type 

ZCD Zn-coordinating cysteine-based domain 
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1 Review of the literature 

1.1 P2X receptors 

Adenosine-5’-triphosphate (ATP) is mainly known as a central energy source for use and 
storage at the cellular level. It has a diverse role in energy metabolism, biosynthesis 
processes, and intercellular signal transmission. In 1972, Geoffrey Burnstock proposed 
new roles for nucleotides as neurotransmitters. ATP is released from healthy and 
damaged cells and acts as an extracellular signalling molecule (Burnstock, 2012). 

Extracellular ATP (eATP) is quickly degraded into ADP, then AMP and finally adenosine 
by ectonucleotidases present at the plasma membrane of many cells. Under normal 
physiological conditions, the levels of eATP are relatively low. ATP is released from 
damaged cells. In chronic inflammation, both eATP and adenosine may be present at high 
concentrations for extended periods (Cauwels et al., 2014). One role of ATP is to resolve 
inflammation by attracting macrophages that engulf dead cells (Boada-Romero et al., 
2020).  

Ion channel receptors for ATP have been found even in primitive invertebrates 
(Dictyostelium, Schistosoma) and also green algae (Agboh et al., 2004, Fountain et al., 
2007, Fountain et al., 2008) suggesting that ATP could be one of the earliest extracellular 
messengers (Burnstock, Verkhratsky, 2009). ATP signalling has also been described in 
plants (Demidchik et al., 2003, Kim et al., 2006, Clark, Roux, 2009). 

ATP binds to two classes of purinergic cell surface receptors: G-protein-coupled 
metabotropic P2Y receptors and ionotropic P2X receptors (P2XR) (Abbracchio, 
Burnstock, 1994) (Figure 1). 

 
 

 

Figure 1. Molecular structures of purinergic receptors. A. The family of P2X receptors are ligand-
gated ion channels. B. The family of P2Y receptors are G protein-coupled receptors. S–S: disulphide 
bond; M1 and M2: transmembrane domains; arrowheads: N-linked glycosylation sites; circles in B: 
AA residues (blue – conserved, red – functionally essential in other G-coupled receptors). From 
(Burnstock, 2012) with permission. 
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Mammalian P2X receptors are trimeric ion channels constructed as homomers or 
heteromers of seven subunit isoforms (P2X1R-P2X7R). All these subunits are 40-50% 
identical in amino acid (AA) sequence and display a common topology: intracellular  
C- and N-termini, two anti-parallel, hydrophobic transmembrane (TM) segments TM1 
and TM2, and between them a large glycosylated and cysteine-rich extracellular domain 
(~280 AA) (North, 2002, Young, 2010). Structural data obtained from vertebrate and 
invertebrate P2X receptors demonstrate that they share also similar tertiary and 
quaternary architecture, confirming the hypothesis that all P2XRs are part of the same 
structural and evolutionary group (Illes et al., 2021).  

Seven genes of the P2X receptor subunits contain 10–12 introns and are found on five 
chromosomes: P2RX1 and P2RX5 – Chr 17, P2RX2, P2RX4 and P2RX7 – Chr 12, P2RX3 – 
Chr 11, P2RX6 – Chr 22. The genes for P2X1 and PX5 receptors, and P2X4 and P2X7 
receptors, are located adjacently suggesting relatively recent duplication (North, 2002, 
Rump et al., 2021). 

The structure of exons and introns but also the major motifs of vertebrate P2X genes 
(P2RXs) are conserved well. The general shape of the individual subunits resembles a 
leaping dolphin, consisting of a body, head, tail, dorsal fin, and flippers (Figure 2C).  
The α-helical TM2 of each subunit participates directly in forming the channel pore while 
TM1 assists the pore formation. The TM domains correspond to the tail part of the 
dolphin. The large ectodomain (the dolphin body) contains β-sheet structures that form 
lateral access sites for ions. All ectodomains contain 10 conserved cysteine residues 
which interact with each other to form 5 disulfide bonds (Clyne, 2002). 

The 3 ATP binding pockets are situated between two subunits and are built by the 
head and left flipper of one subunit and the dorsal fin of the neighbouring subunit 
(Mansoor et al., 2016) (Figure 2D). The phosphates of ATP bind to certain highly conserved 
residues (K70, K72, N296, R298, and K316 in zfP2X4R), while ATP surprisingly adopts a 
rare U-shaped conformation, allowing the adenine base to be deeply inserted into the 
binding pocket and recognized by polar (K70 and T189), non-polar (L217), and hydrophobic 
interactions (L191 and I232) (Figure 2D). Other agonists like 2-methylthio-ATP and CTP 
show similar binding forms and orientations with slight differences (Mansoor et al., 2016, 
Kasuya et al., 2017a). It is remarkable that the binding pocket entrance of the P2X7 
receptor (<11Å) is much smaller than that of other P2X receptors, for example, the P2X3 
receptor (17 Å) (McCarthy et al., 2019, Mansoor et al., 2016). This probably decreases 
the drug accessibility to the binding pocket and contributes to the much lower ATP 
potency of the P2X7R compared to other P2X receptors (Illes et al. 2021). The binding 
modes and orientations of P2X receptor antagonists like TNP-ATP or A-317491 are more 
varying but generally, the antagonists bind more deeply and adopt either Y-shape or an 
extended conformation (McCarthy et al., 2019, Mansoor et al., 2016). Their conformational 
flexibility when bound may explain why they do not lead to channel opening (Illes et al., 
2021). P2X receptors can also be inhibited non-competitively by allosteric antagonists 
that prevent mechanical motions needed to channel gating (Coddou et al., 2011, Karasawa, 
Kawate, 2016, Wang et al., 2018). 

The N-termini of all subunits are short (20–30 AA) and contain a consensus site  
(Thr-X-Lys/Arg) for protein kinase C (PKC) phosphorylation (Vial et al., 2006). The C-terminal 
has the most differences in AA sequence between subunits and it also varies considerably 
in length, from 28 AA in the P2X6R subunit to 242 AA in the P2X7R subunit. The C-termini 
of P2X receptors modulate the kinetics of carried currents and their permeation and 
desensitization properties (Khakh, 2001). 
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All P2XR subunits can form homomeric receptors (P2X6R only after glycosylation), 
whereas several functional heterotrimeric P2X receptors composed of two different 
subunits have been described – P2X1/P2X2R, P2X1/P2X4R, P2X1/P2X5R, P2X2/P2X3R, 
P2X2/P2X6R, P2X4/P2X6R, P2X4/P2X7R (North, 2002, Barrera et al., 2005, Haines et al., 
1999, Lewis et al., 1995, King et al., 2000, Nicke et al., 2005, Brown et al., 2002, Guo et al., 
2007).  

P2X receptors mediate most of the functions of ATP (Khakh, North, 2006). After 
binding of 3 extracellular ATP molecules, these receptors change their conformational 
states, which leads to the opening of the TM pore (Browne et al., 2010, Jiang et al., 2013) 
(Figure 2A, 2B), allowing the flow of Na+, K+ and Ca2+ across the membrane (Egan, Khakh, 
2004). Prolonged exposure to ATP drives to the desensitized state – a temporary 
inactivation that aborts the ion flux, even though ATP is still bound to the receptor.  
The kinetics of desensitization differ between P2XR subtypes - P2X1 and P2X3 receptors 
desensitize quickly, whereas P2X2, P2X4, and P2X5 receptors desensitize slowly and P2X7 
receptors present no apparent desensitization (North, 2002) or slow desensitization (Illes 
et al., 2021). After extended or repeated ATP activation, a major conformational 
rearrangement occurs in some P2XR subtypes and the pore becomes wider and 
permeable to large organic molecules of up to 900 Da like N-methyl-D-glucamine 
(NMDG). ATP dissociation returns the channel to the closed state and it is capable to be 
activated again. This process is known as resensitization (Khakh et al., 1999, Virginio  
et al., 1999). Besides the activation by ATP, P2X receptors activity is also regulated by 
allosteric modulators like small cations and lipophilic molecules (Jarvis et al., 2009). 
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Figure 2. Molecular organization of P2XRs. A. Crystal structures of DzfP2X4 receptor in a closed 
state (left) and in an ATP-bound state (right) embedded in a lipid bilayer. Each subunit is shown in 
cartoon representation and different colour. ATP is in stick representation, the membrane is 
represented by spheres. ECD - extracellular domain, TM - transmembrane domain. B. The same 
structures from the extracellular side, forward the axis of the central channel. C. Ribbon 
representation of one subunit folding. Domains are named according to a homology comparison to 
a dolphin. D. Proximate view of the ATP-binding pocket (domains are coloured as in panel C). From 
(Habermacher et al., 2016) with permission. 
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In humans, P2X receptors are expressed all over the body and they participate in 

several physiological functions and pathological reactions like platelet aggregation, 
macrophage differentiation, proliferation, and activation, muscle contraction, synaptic 
transmission, chemotaxis, inflammation, chronic and acute pain conduction (Suurväli  
et al., 2017, Illes et al., 2021). The comparison of properties of different P2XR subtypes 
is presented in table 1. 

 
Table 1. General properties of P2X receptors. Based on (Illes et al., 2021) with permission. 

 

1.2 P2X1 receptor 

The human P2X1 gene (ID: 5023, ENSG00000108405) is 2662 base pairs (bp) long, has 12 
exons and encodes a protein of 399 AA (NCBI, Cunningham et al., 2022). It is located on 
chromosome 17p13.3 reverse strand (Cunningham et al., 2022). Orthologues of P2RX1 
have been detected in 492 species. The orthologues are present in mammals, birds, 
reptiles, and fish, but not in Saccharomyces cerevisiae, Drosophila melanogaster, and 
Caenorhabditis elegans (NCBI). 

The homomeric P2X1 receptor is a non-selective cation channel that desensitizes 
quickly (Egan, Khakh, 2004). Such fast desensitisation reduces its nanomolar potency for 
ATP (Rettinger, Schmalzing, 2004). P2X1Rs have higher fractional Ca2+ currents compared 
to other P2X receptors and very high Ca2+ permeability (Egan, Khakh, 2004). The only 
functional heteromeric receptor of P2X1 found in vivo is formed together with P2X5R. 
But also, heteromultimers with P2X2R and P2X4R have been detected (Kennedy, 2015). 

P2X1 receptors are broadly expressed all over the body. It is the predominant P2XR 
family member in arteries, smooth muscles (including vas deferens), and the urinary 
bladder. P2X1Rs are very mobile in the plasma membrane and are probably present in 
the lipid rafts that are involved in receptor trafficking and signalling (Kennedy, 2015). 

When ATP is excreted as an excitatory cotransmitter (together with noradrenaline or 
acetylcholine) from sympathetic or parasympathetic nerves, P2X1R mediates its actions 
(Kennedy, 2015). In arteries such purinergic cotransmission leads to vasoconstriction 
(Harhun et al., 2014) and in the urinary bladder to urinary voiding (Vial, Evans, 2000). 
Thus, P2X1 receptors play an important role in male reproductive function and they are 
also potential targets for oral non-hormonal contraceptives (White et al., 2013). 

PROPERTIES P2X1 P2X2 P2X3 P2X4 P2X5 P2X6 P2X7

Human chromosome 

location 17p13.3 12q24.33 11q12.1 12q24.32 17p13.3 22q11.21 12q24.31

Protein length (AA) 399 471 397 388 444 441 595

C tail length (AA) 41 113 56 29 82 87 240

Membrane 

expression Good Good Good Good Poor

Usually no 

expression Good

Desensitization 

(complete) Fast (<1s) Slow (>20s) Fast (<1s) Slow (>20s) Slow (>20s) - Slow (>20s)

Activation-

dependent Yes No - Yes - - -

Major cellular 

expression Smooth muscle Neurons

Pain sensing 

neurons

Neurons, 

microglia Skeletal muscle

Broad 

expression Immune cells

Major role
Neuroeffector 

transmission
Taste, hearing

Pain, bladder 

reflexes, taste

Vascular 

remodeling, 

neuropathic pain

Inflammatory 

bone loss
-

Inflammation, 

neurodegenerati

ve diseases

Model native cell 

type

Vas defrens, 

myocytes

SCG and 

myenteric 

plexus neurons

Small DRG 

neurons
Macrophages

Skeletal 

myocytes
-

Monocytes, 

macrophages, 

microglia

KO available Yes Yes Yes Yes Yes Yes Yes

ATP agonism (μM) 0,56 - 0,7 2 - 8 0,5 - 1 1 - 10 0,44 - 10 12 100(rat)
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In platelets, P2X1Rs mediate Ca2+ influx and participate in the formation of thrombi 
(Hechler et al., 2003) as P2X1R activation evokes changes in platelet shape, amplifies 
platelet signalling, and causes aggregation of platelets (Hechler, Gachet, 2011, Mahaut-
Smith et al., 2011). Low doses of collagen induce platelet activation through P2X1 
receptor activation (Oury et al., 2001). ATP is released from these collagen-stimulated 
platelets and this further promotes platelet aggregation and degranulation in an 
autocrine manner. P2X1Rs also potentiate platelet aggregation induced by thrombin and 
thromboxane 2 (Erhardt et al., 2006).  

As platelets promote the recruitment and activation of immune cells, P2X1Rs might 
also play a role in the inflammation, but these mechanisms are not described sufficiently. 
It is proposed that neutrophil and platelet P2X1 receptors might have a protective role 
in intestine inflammation (Wéra et al., 2020). Studies of their role in sepsis have given 
controversial results (Lecut et al., 2012, Maître et al., 2015). In inflammation, contrary to 
normal physiological conditions, lack of P2X1Rs might have a pro-thrombotic effect due 
to poor regulation of neutrophils (Oury, Wera, 2021). 

The activation of P2X1Rs regulates neutrophils activation and stimulates their 
chemotaxis (Lecut et al., 2012, Lecut et al., 2009). A functional expression of P2X1Rs has 
been established in macrophages and mast cells, too (Vargas-Martínez et al., 2020, 
Wareham et al., 2009). 

Several agonists and antagonists with differing potency and selectivity levels have 
been identified and created for P2X1 receptors. Agonist α,β-meATP has high selectivity 
for P2X1Rs and P2X3Rs among homomeric P2X receptors (Chen, Lin, 1997). Another 
agonist BzATP has the highest potency for P2X1Rs but it is also an agonist for P2X7Rs 
(Bianchi et al., 1999). The most potent antagonist of P2X1Rs is NF449 that is also selective 
over other P2 receptors (Rettinger et al., 2005). Low molecular weight compounds are 
more suitable candidates for drug development. Such antagonists of P2X1Rs with 
nanomolar potency are aurintricarboxylic acid (Obrecht et al., 2019), MRS2159 (Kim  
et al., 2001), PSB-2001 (Tian et al., 2020), and compound 1 (Jung et al., 2013). A small 
molecule positive allosteric modulator (PAM) MRS2219 has been identified to potentiate 
and antagonise P2X1Rs (Jacobson et al., 1998). 

Tens of single-nucleotide polymorphisms (SNPs) of P2RX1 have been found in multiple 
types of cancer and some of them are considered „probably damaging“. It is unknown 
how or if they contribute to the cancer progression. A notable decrease of P2X1 mRNA 
expression has been identified in multiple cases, but it is still unidentified whether it is 
the effect or cause of the cancer (Illes et al., 2021). 

Following and in the next chapters are discussed the most common mouse models. 
P2RX1 knock-out (KO) P2rx1tm1Chn (mutation in exon 1) mice display the smooth 

muscle (slightly increased systolic blood pressure, 90% reduced male fertility, 
azoospermia) and the antithrombotic phenotype (Mulryan et al., 2000, Darbousset et al., 
2014).  

To study P2X1 receptor expression, a knock-in mouse model P2RX1em1(DPPVATTeYFP) was 
created. In this model, the enhanced yellow fluorescent protein (eYFP) was added to the 
P2X1R C-terminus to produce a fused P2X1-eYFP (Mahaut-Smith et al., 2019). 
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1.3 P2X2 receptor 

The human P2X2 gene (ID: 22953, ENSG00000187848) is 1873 bp long, has 11 exons and 
encodes a protein of 471 AA. It is located on chromosome 12p24.33 forward strand 
(NCBI, Cunningham et al., 2022). Orthologues of P2RX2 have been detected in 261 
species and the gene is highly conserved between humans and rats (NCBI). 

During their synthesis, P2X2R subunits assemble into homotrimers (Aschrafi et al., 
2004). But in several cell types, stable and functional heterotrimers of P2X2/1R, P2X2/3R, 
P2X2/5R, and P2X2/6R have been found (Hausmann et al., 2015). 

Homotrimeric P2X2 receptors are fast activated by eATP. Among all P2XR subtypes, 
P2X2R channels show the most constant steady-state current with no or slow 
desensitization in the course of prolonged ATP exposure (North, 2002). 

P2X2Rs are widely expressed in the central nervous system (CNS) but can also be 
found in the rest of the body (Cockayne et al., 2005). Their expression is especially high 
in the hippocampal formation (Uhlén et al., 2015). In the process of neuronal 
differentiation, P2X2Rs participate in neurogenesis (Yuahasi et al., 2012). 

P2X2 receptors are involved in the stimulation of the sinus nerve afferent fibres, which 
is crucial to the carotid body hypoxia sensitivity (Rong et al., 2003). They also participate 
in the epithelial-neuronal signalling mode in taste perception, when ATP released by a 
taste stimuli activates co-expressed P2X2R and P2X3R (both homo- and heterotrimeric) 
in the tongue taste buds (Cockaine et al., 2005). 

In the auditory system, ATP that is released after sustained elevated noise levels 
activates P2X2 receptors on epithelial cells in the endolymph compartment, leading to a 
reduction of hearing sensitivity (Mittal et al., 2016). P2X2R positive modulation in the 
inner ear might be protective against injury generated by loud noise and may relieve 
balance disorders (Thorne et al., 2004, Takimoto et al., 2018). 

P2X2Rs play a role in the release of vasopressin from the hypothalamus (Custer et al., 
2012) and luteinising hormone from the pituitary gland (Zemkova et al., 2006). In the 
hypothalamus, P2X2 receptors are involved in food intake regulation (Collden et al., 
2010). 

Mice experiments demonstrate that P2X2 receptors mediate susceptibility to chronic 
stress by regulating neuroplasticity. Chronic stress state promotes the upregulation of 
P2X2R expression that may transmit the anti-depressant impact of ATP (Kuang et al., 
2022, Cao et al., 2013). In mice, autism-like behaviour may be regulated by ATP released 
from astrocytes and acting through P2X2 receptors (Wang et al., 2021). 

Steroid hormones can act as PAMs for P2X2Rs. Dehydroepiandrosterone is a positive 
modulator for the homomeric P2X2R channel but also the heteromeric P2X2/3R channel 
(De Roo et al., 2003, De Roo et al., 2010). Progesterone selectively potentiates only the 
homomeric P2X2 receptors (De Roo et al., 2010). Also, several synthetic testosterone 
derivates (testosterone valerate, testosterone butyrate), but not testosterone itself, act 
as PAMs of P2X2Rs (Sivcev et al., 2019). 

Two single disease-causing P2RX2 mutations (DFNA41 (V60L) and G353R-hP2X2R) 
have been identified that cause autosomal dominant deafness. Both of these mutations 
affect the ATP sensitivity of the P2X2R channel (Yan et al., 2013, George et al., 2019). 

P2rx2tm1Ckn (Exons 2…11 deleted and replaced by a neomycin resistance cassette in 
embryonic stem cells) mice have sufficient P2X2 receptor expression in neuronal and 
non-neuronal tissues and present a mild phenotype with defective neurotransmission, 
for example in pelvic afferent nerves, sensory ganglia, and carotid sinus. They show a 
considerable exacerbation of permanent threshold shift after being exposed to loud 
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noise. P2rx2tm1Ckn mice have bladder hyporeflexia, impaired peristalsis and changed 
hippocampal synaptic plasticity (Cockayne et al., 2005). 

KO mice P2rxem1(MPC)H have lower circulating glucose levels and reduced locomotor 
activity and P2rxtm1b(EUCOMM)Hmgu smaller testes and decreased exploration in the new 
environment compared to wild-type (WT) mice (International Mouse Phenotyping 
Consortium). 

A knock-in mouse model P2X2Cre enables to study the P2X2R expression. To reveal the 
expression, these mice need to be crossed with cre-sensitive reporter mice (Kim et al., 
2020). 

Another tracing model P2rx2em1(2A-tdTomato-WPRE-polyA)Smoc has a 2A-tdTomato-WPRE-polyA 
expression cassette knocked into the stop codon site of the P2X2 gene (Shanghai Model 
Organisms Center, Inc.). 

1.4 P2X3 receptor 

The human P2X3 gene (ID: 5024, ENSG00000109991) is 3792 bp long, has 16 exons and 
encodes a protein of 397 AA. It is located on chromosome 11p12.1 forward strand (NCBI, 
Cunningham et al., 2022). Orthologues of P2RX3 have been detected in 427 species 
(NCBI). 

The crystal structure of the human P2X3 receptor has been determined in a resting, 
an agonist-bound/open-pore, a desensitized/agonist-bound/closed-pore, and two 
antagonist-bound states (Mansoor et al., 2016). 

Functional heterotrimeric P2X2/P2X3R channels may consist of two P2X2R and one 
P2X3R subunits (in the sensory neurons of dorsal root ganglia) or vice versa (in nodose 
ganglia) (Jiang et al., 2003, Kowalski et al., 2015). Homotrimeric P2X3R channels 
desensitize rapidly but heterotrimeric P2X2/P2X3R channels slowly after ATP exposure 
(Chen et al., 1995, Lewis et al., 1995).  

In sensory neurons, P2X3Rs and P2X2/3Rs may be presynaptic (enhancing 
glutamatergic neurotransmission from the central terminals) or postsynaptic (receiving 
the signals in the cell bodies) (Khakh, North, 2012). 

Homotrimeric P2X3 and heterotrimeric P2X2/3 receptors of gustatory sensory neurons 
mediate the taste signals to the gustatory cortex (Finger et al., 2005, Vandenbeuch et al., 
2015). 

In pathological conditions, these receptors may be both – up- or down-regulated, 
depending on particular context and influences, including interactions with other P2X 
receptors, biochemistry, and neuroanatomical structure (Bernier et al., 2018). 

In carotid body neurons, P2X3 receptors participate in regulating the chemoreflex 
sympatho-excitatory response that controls blood pressure. The rise of P2X3 receptor 
expression probably contributes to high blood pressure and hyperreflexia in the 
pathophysiology of hypertension (Pijacka et al., 2016).  

When ATP is released after tissue damage, P2X3Rs and P2X2/3Rs at nerve endings are 
activated and function as acute pain generators (Cook et al., 1997, Cook, McCleskey, 
2002). In inflamed tissues, where ATP concentrations are high, P2X3Rs and P2X2/3Rs 
have an essential role in mediating chronic pain (Jarvis et al., 2002, Wu et al., 2004) 
(Figure 3). 
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Figure 3. P2X3 and P2X2/3 receptors in dorsal root ganglia neurons in pain. A. When ATP is released 
from damaged tissue, P2X3 and P2X2/3 receptors in peripheral points of DRG neurons are activated 
and operate as pain generators. These receptors in the central terminals transmit the excitatory 
synaptic signals by raising the glutamate release from nerve endings. As a result, pain signalling is 
induced. B. After peripheral nerve injury (PNI), sympathetic axons branch abnormally around DRG 
neurons. ATP released together with noradrenaline activates P2X3 and P2X2/3 receptors in the DRG 
neurons bodies increasing internal Ca2+ concentrations that lead to the Ca2+/calmodulin-dependent 
protein kinase II (CaMKII) activation, which phosphorylates Ca2+-dependent cytosolic phospholipase 
A2 (cPLA2). Phospho-cPLA2 cuts off lyso - platelet activating factor (PAF) from the cell membrane, 
that is then converted into PAF by lyso-PAF-acetyltransferase (LPCAT2). PAF triggers its receptors 
on macrophages, evoking the production and release of IL-1β and tumour necrosis factor (TNF) α 
that enhances DRG neurons’ excitability resulting in tactile allodynia. From (Inoue, 2022) with 
permission. 

 
In vivo studies using selective antagonists show that blocking these receptors leads to 

reduced nociceptive sensitivity with symptoms like enhanced bladder volume threshold, 
decreased bladder reflexes, and diminished airway sensitivity in cough models (Ford, 
Undem, 2013, North, Jarvis, 2013). 

Gefapixant (AF-219, MK-7264) is a reversible and potent noncompetitive P2X3 
receptor antagonist that is about 3 times less potent for P2X2/3 receptors (Richards  
et al., 2019). Gefapixant and its analogues inhibit P2X3R-dependent signals in peripheral 
tissues innervating afferent neurons in several disease models (Ford, Undem 2013, 
Richards et al., 2019). The agent can be administered orally and it is peripherally 
restricted, making it a potential therapeutic for humans (Ford, Undem, 2013). The side 
effect called dysgeusia appears to be dose-dependent, suggesting potential for the 
optimal dosage that has a therapeutic effect with minimal side effects (Smith et al., 
2020). 
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There are also recently discovered next-generation P2X3R antagonists that are more 
selective and have a much lower affinity for heteromeric P2X2/3Rs – BLU-5937 and 
imidazopyridine. As dysgeusia is probably mediated by heterotrimeric receptors, these 
antagonists are expected to have fewer side effects (Garceau, Chauret, 2019). BLU-5937 
is currently in a phase 3 clinical trial for refractory chronic cough (National Library of 
Medicine).  

P2rx3tm1Ckn (mutation in exon 1) and P2rx3tm1Jwo have decreased sensitivity to 
inflammatory pain but not to mechanical nor acute noxious thermal (hot plate) stimuli. 
Thermal hyperresponsiveness has been detected in these mice (Cockaine et al., 2005, 
Souslova et al., 2000).  

P2rx3-/- mice (as P2rx2tm1Ckn mice) show bladder hyporeflexia, impaired peristalsis and 
changed hippocampal synaptic plasticity (Cockaine et al., 2000).  

P2rx2/P2rx3Dbl-/- mice show gustatory deficiencies and have developmental 
abnormalities and very high lethality (>90%) through weaning due to pneumonia, 
probably due to reduced ventilatory responses to hypoxia. Surviving mice do not differ 
from WT controls (Eddy et al., 2009).  

P2X2/P2X3Dbl−/− mice neurons have minimal or no response to ATP (Cockaine et al., 
2005). 

1.5 P2X4 receptor 

The human P2X4 gene (ID: 5025, ENSG00000135124) is 1760 bp long, has 14 exons and 
encodes a protein of 388 AA (NCBI, Cunningham et al., 2022). It is located on 
chromosome 12p24.32 forward strand close to the P2X7 gene (Cunningham et al., 2022). 
Orthologues of P2RX4 have been detected in 393 species (NCBI). P2RX4 is one of the 
most conserved P2RX among vertebrates (North, 2002). 

Functional P2X4 receptor is found in homotrimeric and heterotrimeric (with P2X1R, 
P2X2R, P2X5R, and P2X6R) form. Human and mouse P2RX4 have alternatively spliced 
variants but the shorter forms are not able to develop into functional channels 
(Kaczmarek-Hajek et al., 2012, Syed, Kennedy, 2012, Antonio et al., 2014). 

The P2X4 receptor crystal structure was determined in zebrafish (Kawate et al., 2009, 
Hattori, Gouaux, 2012) and verified in rat (Igawa et al., 2015).  

Homotrimeric P2X4 receptors activate quickly and desensitize slowly depending on 
ATP concentrations. The deactivation of these receptors is fast and independent of ATP 
concentrations. They are very sensitive receptors and activate at nanomolar 
concentrations of ATP, when most of the P2XR family members need higher 
concentrations. P2X4Rs act as non-selective cation channels with the highest 
permeability of Ca2+ in the P2XR family (Egan, Khakh, 2004). 

The homotrimeric as well as heterotrimeric P2X4Rs, but not other P2XR family 
members, respond to ivermectin which is a PAM for these receptors (Priel, Silberberg, 
2004). Ivermectin also potentiates nicotinic α7 and GABA(A) receptors (Krause et al., 
1998, Krušek, Zemková, 1994). Besides ivermectin, other avermectin analogues 
(avermectin, doramectin, emamectin, abamectin, moxidectin, and selamectin) also have 
PAM activity for P2X4R (Silberberg et al., 2007, Asatryan et al., 2014, Huynh et al., 2017). 

The P2X4R antagonist NC 2600 targeting glial cells entered clinical trials for chronic 
pain (Nippon Chemiphar). There are several other compounds discovered to antagonize 
P2X4Rs: selective allosteric antagonists benzodiazepine derivative 5-BDBD (Coddou et al., 
2019) and NP-1815-PX (Matsumura et al., 2016), N-(benzyloxycarbonyl)phenoxazines 
PSB-12054 and PSB-12062 (Hernandez-Olmos et al., 2012), urea derivative BX430  



21 

(Ase et al., 2015), highly selective sulfonamide BAY-1797 (Werner et al., 2019), and 
selective and brain-penetrant PSB-15417 (Teixeira et al., 2019). P2X4Rs are inhibited also 
by multiple clinically used antidepressants like fluoxetine, fluvoxamine, paroxetine, 
nortriptyline, clomipramine, and desipramine (Nagata et al., 2009) and their analgesic 
effects in relieving neuropathic pain might be at least partly mediated by P2X4Rs (Nagata 
et al., 2009, Zarei et al., 2014, Yamashita et al., 2016). 

P2X4Rs can be found in the plasma membrane and intracellular compartments as 
vacuoles, vesicles, lysosomes, and lamellar bodies (Qureshi et al., 2007). When in the 
membrane, they can rapidly internalize into lysosomes and early endosomes. The process 
might be constitutive or induced by an agonist and is dynamin- and clathrin-dependent, 
involving receptor c-terminus interactions with adaptor protein 2 (AP2). Mutations in the 
AP2 Tyr binding pocket or receptor endocytic motif cause the accumulation of functional 
P2X4R in the plasma membrane. Native P2X4 receptors reside mainly in lysosomes.  
The internalized receptors move out of the intracellular compartments and to the plasma 
membrane when the pH is increased to 7,4 and they are activated by the intracellular 
ATP (Bobanovic et al., 2002, Kaczmarek-Hajek et al., 2012, Xu et al., 2014) (Figure 4). 

 

 

Figure 4. The intracellular distribution of P2X4R. P2X4 receptors are mostly residing in lysosomes 
and are engaged in the lysosome - late endosome fusion. Arrows – P2X4R transfer between 
compartments. From (Suurväli et al., 2017) with permission. 
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These receptors are abundantly expressed in peripheral and central neurons, 
microglia, several glandular tissues, endothelial cells, and vascular and cardiac smooth 
muscle cells (Burnstock, Kennedy, 2011, Ralevic 2015). 

P2X4 receptors are primarily associated with neuropathic and inflammatory pain 
(Ransohoff, Perry, 2009, Ulmann et al., 2010). They evoke the secretion of two pain 
inducers – prostaglandin E2 and brain-derived neurotrophic factor (BDNF). Both of the 
pain pathways are associated with raised P2X4R expression on the cell surface  
(Baroja-Mazo et al., 2013, Khakh, North, 2012). P2RX4-deficient mice do not have any 
inflammatory prostaglandin E2 in their tissue exudates (Ulmann et al., 2010). 

Several studies have demonstrated that P2X4R participates in the mediation of 
chronic neuropathic pain in allodynia resulting from processing pathway changes in the 
spinal cord (Inoue, 2019) (Figure 5). After nerve injury, P2RX4 KO mice do not display 
pain behaviour (Ulmann et al., 2008). In WT mice, P2X4R antagonist NP-1815-PX inhibits 
chronic pain caused by mechanical damage or herpesvirus infection (Matsumura et al., 
2016). 

 

 

Figure 5. Pain signalling. A. In normal conditions, the signal is induced in C-fibres or Aδ-fibres of 
dorsal root ganglion neurons by painful stimuli and transmitted to dorsal horn secondary sensory 
neurons and the cortex. Touch stimuli signal is evoked in Aβ-fibres and a part of it inhibits secondary 
neurons by interneurons release of g-aminobutyric acid (GABA) and the pain signal is not induced. 
B. After nerve injury, P2X4 receptors are overexpressed in dorsal horn microglia. Dorsal horn 
neurons release ATP, that stimulates microglial P2X4Rs, which in turn, release the BDNF. This causes 
tyrosine kinase B (TrkB) of secondary sensory neurons to down-regulate the potassium-chloride 
transporter (KCC2). As a result, the intracellular Cl- level is increased. In this case, when GABA is 
released from interneurons, it opens Cl- channels on secondary neurons and Cl- starts to flow out, 
resulting in signals that arrive at the cortex. Thus, harmless touch stimuli are changed into pain 
sensations called allodynia. From (Inoue, 2019) with permission. 

 
Still, the pain studies have mostly used male rodents. Recent findings display that 

microglia’s role in pain mediation is sexually divergent. In females, microglial P2X4 
receptors are not upregulated and pain hypersensitivity is mediated by adaptive immune 
cells (Figure 6, Figure 7). In the deficiency of adaptive immune cells, the pain-mediating 
system of females may be switched to the male system (Mapplebeck et al., 2016). 
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Figure 6. Sex-dependent differences in transcriptional P2RX4 induction in microglia. In male mice, 
P2X4 gene expression is controlled by interferon regulatory factors (IRFs). After spared nerve injury 
(SNI), expression of IRF8 is increased and evokes gene expression changes. Allograft inflammatory 
factor 1 (AIF1) and IRF5 expressions are raised. AIF1 codes a protein called ionized calcium-binding 
adapter molecule 1 (iba1) and regulates microglia morphology and proliferation. IRF5 binds to the 
promoter of P2RX4 and increases its transcription leading to overexpression of P2X4 receptors in 
microglia. In female mice, upregulation of IRF8 after SNI leads to microglia activation through iba1. 
Also, IRF5 expression is increased, but it does not induce the transcription of P2RX4. Therefore, the 
P2RX4 induction is the point of sexual divergence in the pathways activated after nerve injury. Other 
morphological and proliferative changes related to the spinal glial response after PNI are similar in 
males and females. From (Mapplebeck et al., 2016) with permission. 

 

 

Figure 7. Male and female neuroimmune pathways mediating pain hypersensitivity induced by SNI. 
In male mice, nerve injury causes microglial P2X4R overexpression that stimulates BDNF release. 
BDNF binds and activates tyrosine kinase B (TrkB), which induces potassium-chloride transporter 
(KCC2) downregulation and following spinal nociceptive circuitry disinhibition. In female mice, 
neuroimmune interactions involving T cells mediate pain hypersensitivity instead of microglial 
BDNF after nerve injury. The specifics of these interactions are not determined yet. From 
(Mapplebeck et al., 2016) with permission. 
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In the course of inflammation, ATP released from damaged or stressed cells operates 
as a damage-associated molecular pattern (DAMP) signal via P2X4Rs, P2X7Rs, P2Y1Rs, 
P2Y2Rs, and P2Y6Rs to evoke proinflammatory responses in neutrophils and macrophages 
(Di Virgilio et al., 2020). In chronic inflammation, both eATP and adenosine might have 
raised levels for extended periods of time (Cekic, Linden, 2016). In macrophages, P2X4R 
regulates ATP-induced CXCL5 expression and secretion, which promotes the recruitment 
of neutrophils to the inflammation site (Layhadi et al., 2018). In T lymphocytes, P2X4 
receptors mobilize rapidly to the immune synapse after T cell receptor stimulation and 
mediate their activation and migration (Woehrle et al., 2010, Ledderose et al., 2018). 

Post nerve damage, overexpression of P2X4 receptors in Schwann cells benefits the 
sensory and motor functions recovery and remyelination through the secretion of the 
BDNF. Also, brain ischemia, spinal cord injury, and trauma up-regulate P2X4R expression 
in microglia, which probably plays a role in resolving the inflammation (Montilla et al., 
2020). 

P2X4Rs are involved in neurodegenerative disorders like Alzheimer’s disease (AD), 
Parkinson’s disease, and multiple sclerosis (MS), where they participate in microglia 
activation in neuroinflammation processes. Activated P2X4Rs also encourage Ca2+ 
signalling, electrical activity, and secretion of neuro-hormones in neuroendocrine cells 
(Bjelobaba et al., 2015). 

Expression of P2X4 receptors is upregulated in the optic nerves of MS patients and 
activated microglia of MS animal model experimental autoimmune encephalomyelitis 
(EAE) rats, where they participate in the repair responses and remyelination (Domercq, 
Matute, 2019, Montilla et al., 2020). P2X4R expression is increased at the peak of EAE 
and stays high during the recovery period. In the course of EAE, P2X4R inhibition leads 
to raised expression of pro-inflammatory genes, pro-inflammatory microglia 
polarization, and low oligodendrocytes remyelination. On the other hand, positive 
modulation of P2X4R by ivermectin (administered daily post EAE onset) considerably 
improves axon conduction latencies in the corticospinal tract and motor deficits of model 
animals. In vitro studies of microglia show that ivermectin decreases the expression of 
pro-inflammatory genes, increases the expression of anti-inflammatory genes, 
potentiates myelin degradation, and stimulates remyelination (Zabala et al., 2018). 

In rheumatoid arthritis, P2X4R elevates inflammation in joints. Antisense RNA 
targeting P2X4 mRNA suppresses pro-inflammatory cytokines production (Li et al., 2014) 
and P2X4R inhibition reduces joint inflammation (Sakaki et al., 2013). Therefore, blocking 
P2X4R is a potential strategy in rheumatoid arthritis treatment (Li et al., 2014). 

The P2X4R also plays a role in cardiac function by contributing to the control of large 
vessel tone through smooth muscle relaxation of arteries and endothelial-dependent 
nitrogen oxide release (Braganca, Correia-de-Sa, 2020). 

After partial liver removal in the rat, the high level of eATP contributes to liver 
regeneration through P2X4 receptors. In P2RX4 KO mice, the regeneration is delayed, 
hepatocytes are prone to necrosis, and bile flow is disturbed (Gonzales et al., 2010, 
Besnard et al., 2016). 

P2X4Rs are involved in lung surfactant release (Miklavc et al., 2013). Their expression 
is raised in asthmatic patients and also in the asthmatic disease mouse model (Zech  
et al., 2016). In the mouse model, antagonizing P2X4Rs relieves many of the asthmatic 
symptoms in the airways like inflammation, mucus production, eosinophilia, and cellular 
infiltration (Zech et al., 2016, Chen et al., 2016). Thus, P2X4R in the lungs is a promising 
therapeutic target for asthma and other airway disease treatment. 
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The role of the P2X4 receptor in protecting the host cells in infections has not been 
well studied. Still, bacteria C. Trachomatis growth in HeLa cells is inhibited through 
stimulation of P2X4Rs (Pettengill et al., 2012), P2X4Rs promote leucine-rich repeat pyrin 
domain containing 3 (NLRP3) inflammasome activation and production of reactive 
oxygen species in gingival epithelial cells (Hung et al., 2013). P2X4R and P2X7R activation 
has a protective effect against inflammation and sepsis during E. coli infection (Greve  
et al., 2017, Csoka et al., 2018). 

P2X4 receptors regulate alcohol-induced reactions in microglia. Ethanol induces the 
expression of P2X4 in both – mRNA and protein levels (Gofman et al., 2014) but also 
allosterically restricts the functions of already expressed P2X4Rs (Asatryan et al., 2010). 
Ivermectin antagonizes the effect ethanol causes on P2X4 receptors in vivo and in vitro 
and considerably decreases ethanol preference and intake in mouse experiments of 
alcohol self-administration (Wyatt et al., 2014, Asatryan et al., 2010, Kosten, 2011). 
Therefore, P2X4R is a potential therapeutic target for the treatment of alcohol use 
disorders (Asatryan et al., 2011). 

The non-synonymous SNP Tyr315Cys in the human P2X4 gene has been identified to 
change the receptor function causing raised blood pressure (Stokes et al., 2011, Braganca, 
Correia-de-Sa, 2020) and increased predisposition for osteoporosis (Wesselius et al., 2013). 
P2RX4 variants may also contribute to raised risks for developing MS, HIV-associated 
sensory neuropathy, and defective immune responses (Kanellopoulos et al., 2021). 

P2rx4tm1Ando mice show abnormal common carotid artery morphology and blood 
vessel physiology, resulting in high blood pressure (Yamamoto et al., 2006). 

P2X4Rtm1Rass mice display high bone mass phenotype with stronger bones and 
improved bone microstructure (Ellegaard et al., 2021). They also show perceptual and 
socio-communicative deficits and changed hippocampal synaptic plasticity (Sim et al., 
2006). These mice carry a passenger mutation P2X7L451P and their CD4 + and CD8 + T 
cells express higher levels of P2X7R compared to B6-WT mice (Er-Lukowiak et al., 2020). 

Cardiac-specific P2X4R KO mice P2rx4tm1.1Ngc show more serious heart failure (Yang et 
al., 2014). 

P2rx4tm1Dgen (mutation in exon 2) mice display abnormal macrophage physiology 
(Brône et al., 2007).  

P2rx4tm1b(EUCOMM)Wtsi mice show decreased mean corpuscular volume and abnormal 
clavicle morphology (International Mouse Phenotyping Consortium). 

Transgenic mouse models that overexpress human P2X4Rs show better contraction 
performance and raised contractility of cardiomyocytes in the intact heart model (Hu  
et al., 2001) and remarkably delayed progression of heart failure and extended life 
expectancy in the cardiomyopathy model (Yang et al., 2004). 

Transgenic hP2X4R overexpressing mice display elevated myocyte contractility (Shen 
et al., 2006). 

There are several mouse models available that express fluorescent reporter proteins. 
The transgenic Tg(P2rx4-tdTomato)1Khakh mice express soluble tdTomato (Xu et al., 2016).  

Conditional P2X4R-mCherry expressing mouse model P2rx4mCherryIN (Cre activity 
dependent genetic swapping of the P2RX4 internalization motif by the fluorescent 
mCherry) reveals learning and memory deficits and anxiolytic effects (Bertin et al., 2021).  

Outside mammals, P2X4 receptors are mostly related to nervous and immune system 
functions. In chicken, P2X4R regulates chondrogenesis (Fodor et al., 2009) and in a 
teleost fish Paralichthys olivaceus, P2X4R participates in the innate immune response  
(Li et al., 2015). 
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1.6 P2X5 receptor 

The human P2X5 gene (ID: 5026, ENSG00000083454) is 2060 bp long, has 12 exons and 
encodes a protein of 444 AA (NCBI, Cunningham et al., 2022). It is located on chromosome 
17p13.3 reverse strand (Cunningham et al., 2022). Orthologues of P2RX5 have been 
detected in 486 species (NCBI). 

The human P2RX5 is usually missing the typical P2RX exon 10 coding TM2 and codes 
only 422 AA long protein with a misfolded subunit. The full-length gene (coding 444 AA 
long protein) is present in about 10% of humans (detected only in black Americans so 
far). Rat and mouse P2X5Rs are formed fully (455 AA) but still respond weakly to ATP 
(North, 2002, King, 2022). 

Co-immunoprecipitation studies have shown that rat P2X5R subunits might co-assemble 
with P2X1R, P2X2R, P2X3R, P2X4R, and P2X6R subunits (Torres et al., 1999). For 
heterotrimeric P2X1/5 and P2X2/5 receptors, it is determined that their pharmacological 
profile differs from homomeric P2X1 and P2X2 receptors (North, 2002, Illes et al., 2021). 

P2X5 receptor functions as a non-selective, slowly desensitizing cation channel 
(PCa/PNa = 1,5) when stimulated by ATP. Unlike other P2XR family members, P2X5Rs are 
permeable to chloride ions as well (PCl/PNa = 0,5). Otherwise, the operational profile of 
the full-length human P2X5R is similar to the profile of rat P2X2R (Bo et al., 2003a). 

P2X5 receptors have a supporting function in the inflammatory response, including 
regulating pro-inflammatory cytokines (Interleukins (ILs) 1β, 6, 17a and TNF-sf11) 
expression (Kim et al., 2017, Kim et al., 2018). mRNA of the typical human isoform 
(hP2X5A) has been found plentifully in the B cells, T cells, and NK cells of peripheral blood, 
lymphoid tissues, and normal and malignant progenitor cells. It is highly described in 
lymphoid tissues (thymus, tonsils, spleen, and bone marrow) (de Rijke et al., 2005, 
Overes et al., 2008). 

Data about the P2X5 receptor involvement in cancer are controversial. P2X5Rs are 
densely expressed on human squamous and basal cell carcinomas and their expression 
is negatively correlated with the tumour aggressiveness (Greig et al., 2003). 
Overexpression of the P2X5 receptor is detected in several hematologic tumours (Norde 
et al., 2009). In colon cancer, it has an unfavourable prognostic value (Gao et al., 2018). 

P2rx5-/- mice osteoclasts have deficits in maturation and inflammasome activation 
under inflammatory conditions (Kim et al., 2017). 

P2rx5tm1Lex (mutation in exon 1) mice have abnormal immune cell numbers (increased 
NK cell number, decreased CD8+ and αβ T cell numbers), problems with learning, and 
increased exploratory behaviour (European Mouse Mutant Archive). 

KO mice P2rx7tm1b(EUCOMM)Hmgu show abnormal gait, reduced exploration in new 
environments, preweaning lethality, and incomplete penetrance (International Mouse 
Phenotyping Consortium). 

1.7 P2X6 receptor 

The human P2X6 gene (ID: 9127, ENSG00000099957) is 2727 bp long, has 15 exons and 
encodes a protein of 441 AA. It is located on chromosome 22p11.21 forward strand 
(NCBI, Cunningham et al., 2022). Orthologues of P2RX6 have been detected in 274 
species (NCBI). 

This P2XR subunit is missing 9 AA that are part of the left flipper motive and thus 
essential for receptor activation (Wang et al., 2017). 
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P2X6R is a non-selective slowly desensitizing cationic channel that needs to be fully 
glycosylated to act as a homotrimer (Jones et al., 2004). It forms heterotrimers with 
P2X2R and P2X4R subunits (Royle et al., 2002, Torres et al., 1999). 

P2X6R is the least investigated receptor in the family. Only two research groups have 
been successful in characterizing the functional rat P2X6Rs (Collo et al., 1996, Jones  
et al., 2004). 

As the P2X6R subunit glycosylation might be more effective in native cells in contrast 
to expression systems, there might be more functional receptors in vivo. P2X6Rs have 
been found in the human thymocytes, atrium, midbrain, kidney, and urinary bladder 
(Jones et al., 2004). 

P2X6 receptor overexpression is associated with the poor prognosis and progression 
of renal cancer (Gong et al., 2019). The P2X6 receptor has also been proposed to play a 
role in breast cancer (Chadet et al., 2014). On the other hand, cell-line experiments show 
that in human bladder cancer, high P2X6R expression might be an indicator of a good 
prognosis (Dietrich et al., 2022). 

In mouse hippocampal neurons, non-glycosylated P2X6R was detected in the nucleus 
where it cooperated with splicing factor 3A1 to decrease the mRNA splicing (Diaz-
Hernández et al. 2015).  

P2rx6tm1Dgen mice show a pain phenotype with an increased thermal nociceptive 
threshold and decreased susceptibility to pharmacologically induced seizures (de Baaij 
et al., 2016). 

1.8 P2X7 receptor 

The human P2X7 gene (ID: 5027, ENSG00000089041) is 5113 bp long, has 13 exons and 
encodes a protein of 595 AA. It is located on chromosome 12p24.31 forward strand close 
to the hP2X4 gene (NCBI, Cunningham et al., 2022). Orthologues of P2RX7 have been 
detected in 272 species (NCBI). 

Several P2X7R isoforms obtained from alternative splicing have been identified in 
rodents and also in humans (Bartlett et al., 2014). Some of these variants are functional, 
for example, rat and mouse variant „k“ and human variant P2X7BR (Schwarz et al., 2012, 
Carluccio et al., 2019). 

Crystal structures of P2X7Rs have been determined for intracellularly truncated giant 
panda P2X7R (Karasawa, Kawate, 2016) and chicken P2X7R (Kasuya et al., 2017b) and 
also for the full-length rat P2X7R (McCarthy et al., 2019). 

As no other P2XR family members, P2X7 receptors have a cytoplasmic domain, which 
contains 18 AA long cysteine-rich (C-cys) region at the end of TM2 called C-cys anchor, 
and 120 residues in the C-terminus named cytoplasmic ballast (Figure 8). C-cys anchor 
connects TM2 to the cytoplasmic cap and regulates receptor function by mediating the 
interactions of the P2X7 receptor and membrane phospholipid rafts. Palmitoylation of 
the C-cys anchor prevents receptor desensitization and allows to initiate the apoptosis in 
the presence of a high concentration of eATP. The cytoplasmic ballast has a unique 
globular, wedge-shaped fold. The ballast does not participate in receptor gating but is 
involved in the modulation of P2X7R’s capability of pore dilation and induction of 
apoptosis by membrane blebbing, caspases activation, and initiation of cytolytic signal 
transduction (Suprenant et al., 1996, Wilson et al., 2002, Cheewatrakoolpong et al., 2005, 
Gonnord et al., 2009, Adinolfi et al., 2010, Costa-Junior et al., 2011, McCarthy et al., 
2019). It contains a guanosine nucleotide-binding site and a zinc-ion complex (Figure 8). 
Functions of these features are still unknown (McCarthy et al., 2019). The ballast domain 
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may act as a connection between P2X7R and intracellular signalling proteins (Adinolfi  
et al., 2010) indicating that P2X7R might act not only as an ion channel but also as a 
metabotropic receptor (Ugur, Ugur, 2019). 

 

 

Figure 8. Structure of open state rP2X7 receptor subunit in ribbon representation in orthogonal 
views. Major domains are shown in different colours. From (McCarthy et al., 2019) with permission. 

 
P2X4 and P2X7 receptors might form functional heteromers as their cooperation has 

been detected in macrophages. Whether these heteromers really form or whether they 
are important participants in pain pathology is yet unknown (Perez-Florez et al., 2015). 

In the P2XR family, P2X7R demonstrates the lowest sensitivity to ATP (Sadovnick et al., 
2017). But at inflammation sites and in cancer, the concentrations of eATP can increase 
to the level needed to activate the P2X7Rs (Di Virgilio et al., 2018a). Besides, some factors 
of inflammation can act as PAMs and reduce the ATP threshold for activating P2X7 
receptors (Di Virgilio et al., 2018c). 

P2X7Rs are able to form large pores allowing the passing of large cationic molecules, 
however, at a much lower speed than of the small molecules like Ca2+, K+, and Na2+  
(Di Virgilio et al., 2018c). 

As the P2X7 receptor is the most extensively investigated subtype of the P2X receptor 
family, it is also most studied as a drug target (Illes et al., 2021). Several selective, potent, 
and mainly allosteric antagonists have been described (Gelin et al., 2020). Some of them 
are sulfonate dye Brilliant Blue G (Geraghty et al., 2017), AZD9056 that was used in 
clinical studies for rheumatoid arthritis treatment but with low effectiveness (Keystone 
et al., 2012), and JNJ-54175446, which has been evaluated in clinical studies for the 
treatment of major depression disorders (Bhattacharya, Ceusters, 2020, Recourt et al., 
2023). There are also a few PAMs of P2X7R activation like LL-37 (Tomasinsig et al., 2008), 
polymyxin B (Ferrari et al., 2004), tenidap (Sanz et al., 1998), clemastine (Norenberg  
et al., 2011), and ginsenosides (Helliwell et al., 2015). 
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Some types of cells, like platelets and leukocytes, contain large amounts of intracellular 
P2X7Rs within various intracellular compartments (Gu et al., 2000, Burnstock 2015). 
These receptors do not translocate to the plasma membrane when the membrane 
P2X7Rs are activated but can do so after extended receptor activation (Smart et al., 2002, 
Connon et al., 2003). In monocytes, intracellular P2X7 receptors might contribute to high 
cell surface expression in their differentiation process to macrophages (Gudipaty et al., 
2001). 

P2X7 receptors are broadly expressed in lymphoid and myeloid immune cells and at 
low levels in platelets (Di Virgilio et al., 2017). Among immune cells, dendritic cells  
express P2X7Rs at the highest level. In these cells, P2X7 receptors are involved in several 
immune responses like antigen presentation, probably being the key factor of the  
DAMP-dependent stimulatory route (Mutini et al., 1999, Di Virgilio et al., 2017). 

eATP’s activation of P2X7R leads to pore formation in macrophages and monocytes 
and provokes a pro-inflammatory reaction. This involves cytokine secretion (especially 
IL-1β and IL-18), B and T cell proliferation, regulation of phagocytosis, and promoting the 
chemotaxis (Solle et al., 2001, Feske et al., 2012, Junger, 2011, Di Virgilio et al., 2017).  
In macrophages, P2X7 receptors are also involved in the killing of several intracellular 
pathogens like mycobacteria (Lammas et al., 1997), Chlamydia trachomatis (Coutinho-
Silva, 2003), and Plasmodium chabaudi (Salles et al., 2017). 

Nevertheless, the best-described immune response of P2X7Rs is the activation of the 
cryopyrin inflammasome. Under pathological conditions, ATP release can induce sustained 
P2X7 receptor activation, with NLRP3 inflammasome assembly and pro-inflammatory 
cytokine release (Di Virgilio et al., 2017, Adinolfi et al., 2017, Calzaferri et al., 2020) 
(Figure 9). 

 

 

Figure 9. P2X7R activated inflammatory pathways. Left: P2X7Rs activation promotes the release of 
IL‐1β by K+ efflux and the formation of macropores. This leads to the formation of the 
inflammasome complex that performs the cleaving of pro‐caspase 1 into biologically active 
caspase‐1. As a result, pro‐IL‐1β is processed into mature IL‐1β and released out of the cell. Right: 
Activation of P2X7R also stimulates the increase of intracellular Ca2+ which activates nuclear factor 
kappa B (NF‐κB). NF-kB translocates into the nucleus and evokes pro‐IL‐1β transcription. From 
(Calzaferri et al., 2020) with permission. 
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In addition, P2X7R activation is involved in the release of some other inflammation 
mediators like eicosanoids leukotriene B4, prostaglandin E2, and thromboxane A2. Their 
production is induced by the interactions of P2X7Rs and cathelicidin peptide LL-37. 
Activation of P2X7R leads to cyclo-oxygenase 1 (COX1) and cyclo-oxygenase 2 (COX2) 
activity that catalyzes production of prostaglandins and thromboxane which are involved 
in fever and inflammatory pain induction (Barbera-Cremades et al., 2012, Anrather et al., 
2011, Chotjumlong et al., 2013, Toki et al., 2015, Lin et al., 2016, Alves et al., 2013). 

P2X7Rs are essential for forming long-lasting CD8+ memory cells (Borges da Silva et al., 
2018) and differentiation of T helper 17 cells (Fan et al., 2016). In human neutrophils, 
P2X7R receptors are needed to fight the bacterial infection of Streptococcus pneumoniae 
(Karmakar et al., 2016). Some Natural killer cell (NK) subtypes have high P2X7R 
expression necessary for energy metabolism and fitness of these cells. In the T follicular 
CD4+ cells of the gut, P2X7 receptors mediate communication with B cells (Perruzza et 
al., 2017). The coagulation pathway in macrophages and dendritic cells is activated after 
their P2X7R activation leads to the tissue factor release (Baroni et al., 2007). 

In viral infections, P2X7 receptors have contrasting roles as they are host-protecting 
in some but infection-promoting in others. P2X7Rs help to decrease viral load in Dengue 
virus-2 infection (Correa et al., 2016) but worsen adenovirus and hepatitis B infections 
by quickening the damage of host cells (Lee et al., 2012, Taylor, Han, 2010). P2X7 
receptors might have a central role in HIV pathogenesis as their activation leads to the 
exocytosis of HIV-1 virions from macrophages and P2X7R antagonist A-438079 prevents 
release of the virion. Besides, nucleotide reverse transcriptase inhibitors that are part of 
the antiretroviral therapy, effectively inhibit P2X7 receptors in vivo and in vitro models 
(Swartz et al., 2015, Graziano et al., 2015, Fowler et al., 2014). 

P2X7 receptors also participate in the exposal of several cell surface markers and the 
release of membrane-derived microvesicles and exosomes (Sluyter, 2017). P2X7R 
activation stimulates the release of vascular endothelial growth factor (VEGF) and 
promotes angiogenesis in vivo, giving it an important role also in the growth and 
metastatization of cancers (Adinolfi et al., 2012, Di Virgilio et al., 2018a). Many human 
and mouse tumours express elevated levels of P2X7Rs, and in some of them the 
expression correlates with the progression (Lara et al., 2020). Administration of selective 
P2X7R inhibitors suppresses the metastatization and growth of several P2X7R-expressing 
tumours (Di Virgilio, 2012, Di Virgilio, Adinolfi, 2017, Di Virgilio et al., 2018a, Lara et al., 
2020). On the other hand, P2X7R expression on macrophages and lymphocytes is 
essential for a successful anti-cancer immune response (Ghiringhelli et al., 2009, Adinolfi 
et al., 2015). 

In the CNS, P2X7 receptors are mostly expressed in microglia, where they are believed 
to function similarly as in the immune system by activating the discharge of inflammatory 
cytokines (Sadovnick et al., 2017). The interaction between neurons and astrocytes is 
primarily mediated through ATP release from these cells (Ferrero, 2009). Astrocytes and 
oligodendrocytes also express P2X7Rs, only at lower levels, while neurons seem to be 
lacking these receptors (Illes et al., 2017). The effects of P2X7R expression on neurons 
are indirect and mediated by glial signalling molecules (Illes et al., 2019a).  

Even though neurodegenerative diseases like MS, amyotrophic lateral sclerosis, AD, 
and Parkinson’s disease have distinct causes, they all include a similar neuroinflammatory 
component where the ATP concentrations are high and activate P2X7Rs of glial cells 
(Figure 10). Such neuroinflammatory condition is also induced during acute CNS injuries, 
such as ischemia, trauma, and epilepsy seizures (Burnstock et al., 2011, Yiangou et al., 
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2006). A leading reason behind prolonged epileptic seizures called “status epilepticus” is 
elevated level of ATP release (Engel et al., 2016). A neurotoxic molecule amyloid- β that 
is produced in the course of AD promotes the release of ATP from damaged cells of CNS 
through P2X7R stimulation (Sanz et al., 2009). P2X7Rs are also upregulated in monocytes 
and lymphocytes in patients suffering from neuropathic pain (Luchting et al., 2016). 

 

 

Figure 10. P2X7 receptors are involved in the interactions of astrocytes, microglia, and neurons in 
neurodegenerative disorders and psychiatric illnesses. Glutamate (Glu) and ATP are neuro- and 
gliotransmitters secreted from nerve terminals, astrocytes, and microglia. ATP can be released by 
exocytosis from neurons and astrocytes but also through the P2X7R or pannexin-1 (Panx-1) pores 
from astrocytes. K+ efflux from the P2X7R channel is the main stimulus for the NLRP3 inflammasome 
activation but also lipopolysaccharide (LPS) stimulation of toll-like receptor TLR4R may have a role 
in some cases. Inflammasome mediates cleavage of pro-IL-1β into IL-1β and boosts its release. 
Presynaptic N-methyl-D-aspartate (NMDA) receptors contribute to the secretion of glutamate 
which is an excitotoxin in high concentrations. Microglial cells release reactive oxygen species (ROS) 
that induce protein misfolding. Pro-inflammatory cytokines IL-1β, IL-6, and TNF-α cause 
neuroinflammation that stimulates the release of BDNF. AD – Alzheimer’s disease, PD - Parkinson’s 
disease, HD – Huntington’s disease, SE – status epilepticus, ALS – amyotrophic lateral sclerosis,  
MS – multiple sclerosis. From (Zhao et al., 2021) with permission. 

 
The neuro-inflammatory processes that cause tissue damage are the key components 

in MS pathogenesis (Naegele, Martin, 2014, Domercq, Matute, 2019). P2X7 expression is 
increased in the optic nerve oligodendrocytes of MS patients compared to control 
samples in both – mRNA and protein levels (Matute et al., 2007). In progressive MS, 
P2X7R expression is raised in parenchymal astrocytes (Amadio et al., 2017). Concordant 
with the prior, during EAE, P2X7Rs are overexpressed in astrocytes and their expression 
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is associated with early astrogliosis (Grygorowicz et al., 2016). Furthermore, treatment 
with P2X7R antagonists improves recovery in the course of chronic EAE (Matute et al., 
2007). Experiments with different strains of P2RX7 KO mice show controversial results – 
EAE symptoms are reduced in some cases (Sharp et al., 2008) but exacerbated in others 
(Chen, Brosnan, 2006). 

Increased expression of P2X7 receptors has been detected in autoimmune diseases 
like systemic lupus erythematosus, immune-related glomerulonephritis, and rheumatoid 
arthritis. All these conditions include immune-mediated tissue damage (Di Virgilio, 
Giuliani, 2016, Turner et al., 2007, Al-Shukaili et al., 2008). 

P2X7 receptors are broadly (but at different levels) expressed also outside of the 
immune system and the CNS. For example, they can be found in vascular endothelial 
cells, fibroblasts, osteoblasts, osteoclasts, keratinocytes, intestinal epithelial cells, 
hepatocytes, skeletal and vascular muscle cells, corneal cells, and retinal ganglion cells 
(Bartlett et al., 2014, Sluyter, 2017). 

Prolonged P2X7R activation can evoke membrane blebbing and apoptotic or necrotic 
cell death (Wilson et al., 2002, Ferrari et al., 1999, Adinolfi et al., 2005, Auger et al., 2005, 
Kong et al., 2005, Delarasse et al., 2009) dependent on the cell type. In macrophages, 
bacterial products induce pyroptosis through P2X7R activation (Dubyak, 2012, Yang et al., 
2015). Yet, P2X7 receptors can also provoke growth and promote survival (Baricordi  
et al., 1999, Adinolfi et al., 2009). 

In the absence of ATP, the P2X7 receptor regulates apoptotic cell removal, which has 
an essential part in early human neurogenesis (Lovelace et al., 2015).  

In addition, P2X7 receptors are involved in proteolytic cleavage of proteins on plasma 
membrane like CD23, L-Selectin (Gu et al., 1998), CD27 (Moon et al., 2006), TNFα (Suzuki 
et al., 2004), interleukin-6 receptor (Garbers et al., 2011), matrix metalloproteinase-9 
(Gu, Wiley, 2006), and the amyloid precursor protein (Delarasse et al., 2011). 

In some cells, P2X7Rs have been observed in lipid rafts. These are stiff regions of the 
plasma membrane that have accumulations of sphingolipids and cholesterol (Garcia-
Marcos et al., 2009). P2X7Rs have been found in lipid rafts in rat submandibular glands 
(Garcia-Marcos et al., 2006a) murine osteoblasts (Gangadharan et al., 2015), lymphoma 
(Bannas et al., 2005), and lung epithelial cells (Barth et al., 2007). Activation of P2X7 
receptors associated with lipid rafts might stimulate lipid-signalling pathways including 
phospholipase A2 and neutral sphingomyelinase (Garcia-Marcos et al., 2006b). Cholesterol 
can regulate the functioning of P2X7 receptors on the plasma membrane, especially 
within lipid rafts (Sluyter, 2017). 

A number of missense, intronic, and nonsynonymous SNPs have been found in the 
P2X7 gene. Some coding region SNPs cause gain or loss of the receptor function.  
For example, SNP rs2230912 with mutation Gln460Arg has been proposed to be involved 
in major depression and bipolar disorder (Illes et al., 2019b). Gain-of-function SNPs 
His155Tyr (489C>T) and Ala348Thr (1068G>A) rise the predisposition for rheumatoid 
arthritis (Portales-Cervantes et al., 2012, Al-Shukaili et al., 2011). 

Both P2RX4 and P2RX7 functional and non-functional gene variants have been 
indicated as possible factors to modulate MS predisposition (Sadovnick et al., 2017).  
The P2X7 Gly150Arg + P2X4 Tyr315Cys haplotype induces impaired phagocytosis due to 
the reduction in P2X7R scavenger function and is a risk factor for the primary progressive 
type of MS (Gu, Wiley, 2018). 
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P2RX7 deletion is beneficial in several inflammatory and pathophysiological 
conditions. At least seven P2RX7-/- mouse lines have been produced that display flaws 
in immune system function and cytokine release besides reduced inflammatory and 
neuropathic pain (Illes et al., 2021). 

P2rx7tm1Gab mice (AA 506-532 replaced by the insertion of a neomycin selection 
cassette; the 13b isoform expressed in low level in the brain, salivary gland, and spleen) 
have abnormal mast cell physiology and alterations in bone formation (Arandjelovic  
et al., 2012, Ke et al., 2003). 

P2rx7tm1Lex mice ( A 1496 bp fragment encoding exons 2 and replaced with a lacZ/neo 
selection cassette) show antidepressant-like phenotype and have abnormal macrophage 
physiology (Basso et al., 2009). 

T cells of P2RX7 KO mice P2rx7tm1Ipch (disruption of exon 1 by insertion of a LacZ gene 
in-frame with the initiation codon and neomycin selection cassette; without any deletion 
in the p2rx7 sequence; the 13a isoform is expressed) preserve high levels of P2X7R 
activity (Kaczmarek-Hajek et al., 2012). In these animals, inflammatory and neuropathic 
hypersensitivity is entirely absent for both thermal and mechanical stimuli, although 
normal nociceptive processing is existent (Chessell et al., 2005). 

KO mice P2rx7tm1a(EUCOMM)Wtsi have reduced circulating glycerol levels compared to WT 
mice and KO mice P2rx7tm1b(EUCOMM)Wtsi show an abnormal eye morphology and cataract 
phenotype (International Mouse Phenotyping Consortium). 

Floxed humanized P2RX7 knock-in mice P2rx7tm1.1(P2RX7)Jde (murine exon 2 replaced by 
the human P2RX7 cDNA comprising exons 2-13) show abnormal physiology of primary 
hippocampal cells and sleep disturbances (Metzger et al., 2017). 

A knocked-in mouse line P2rx7tm1(EGFP_CreERT2)Wtsi generated by the EUCOMMTOOLS 
program is expressing enhanced green fluorescent protein (EGFP) together with 
inducible Cre recombinase (CreERT2) that is controlled by the P2RX7 promoter. 
Unfortunately, the mouse line does not perform as expected having the P2X7R 
expression in neurons but not in microglia, astrocytes, and oligodendrocytes due to the 
incorrect cassette insertion (Urbina Treviño, 2021). 

Transgenic reporter mouse line Tg(RP24-114E20-P2X7-His-StrepEGFP)Ani has a 
sequence of EGFP inserted into the P2RX7 C-terminus that results in a fused P2X7R-EGFP 
protein. The EGFP tag does not change the P2X7 receptor function but the receptor is 
remarkably over-expressed in this mouse line (Kaczmarek-Hajek et al., 2018). 

In another transgenic reporter mouse line Tg(P2rx7-EGFP)FY174Gsat, the EGFP 
cassette accompanied with polyA signal is inserted downstream of P2RX7 exon 1. In this 
mouse line, the EGFP is soluble. Unexpectedly, these mice have overexpression of P2X4R 
and P2X7R with generally atypical expression patterns (Ramírez-Fernández et al., 2020). 

1.9 Interactions between P2X4 and P2X7 receptors 

The probable interactions between P2X4 and P2X7 receptors have been broadly studied.  
Yet, there is still no definitive proof of whether P2X4R and P2X7R interact also as 

heterotrimers at the plasma membrane. Some electrophysiological data is pointing out 
that rat P2X4R and P2X7R subunits are able to form heteromeric receptors as P2X7R was 
co-immunoprecipitated together with P2X4R (Guo et al., 2007). A study of murine 
pancreatic acinar cells and HEK293 showed that P2X4R and P2X7R form heterotrimers 
and these heteromers have electrophysiological and pharmacological properties 
differing from homotrimeric receptors (Casas-Pruneda et al., 2009). Another study used 
human P2RX4, human P2RX7 or both human P2RX4 and P2RX7 transfected Xenopus 
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oocytes and found that P2X4R and P2X7R co-express in the oocytes and are assembled 
as heterotrimers but do not produce a new electrophysiological phenotype (Schneider 
et al., 2017). Contrarily, four studies, using mouse or rat P2RX4 and P2RX7, could not find 
evidence of P2X4R and P2X7R co-assembling and producing P2X4/P2X7 heterotrimeric 
receptors and concluded that interactions of P2X4R and P2X7R occur because of the 
association of homomers (Nicke 2008, Boumechache et al., 2009, Antonio et al., 2011, 
Trang et al., 2020). Possibly, a small percentage of P2X4R and P2X7R subunits form 
heterotrimeric receptors that are not easy to detect. 

Several research groups have shown functional interactions occurring between P2X4 
and P2X7 receptors. These studies demonstrate that P2X4R and P2X7R co-expression 
endorses P2X7R-dependent death of macrophages and P2X4R potentiates P2X7R-
dependent inflammasome activation that leads to raised release of IL-1b and IL-18 
(Kawano et al., 2012, Sakaki et al., 2013). P2X4R activation can also trigger P2X7R 
upregulation (Zech et al., 2016). In general, these studies imply that P2X4R positively 
controls P2X7R-dependent Ca2+ influxes and promotes inflammation through P2X7R-
dependent maturation of pro-inflammatory cytokines. 
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2 Aims of the Thesis 

The aim of this thesis was to collect new insights and confirm known data about the 
biology of P2X4 and P2X7 receptors in evolutionary, physiological, inflammatory, and 
autoimmunological contexts. This included: 

• Investigation of the evolutionary origin of P2X7 receptor. 
• Production and validation of mononuclear antibodies against human P2X4 

receptor to provide additional tools to study the presence and function of this receptor 
in various tissues. 

• Studying the P2X4 receptor expression in human peripheral blood leukocytes. 
• Exploration of the role of P2X4 and P2X7 gene expression in the context of 

multiple sclerosis and its animal model experimental autoimmune encephalomyelitis. 
Finding possible sex-dependent patterns. 
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3 Materials and methods 

Detailed descriptions of materials and methods are provided in the publications. 
Following is the overview of the methods: 

• Identification and analysis of counterparts of the intracytoplasmic domain of 
P2X7 receptor (publication I) 

• Gene linkage analysis (publication I) 
• Molecular modelling of the structure of P2X7 receptor homologs (publication I) 
• Cell culture (publication II) 
• Transfection of HEK293 cells (publication II) 
• Development of anti-human P2X4 receptor monoclonal antibodies (publication II) 
• Confocal microscopy (publication II) 
• Isolation of blood cells (publications II, III) 
• Immunostaining of cells (publications II, III) 
• Flow cytometry (publications II, III) 
• Statistical data analysis (publications II, III) 
• Induction of experimental autoimmune encephalomyelitis in mice (publication III)  
• Dissection of mice and tissue extraction (publication III) 
• RNA extraction (publication III) 
• cDNA synthesis (publication III) 
• Quantitative PCR (qPCR) (publication III) 
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4 Results and discussion 

4.1 Evolutionary origin of the P2X7 receptor (Publication I) 

Genes of P2X receptor family have been recognized across eukaryotes, for example in 
plants, amoebas, fungi, and the Metazoa. These receptors are ATP-activated and have 
common well-conserved structural elements. Although the extracellular domains of 
P2XR family members are highly similar, the long intracellular region of P2X7R cannot be 
found in other P2X receptors (Hou, Cao, 2016, Fountain, 2013).  

Therefore, it was decided to examine the evolutionary origin of the P2X7 receptor and 
especially its intracytoplasmic sequence and the conserved motifs in it. 

4.1.1 The Zn-coordinating cysteine-based domain of P2X7 gene is conserved 
across vertebrates 
Each human P2RX sequence contains a standard and highly conserved P2RX motif 
(Interpro IPR001429) that is encoded by exons 1–10. In contrast, the C-terminal regions 
have varied numbers of exons, different exon junction positions and variable sequences. 
Exon 12 is not conserved across the P2RX family members and only P2RX5 and P2RX7 
have the 13th exon – only a 13 AA coding in P2RX5 and a long 170 AA coding in P2RX7 
(McCarthy et al., 2019). 

The P2RX7 sequences were compared across vertebrates to find conserved regions. 
The P2RX motif was found to be highly conserved. However, the exon 11 3’ side and the 
exon 13 5’ side are not well conserved among vertebrates. Thus, the conserved motifs 
and residues were sought. In exon 13, which encodes the so-called “ballast domain” 
(McCarthy et al., 2019), Zn-coordinating cysteines are generally very well conserved from 
fish to mammals. Yet, the 5′ end of the exon 13 is highly variable, in sequence as well as 
in length (Publication I, Figure 1). 

As a result, a highly conserved region in exon 13 containing most of the Zn-coordinating 
cysteines in human P2RX7 was defined. The consensus sequences of the cysteine clusters 
are PxWCxCx2C, LCCRx3GxCITTS/T, and (L/I/V)PSC(C/S)x3IRx2(F/Y)Px5Y(S/T)G. The region 
was named „Zn-coordinating cysteine-based domain“ (ZCD) and it includes seven/eight 
conserved C residues (Publication I, Figure 1) but does not contain the C-cys anchor motif.  

4.1.2 The ZCD of P2X7 gene is an ancient module present across all main 
divisions of Metazoa but found only in a few other proteins 
To get more functional insight into the ZCD, its combination with other domains was 
analysed across vertebrate proteins. 

Phylogenetic analyses detected three clusters of proteins containing ZCD: classic 
P2X7R identified in vertebrates from bony fish to mammals, nanor-like proteins that 
contain only the ZCD and a short N-terminal region, and three similar Xenopus proteins 
without P2X-like domain which form a separate group (Publication I, Figure 4). 

Then, the ZCD sequence was searched for in proteins of other Metazoa groups. It was 
mainly found in relatively short proteins somewhat similar to nanor, with no other 
conserved domains and without TM region, contrary to P2X7R. ZCD-containing proteins 
were detected in sponges, cnidarians, echinoderms, arthropods, nematodes, and 
molluscs (Publication I, Figure 5). Linkage analysis identified a conserved ancestral 
association of ZCD-containing genes with other markers that shows their common origin 
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(Publication I, Figure 6). These data support the ZCD conservation across the sequences 
of Metazoa and suggest it might establish the primordial pattern of the ballast domain. 

ZCD-like proteins were not detected in bacteria, plants, or fungi. Therefore, this domain 
seems to be an original invention of Metazoa like several other domains (Frederic et al., 
2013). 

Recently, a DNA transposon family KolobokP was identified where Kol0 encodes a KolX 
protein, which has a c-terminal part similar to the cytoplasmic ballast of P2X7R (Kojima, 
Bao, 2022). So, the ballast domain might be captured from a transposon sequence. 

4.1.3 P2X7 gene originates from the fusion of a P2X4-like gene and a Zn-
coordinating cysteine-based domain 
P2X4 and P2X7 genes have close genomic locations and encode very similar membrane 
receptors (Suurväli et al., 2017). This demonstrates that these genes were presumably 
produced by local gene duplication. An ancient domain that contained a conserved 
cysteine-based Zn-coordinating motif could have been combined to a P2RX4-like 
sequence after the divergence of cartilaginous fish from other jawed vertebrates. 
Indeed, no typical P2RX7 with a ballast could be found in cartilaginous fish species 
(Publication I, Figure 8). 

The ballast domain of P2X7R contains a high-affinity GDP binding site (McCarthy et al., 
2019). The residues that interact with GDP in rat P2X7R (R546, H547, R574, R578, K583) are not 
all conserved in P2X7 receptors of other species. Therefore, it is unknown whether fish 
P2X7 receptors, nanor-like proteins, and other ZCD-containing proteins do bind GDP. 

The ballast domain and P2RX4-like sequence were connected by a region in which 
evolved the C-cys anchor that is crucial for the P2X7R properties of desensitization 
(McCarthy et al., 2019). The result was the unique purinergic receptor P2X7R essential in 
immunity and inflammation. 

4.2 Production and validation of monoclonal antibodies against human 
P2X4 receptor (Publication II) 

P2X4 receptors are involved in several inflammatory pathologies and neurodegenerative 
diseases. Still, their functions and expression have not been thoroughly characterized.  
At the beginning of this project, there was an absence of antibodies (Abs) targeting these 
receptors. Thus, it was decided to produce monoclonal antibodies (mAbs) against the 
human P2X4R. 

In bacteria, a protein consisting of the extracellular part of the P2X4 receptor  
fused to a 6xHis-tag was produced. After purification, the protein was used for mouse 
immunization. The final selection contained four candidate hybridomas: two IgM/kappa 
named mAb8 and mAb29 and two IgG2b/kappa named mAb19 and mAb27. 

In western blot analyses on P2X4R-expressing HEK cells, none of the four antibodies 
detected P2X4R, demonstrating that they do not recognize the denatured form of the 
protein and thus target the native conformation (mAb19 and mAb27 in Publication II, 
Figure 1A, left panel). 

Immunoprecipitation (IP) analyses showed that mAb19 and mAb27 immunoprecipitated 
P2X4R from the lysates of human P2X4R expressing HEK cells (Publication II, Figure 1A, 
right panel). mAb27 and mAb29 were also tested on mouse P2X4R expressing cells and 
confirmed to also immunoprecipitate mouse P2X4R (Publication II, Figure 1B). Therefore, 
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mAb27, mAb19, and mA29 specifically recognize human P2X4R and mAb27 and mAb29 
also bind to the mouse P2X4R. 

Hereafter, the work focused on mAb27 (IgG2b) and mAb29 (IgM). 
To verify that the mAbs bind to the mouse P2X4R, P2RX4 KO and WT C57Bl/6 mice 

were used. These mice were injected with thioglycolate intraperitoneally. Then peritoneal 
cells were extracted, labelled with fluorescein isothiocyanate (FITC) –conjugated mAb27 
or isotype control, and analysed with the flow cytometer. In WT mice, a considerable 
amount of cells in all specified gates (Publication II, Figure 2A) were recognized by 
mAb27. However, in P2RX4 KO mice, mAb27 staining did not differ from the isotype 
control (Publication II, Figure 2B). So, the mAb27 specifically stains mouse P2X4R in flow 
cytometry experiments. A similar result was obtained using mAb29. 

In immunohistochemistry experiments, mAb27 stained the human P2X4R 
overexpressing HEK cells, but not the HEK cells that were transfected with the empty 
vector (Publication II, Figure 3A). Similar results were obtained with the other 3 mAbs. 
mAb27 also stained glial cells and neurons of rat hippocampus cell culture (Publication 
II, Figure 3C) that are known for their high P2X4R expression (Sim et al., 2006). Therefore, 
mAb27 can also recognize the rat P2X4R. Identical results were obtained with mAb29. 

Flow cytometry analyses demonstrated that mAb27-FITC considerably stains HEK cells 
that express mouse P2X4R (Publication II, Figure 3B, left panel) but with less efficiency 
than HEK cells that express human P2X4R (Publication II, Figure 3B, right panel). Analyses 
with other 3 mAbs gave similar results. 

Furthermore, mAb27 was used to stain human immortal bronchial epithelial cells and 
human prostate cancer cell line. The results were compared to the staining of two 
commercial (Abnova and Santa Cruz) anti-P2X4R antibodies. All the Abs had similar 
staining patterns (Publication II, Figure 4) confirming the specificity of the mAb27. 

These mAbs that are specific for the human P2X4R and cross-react with the murine 
P2X4R, serve as novel tools helping to determine this receptor’s presence and function 
in various tissues. 

Other available non-commercial antibodies against P2X4 receptors: 
• Mouse IgM mAb anti-P2X4R – recognizes and immunoprecipitates rat P2X4R 

and does not cross-react with other P2X receptors (Bo et al., 2003b). 
• Mouse mAb anti-P2X4R – recognizes rat P2X4R, immunoprecipitates its 

extracellular domain (Igawa et al., 2013). 
• IgG#151 LO – recognizes and inhibits human P2X4R, does not cross-react with 

other P2X receptors (Williams et al., 2019). 
• IgG#191 and IgG#191-Bbbt0626 – recognize and inhibit mouse P2X4R and 

reduce mechanical hyperalgesia (Williams et al., 2019). 
• Nodu 225 mAb Rat anti-P2X4R and Nodu 246 mAb Rat anti-P2X4R – recognize 

mouse P2X4R, immunoprecipitate mouse but not human P2X4R (Bergmann et al., 2019). 
• Nodu 19 mAb Rat anti-P2X4R and Nodu 344 mAb Rat anti-P2X4R – recognize 

human P2X4R (Bergmann et al., 2019). 
• Nanobodies Nb 262 and Nb 301 – recognize human P2X4R (Bergmann et al., 

2019). 
• Nanobody Nb 325 – recognizes mouse P2X4R (Bergmann et al., 2019). 
• Nanobody Nb 318 – recognizes human and rat P2X4R (Bergmann et al., 2019). 
• Nanobody Nb 258 – recognizes human and mouse P2X4R (Bergmann et al., 2019). 
• Nanobodies Nb 271 and Nb 284 – recognize human, mouse, and rat P2X4R 

(Bergmann et al., 2019). 
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4.3 P2X4 receptor expression in cancer and immune cells (Publication II) 

4.3.1 P2X4 receptor is mainly located in intracellular compartments of mouse 
astrocytes, glioma and microglial cells but is also expressed on the surface of 
mouse glioma and astrocytoma cells 
In neural cells, expression of P2X4Rs has previously been indicated in glia, microglia, and 
astrocytes (Dou et al., 2012, Verkhratsky et al., 2009, Zhang et al., 2007). The produced 
mAbs conjugated with FITC were used to examine the P2X4Rs cellular location in 
corresponding mouse tumour cell lines: GL261 (glioma), BV2 (microglia), and ALT 
(astrocytoma). All the cell lines were P2X4R positive (mAb27 staining in Publication II, 
Figure 5). Microglial cells displayed an intense accumulation of P2X4Rs in internal 
compartments (Publication II, Figure 5H, 5I) that are probably lysosomes as described in 
HEK293 and COS1 cells (Huang et al., 2014). Glioma and astrocytoma cells showed also 
high expression in internal compartments but they had significantly higher P2X4R surface 
expression compared to microglia (Publication II, Figure 5B-5I). 

4.3.2 Human peripheral blood leukocyte subsets express P2X4 receptor in 
different levels 
The expression of P2X4Rs on leukocytes (CD45+ cells) was determined in the peripheral 
blood (PB) of seven healthy human donors. Peripheral blood leukocytes (PBLs) were 
stained with anti-P2X4R mAb27-FITC and lineage-specific Abs (CD45, CD3, CD14, CD20) 
and analysed with the flow cytometer to determine the P2X4R expression on the main 
subsets of leukocytes (Publication II, Figure 6). 

Among leukocytes, T cells (CD3+ cells) had very low P2X4R expression (Publication II, 
Figure 6D), B cells (CD20+ cells) were slightly positive (Publication II, Figure 6E), and 
monocytes (CD14+ cells) and granulocytes (CD14+/- cells) had intermediate P2X4R 
expression levels (Publication II, Figure 6F-6G). However, a distinct subset of PBL that 
expressed P2X4Rs at high levels was detected (Publication II, Figure 6D-6F). This 
subpopulation of cells was among the most granular cells and expressed greater levels 
of P2X4Rs than other granulocytes (Publication II, Figure 6G). From the phenotype (large, 
granular, P2X4Rhigh, CD45+, CD13-, CD14-) and frequency of these cells, it was 
hypothesized that these cells could be eosinophils. 

4.3.3 Human eosinophils in peripheral blood and tissues express high levels of 
P2X4 receptor 
There are 2-3 times more eosinophils in the PB of allergic patients compared to  
non-allergic (Metcalfe et al., 2016). Therefore, the PBLs of six allergic human donors  
were stained with anti-P2X4R mAb27-FITC, anti-CD45, and anti-Siglec8 antibodies and 
analysed with the flow cytometer. The subset of P2X4Rhigh and vastly granular cells also 
expressed a great level of Siglec8 that is considered a marker for eosinophils (Publication 
II, Figure 7) and a low level of CD123 that distinguishes them from the CD123-positive 
basophils. This indicates that a strong P2X4R surface expression is a suitable marker for 
Siglec8+ cells of human PBL. The proportions of large granular cells with high P2X4R 
surface expression are similar to the proportions of Siglec8-high cells in PBLs of allergic 
patients (Publication II, Table 1). 

Lymphoid and myeloid cells that express low or intermediate P2X4R levels express 
lower Siglec8 levels (Publication II, Figure 7D). Siglec8low P2X4R-med cells are large 
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granular cells that have medium CD45 levels and correspond generally to neutrophils. 
Siglec8-low P2X4R-med/low cells are smaller cells expressing CD45 in high levels and 
corresponding to lymphocytes and monocytes (Publication II, Figure 7D-7F). 

Gallbladder cryosections of a chronic calculous cholecystitis patient were co-stained 
with anti-P2X4R mAb27 and anti-Siglec8. Confocal microscopy of these sections showed 
specific co-staining of Siglec8 and P2X4R (Publication II, Figure 8), demonstrating that 
tissue eosinophils express abundantly both of these markers. Hemotoxylin/eosin staining 
was used to establish the eosinophil density in the tissue and it confirmed that the  
anti-P2X4R mAb27 can be used to mark eosinophils in tissues with inflammation. 

Eosinophils are mature cytotoxic effector cells that implement immunomodulatory 
functions and maintain immune homeostasis. They combat bacterial, viral, fungal, and 
parasitic infections (Ramirez et al., 2018, Davoine, Lacy, 2014) and participate in 
generating tissue damage in the course of infections, autoimmune diseases, and asthma. 
Eosinophil differentiation is regulated by inflammatory stimuli like chemokine 
CCL11/eotaxin and interleukins IL3 and IL5. After maturation, eosinophils are excreted 
into the blood and infiltrate lymph organs like the spleen, thymus, and lymph nodes 
(Hogan et al., 2008, Berek, 2016). As P2X4R reacts to eATP at micromolar concentrations, 
this receptor might be used in eosinophils for ATP-induced activation. 

Eosinophils are activated in several pathologies like asthma and immune responses 
against parasites (Rosenberg et al., 2013). P2X4Rs strengthen allergic responses (Zech  
et al., 2016, Chen et al., 2016) and thus, it is logical that eosinophils express high levels 
of P2X4Rs. 

Still, the immune functions of eosinophils are not completely understood. One reason 
for this is the absence of cell lines and specific surface markers. As a novel human 
eosinophil surface marker, P2X4R might assist in the research of their biology.  
The importance is highlighted by the fact that Siglec8 cannot be used as a human 
eosinophil marker in in vivo or in vitro culture experiments as its interactions result in 
eosinophil apoptosis and mast cell mediator release inhibition (Kiwamoto et al., 2012). 

4.3.4 P2X4 receptor expression in leukocytes is higher in males 
P2X4R functions differently in the brain microglial cells of males and females. In male 
mice, increased expression of P2X4 receptor is necessary for pain hypersensitivity but in 
female mice, lymphocytes may be involved instead of microglia (Tsuda et al., 2003, Sorge 
et al., 2015). In female mice, PNI causes a P2X4R expression rise in the spinal dorsal horn 
but the rise is much lower than in male mice (Taves et al., 2016). 

So, P2X4R expression on PBLs was compared between men and women and also 
between male and female mice. When all CD45+ leucocytes in the blood were 
considered, men had a higher percentage of P2X4R-expressing cells compared to women 
(Publication II, Figure 9A). Analogous experiments with mouse PBLs showed similar 
results – male mice having more P2X4R positive cells than female mice (Publication II, 
Figure 9B). Such a sexual dimorphism might appear to be an important factor in 
pathological processes. 

In general, these results indicate that human and mouse subsets of leukocytes express 
a substantial amount of P2X4Rs and suggest that P2X4 receptors might be involved in 
their activation. 
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4.4 Expression of P2X4 and P2X7 genes in multiple sclerosis and its 
animal model experimental autoimmune encephalomyelitis 
(Publication III) 

Multiple sclerosis is a heterogeneous and complex chronic autoimmune disease of the 
CNS. The main characteristic of the disease is the presence of multifocal inflammatory 
lesions that finally lead to axonal damage and gradual neurological deterioration 
(Hauser, Goodin, 2005). It is the most common cause of progressive neurological 
disability in young adults (Friese et al., 2014). About 2 500 000 people worldwide and 
1500 people in Estonia suffer from this disease. Most often, MS starts between 20 and 
50 years of age, and women are more often affected than men. Half of the patients need 
assistance with mobility within 20 years after diagnosis, and half of all patients eventually 
suffer from significant cognitive deficits. MS lowers the patient’s lifespan by five to ten 
years. As for many other autoimmune diseases, statistics indicate that the incidence of 
MS is rising, especially in the northern hemisphere (Sawcer et al., 2014, Koriem, 2016, 
Gross-Paju et al., 2009). 

The name multiple sclerosis refers to the scars (lesions) that form in the brain and 
spinal cord and comes from the Latin word sclera. The key event of MS occurs when the 
autoreactive cells migrate across the blood-brain barrier (BBB). In the CNS, these cells 
target the protective myelin coating that surrounds axons and helps neurons to transmit 
electrical signals. The disease progression involves the loss of oligodendrocytes, cells that 
are responsible for generating and maintaining the myelin coating. Clinical aspects of MS 
vary remarkably among the patients as they depend on the areas of the brain that are 
affected by the disease, likewise on the severity of the damage. Principally, MS patients 
may experience partial or entire loss of functions controlled by the spinal cord or brain. 
In the most prevailing form of the disease, relapses are followed by remissions. During 
relapses, symptoms manifest or worsen. In the course of remission, patients recover 
completely or partially. (Compston, Coles, 2008, Miljkovic, Spasojevic, 2013, Domercq  
et al., 2018). The exact cause of multiple sclerosis has remained unknown, but genetic 
predisposition and various environmental risk factors are assumed to play a role (Koriem, 
2016). 

There is no known cure for MS so far. Still, existing treatments attempt to decrease 
the recurrence and severity of relapses, shorten the relapse periods, ease the symptoms, 
stimulate tissue repair, and prevent disability resulting from the disease progression 
(Miljkovic, Spasojevic, 2013). Nevertheless, no medication completely restricts or 
reverses neurological degradation (Reich et al., 2018). Only immune system reconstruction 
by autologous hematopoietic stem cell transplantation after immune ablation has shown 
a promising effect (Massey et al., 2018). 

Early diagnosis and treatment rise the possibility of a better outcome (Reich et al., 
2018). With this in mind, identifying novel biomarkers for multiple sclerosis is highly 
necessary. Such markers could become helpful for early diagnosis of MS, monitoring the 
progression of the disease, and evaluating the impact of treatment (Tomioka, Matsui, 
2014). 

The prevailing experimental animal model for MS studies is experimental autoimmune 
encephalomyelitis, an artificially induced condition in mice. This model simulates the 
immuno- and neuropathological processes of MS, like brain inflammation, demyelination, 
axonal loss, and gliosis (Constantinescu et al., 2011). 
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The purinergic receptors P2X4R and P2X7R are both upregulated in the CNS during MS 
(Amadio et al., 2017, Vazquez- Villoldo et al., 2014). It has been shown in post-mortem 
studies, that the P2X7 receptor is more expressed in the microglia of MS patients than in 
non-MS controls (Yiangou et al., 2006). P2RX4 and P2RX7 genetic variants have been 
demonstrated to influence MS predisposition (Sadovnick et al., 2017). 

The expression of P2RX4 and P2RX7 genes in peripheral blood mononuclear cells 
(PBMC) of healthy donors and patients with MS receiving different disease-modifying 
drugs was measured. For analysis, all patients were divided into three groups according 
to their current treatment: patients treated with Interferon-β (IFNβ) drugs, patients 
treated with glatiramer acetate (GA), and patients not treated (NT) at the moment they 
donated blood. As MS occurs among women more often but the disease progression is 
generally faster in men, the mechanisms may be partly diverse. Therefore, also  
sex-specific differences were tested to find out whether these potential biomarkers 
could be equally used in both biological sexes. 

4.4.1 Interferon-β treatment elevates P2X4 gene expression 
Comparing a merged MS data set (all treated and non-treated MS patients together) with 
healthy controls (HC), showed that P2RX4 expression was significantly raised in MS 
patients (Publication III, Figure 1A). Even 7 samples with the highest P2RX4 expression 
belong to MS patients (Publication III, Figure 1A, 1B). But when comparing all treatment 
groups separately, a considerable difference was detected only between patients treated 
with IFNβ and HCs (Publication III, Figure 1B). Thus, IFNβ treatment rather than MS 
upregulates P2RX4 expression. P2X4 receptors are up-regulated by IFNβ in microglia 
(Inoue, 2009). So, it is possible that IFNβ has a similar effect in PBMC. 

Still, a tendency toward increased P2RX4 expression was noticeable in other MS 
patient groups compared to HCs (Publication III, Figure 1B). The raised P2RX4 expression 
may turn out to be significant in a larger sample group. It is also possible that the raise 
of P2RX4 expression is not significant in PBMC but rather in CNS tissues. P2RX4 has been 
shown to be up-regulated in the optic nerve of MS patients and also in the spinal cord 
microglia in a rat EAE model (Sadovnick et al., 2017). 

4.4.2 P2X7 gene is up-regulated in the peripheral blood mononuclear cells of 
multiple sclerosis patients 
It has been indicated that altered expression of P2X7 is linked to neurogenerative 
diseases, including MS (Matute et al., 2007, Sperlágh, Illes, 2014). Analogous comparison 
of merged MS patients with HC for P2RX7 revealed a similar pattern as for P2RX4. MS 
patients had increased P2RX7 expression compared to HC (Publication III, Figure 1C).  
Also this time, the highest expressions were observed in the MS group (Publication III, 
Figure 1C). But contrary to P2RX4, P2RX7 had significantly higher expression in NT  
and GA-treated patients compared to the HC group (Publication III, Figure 1D).  
No considerable up-regulation of P2RX7 was detected in IFNβ-treated patients compared 
to HCs, suggesting that IFNβ treatment might prevent MS-promoted P2RX7 induction.  
It has been shown that antagonizing P2X7 receptors reduces clinical signs of EAE (Matute 
et al., 2007, Grygorowicz et al., 2018). So, the inhibition of P2RX7 expression may be one 
of the mechanisms of action of IFNβ treatment. No reducing effect of GA on P2RX7 
expression was observed, even though it has been reported in vivo and in vitro in 
monocytes (Caragnano et al., 2012). 
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4.4.3 P2X4 gene expression is significantly up-regulated only in male patients 
treated with interferon-β 
P2RX4 expression was considerably increased only in IFNβ-treated MS patients. When 
the groups were further analysed based on sex, surprisingly, the pattern was seen 
exclusively in men. IFNβ-treated male MS patients had significantly higher P2RX4 
expression compared to NT males and the male HC group (Publication III, Figure 4B).  
No such increase was observed in IFNβ-treated women. In IFNβ-treated female patients, 
the P2RX4 expression median value was even a little lower than in female GA or NT 
patients (Publication III, Figure 4C). However, a trend of a modest (but not statistically 
supported) P2RX4 up-regulation in all female MS patient groups was seen compared to 
the HC group (Publication III, Figure 4C). 

The sex-dependent regulation of P2RX4 expression may lead to different responses to 
MS treatment in women and men. This would not be the first expression of P2X4 
receptors that has sex-based differences. Pain hypersensitivity is known to be mediated 
by P2X4 receptors in male mice but by adaptive immune cells without P2X4 receptors 
participation in female mice (Sorge et al., 2015). In addition, BDNF loss in microglia 
suppresses allodynia after PNI only in male mice and does not have the same effect in 
female mice (Tsuda, Inoue, 2016). The exact reasons for these sex-dependent expressions 
may be complex and are not known. 

4.4.4 The increased P2X7 gene expression is observed mainly in female 
multiple sclerosis patients 
Non-treated MS patients had significantly increased P2RX7 expression compared to HCs 
only among women (Publication III, Figure 4D). P2RX7 expression levels were similar in 
all male groups (NT, IFNβ-treated, GA-treated and HCs) (Publication III, Figure 4E).  
This differential response based on the sex of the patients might indicate that in PBMC 
there are distinct inflammatory pathways in men and women that need further studies. 
Besides, P2RX7 had increased expression in GA-treated female MS patients compared to 
the HC group (Publication III, Figure 4F) demonstrating that GA did not suppress the 
P2RX7 induction in women as did the IFNβ treatment. Therefore, P2RX7 expression might 
be useful as a marker of IFNβ treatment response in women. 

A sex-specific mechanism of the P2X7 receptor has been discovered also in a 
carrageenan synovitis rat model experiment where P2X7R activation was essential for 
inflammation and hyperalgesia development in all rats but P2X7R blocking had significantly 
better anti-inflammatory and antihyperalgesic effects in female rats (Teixeira et al., 
2017). Again, the precise reasons for the sex-specific expressions have remained unclear. 

4.4.5 RGS16 is required for the up-regulation of P2X4 and P2X7 genes in the 
mouse spinal cord by experimental autoimmune encephalomyelitis 
Regulator of G protein signalling 16 (RGS16) is part of a family that down-modulates 
biochemical pathways downstream of G-protein-coupled receptors. Different RGS 
proteins regulate different receptors, yet their specificities may overlap. RGS16 restricts 
proinflammatory responses and suppresses T cell migration by modulating the  
G-protein-coupled receptors signalling (Lippert et al., 2003, Suurväli et al., 2015).  
The preliminary analyses at the Immunology laboratory of Tallinn University of 
Technology were suggesting that the presence of RGS16 may affect P2X4R and P2X7R 
expression in MS model EAE. 
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In the mouse brain and spinal cord experiment, the mice were divided into groups 
based on their genetic background (WT and RGS16KO mice) and according to their 
participation in EAE induction (EAE-induced mice and control mice). 

The analyses of P2RX4 and P2RX7 expression after EAE induction confirmed the fact 
that EAE mainly affects the spinal cord and not so much the brain (Guo, Schluesener, 
2005). It was best observed by comparing the brain and spinal cord P2RX4 and P2RX7 
expression values of WT mice. The P2RX4 and P2RX7 expression values were remarkably 
higher in the spinal cords of EAE mice compared to the spinal cords of the control group 
mice and the brains of both, the EAE and the control group, mice (Figure 11). 

There was no such increase in RGS16KO mice (Publication III, Figure 6A, 6B). This 
striking discovery indicates that in the MS mouse model, induction of P2RX4 and P2RX7 
is RGS16-dependent. The effect could be mediated by its role in inhibiting the T cell 
migration to the brain (Estes et al., 2004). Besides, the RGS16-controlled chemokine 
receptor 4 (CCR4) expression in dendritic cells is essential to the development of EAE 
(Shankar et al., 2012, Poppensieker et al., 2012). 

 
 

 

Figure 11. Relative P2X4 and P2X7 gene expression in WT mouse brains and spinal cords. A and B: 
yellow – control mouse brains, green – EAE mouse brains, pink – control mouse spinal cords, violet 
– EAE mouse spinal cords. A: P2RX4 expression level is increased in WT mouse spinal cords after 
EAE induction compared to control mouse spinal cords (p<0,0001). B: P2RX7 expression level is 
remarkably increased in WT mouse spinal cords after EAE induction compared to control mouse 
spinal cords (p<0,0001) and moderately increased in brains (p=0,0427).  
Y-axis indicates fold-change compared to control patient P1. Dots – individual values, horizontal 
line inside the box – median value, x – mean value, the upper line of the box – upper quartile,  
the lower line of the box – lower quartile, whiskers – greatest or lowest value excluding outliers.  
* - p-value < 0,05, ** - p-value <0,01, *** - p-value <0,001, **** - p-value <0,0001. 
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4.4.6 P2X4 gene expression in wild-type mouse brains and the control 
mechanism of RGS16 over P2X4 receptor expression are sex-dependent 
In addition, the WT mouse groups were analysed based on sex. This showed that female 
mice had higher P2RX4 expression levels in the brain compared to male mice. Female 
EAE mice had greater P2RX4 expression in the brain compared to both – male control 
group mice and male EAE mice. In addition, female control group mice had a significantly 
elevated P2RX4 expression in the brain compared to male EAE mice, the difference was 
observed but was not considered statistically significant compared to male control group 
mice (probably because of the small size of the group) (Figure 12A). 

As EAE did not affect P2RX4 expression significantly in mouse brains, the control and 
EAE mice were analysed together. This way the difference between sexes came into sight 
even better. But the P2RX4 expression levels were not significantly higher in the brains 
of female RGS16KO mice compared to male mice (Figure 12B). So, the sex-specific 
difference existed only among WT mice. 

Such a sex-dependent difference was not detected in the P2RX7 expression (data not 
shown). 

 

 
Figure 12. Relative gender-dependent P2X4 gene expression in mouse brains. A: WT mouse brains: 
yellow – female control mice, green – male control mice, pink – female EAE mice, violet – male EAE 
mice. B: mouse brains (EAE induced and control mice together): yellow – female WT mice, green – 
male WT mice, pink – female RGS16KO mice, violet – male RGS16KO mice. A. Female WT mice have 
higher P2RX4 expression in the brain compared to male mice. The effect is more evident in EAE-
induced mice (p=0,0225 compared to male control mice and p=0,0064 compared to male EAE mice). 
B. Only female WT mice have higher P2RX4 expression in the brain compared to male mice 
(p=0,0004 compared to male WT mice and p=0,0352 compared to male RGS16KO mice). Y-axis 
indicates fold-change compared to control patient P1. Dots – individual values, horizontal line inside 
the box – median value, x – mean value, the upper line of the box – upper quartile, the lower line 
of the box – lower quartile, whiskers – greatest or lowest value excluding outliers. * - p-value < 0,05, 
** - p-value <0,01, *** - p-value <0,001. 
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P2X4R expression on the surface of WT and RGS16KO mouse blood cells was analysed 

by flow cytometry. The P2X4R expression level was similar in WT and RGS16KO females 
but it was considerably lower in RGS16KO males compared to WT (Publication III, Figure 
6C). Thus, RGS16 was mandatory for P2X4R expression on blood cells in male but not in 
female mice indicating the sex-dependent control mechanism of RGS16 over P2X4R 
expression. Further studies should address if this mechanism might be relevant for these 
genes also in autoimmune neurological disorders.  

To conclude, P2RX4 and P2RX7 induction in the spinal cord depended on RGS16 in 
both sexes but P2X4R expression on PBMC on healthy mice required RGS16 only in males. 
Therefore, part of the RGS16-regulated pathway of P2X receptors expression is sex-
dependent. RGS16 is connected to the regulation of circadian rhythm and anti-viral 
response (Doi et al., 2011). Both of these functions may be at least partially sex-
dependently controlled as circadian disruption induces MS (Hedström et al., 2011) that 
is more common in women (Harbo et al., 2013) and immune responses to viruses are 
generally stronger in the female sex (Klein, Flanagan, 2016). So, it would be beneficial to 
investigate further the sex-associated mechanisms of RGS16 and its connections to 
purinergic receptors and neuroinflammation. 
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5 Main conclusions 

• The P2X7 purinoreceptor probably originated from the fusion of a P2X4-like 
gene and a Zn-coordinating cysteine-based domain coding exon during the early 
evolution of tetrapods and bony fish common ancestors. 

• Production and validation of anti-P2X4 receptor monoclonal antibodies 
provides additional tools to study the presence and function of this receptor in various 
tissues. 

• Eosinophils express the highest level of P2X4 receptor on their cell surface 
among human peripheral blood leukocytes indicating that ATP-dependent activation 
might have an essential role in the biology of eosinophils in healthy and pathological 
conditions. 

• P2X4 and P2X7 genes display sex-dependent expression in peripheral blood 
mononuclear cells of multiple sclerosis patients that are associated with the disease and 
also with its treatments. Additional studies should verify if such sex-dependent 
regulations also appear in the central nervous system and have a direct impact on the 
pathological mechanisms of multiple sclerosis. Besides, different multiple sclerosis 
treatment options may affect men and women in different ways through purinergic 
signalling. 

• The RGS16 protein is required for the up-regulation of P2X4 and P2X7 genes in 
the mouse spinal cord by experimental autoimmune encephalomyelitis. The joint impact 
of these genes on inflammation should be further characterized in the multiple sclerosis 
context. P2X4 gene expression in the mouse brain and the control mechanism of RGS16 
over P2X4 protein expression are sex-dependent. 
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Abstract 

P2X4 and P2X7 receptors in evolution, physiology, 
inflammation, and autoimmunity  

P2X receptors (including P2X4 and P2X7 receptors) are trimeric ligand-gated cation 
channels that are activated after the binding of extracellular ATP and participate in 
numerous biological processes. 

P2X4 receptors are widely expressed in most of the tissues in the human body. P2X4 
receptors mediate pain and inflammation and modulate cardiac and lung functions. They 
are implicated in metabolic and neurodevelopmental disorders, neuro-inflammation, 
auto-immune diseases, and numerous other pathologies. This makes P2X4 receptors 
potential therapeutic targets in multiple pathologies in which they are involved. 

P2X7 receptors are present on various cell types including blood, stem, neural, glial, 
bone, exocrine, ocular, dental, muscle, endothelial, skin, and renal cells. They are involved 
in immune reactions and inflammation, they induce numerous cell-specific downstream 
events, including cell proliferation and death, pro-inflammatory molecule release, 
phagocytosis, and metabolic events. Therefore, these receptors have crucial roles in 
health and disease and are also therapeutic targets with much potential in the pathologies 
in which they are implicated. 

With this in mind, all additional knowledge about these receptors is of great 
importance. 

This thesis is based on three publications that aimed to collect new insights and 
confirm known data about the biology of P2X4 and P2X7 receptors in evolutionary, 
physiological, inflammatory, and autoimmunological contexts. 

It was found that P2X7 gene probably originated from the fusion of a P2X4-like gene 
and a Zn-coordinating cysteine-based domain coding exon during the early evolution of 
tetrapods and bony fish common ancestors. Anti-P2X4 receptor monoclonal antibodies 
were produced and validated to provide additional tools to study the presence and 
function of this receptor in various tissues. It was shown that eosinophils express the 
highest level of P2X4 receptor on their cell surface among human peripheral blood 
leukocytes indicating that ATP-dependent activation might have an essential role in the 
biology of eosinophils in healthy and pathological conditions. 

Sex-dependent expression of P2X4 and P2X7 genes in peripheral blood mononuclear 
cells of multiple sclerosis patients was detected. The expression changes were caused by 
the disease but also by its treatment with Interferon-β based drugs and glatiramer 
acetate. Additional studies should verify if such sex-dependent regulations also appear 
in the central nervous system and have a direct impact on the pathological mechanisms 
of multiple sclerosis. It seems that different multiple sclerosis treatment options may 
affect men and women in different ways through purinergic signalling. It was determined 
that RGS16 is required for the up-regulation of P2X4 and P2X7 genes in the mouse spinal 
cord by experimental autoimmune encephalomyelitis. The joint impact of these genes 
on inflammation should be further characterized in the multiple sclerosis context. P2X4 
gene expression in wild-type mouse brains and the control mechanism of RGS16 over 
P2X4 receptor expression was shown to be sex-dependent. 
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Lühikokkuvõte 

P2X4 ja P2X7 retseptorid evolutsiooni, füsioloogia, põletiku 
ja autoimmuunsuse kontekstis  

Puriinergilised P2X retseptorid (kaasa arvatud P2X4 ja P2X7 retseptorid) on trimeersed 
ATP poolt aktiveeritavad katioonkanalid, mis osalevad mitmetes bioloogiliste 
protsessides. 

P2X4 retseptoreid leidub inimese keha enamikes kudedes. Nad vahendavad valu ja 
põletiku protsesse, mõjutavad südame ja kopsu funktsioone, osalevad metaboolsetes ja 
neuronaalse arengu häiretes, närvikoe põletikes, autoimmuunhaigustes ja paljudes 
teistes patoloogilistes seisundites. Seetõttu on P2X4 retseptorid olulised ravimiarenduse 
sihtmärgid. 

P2X7 retseptoreid leidub paljudes erinevates rakkudes, nagu näiteks vere-, tüvi-, 
närvi-, gliia-, luu-, eksokriin-, silma-, hamba-, lihas-, endoteeli-, naha- ja neerurakkudes. 
Nad võtavad osa immuunreaktsioonidest ja põletikuprotsessidest, kutsuvad esile 
mitmeid rakupõhiseid muutuseid – rakkude paljunemist, surma, põletikumolekulide 
vabastamist rakust, fagotsütoosi ja metaboolseid nihkeid. Seega on neil retseptoritel 
oluline roll nii füsiloogilistes kui patoloogilistes seisundites ja nemadki on olulised 
ravimiarenduse sihtmärgid.  

Need põhjused muudavad P2X4 ja P2X7 retseptorite kohta lisanduva teabe äärmiselt 
oluliseks. 

Käesolev doktoritöö põhineb kolmel publikatsioonil, mille raames koguti uusi teadmisi 
ja kinnitati juba teadaolevaid fakte P2X4 ja P2X7 retseptorite bioloogiast uurides neid 
retseptoreid evolutsiooni, füsioloogia, põletiku ja autoimmuunsuse kontekstis. 

Töö käigus avastati, et P2X7 retseptor tekkis tõanäoliselt P2X4 retseptorile sarnase 
eellase ja tsinki siduva tsüsteiine sisaldava domeeni liitumisel neljajalgsete ja luukalade 
eellaste evolutsiooni käigus. Toodeti ja valideeriti P2X4 retseptori vastased 
monoklonaalsed antikehad, mis on üheks vahendiks, millega uurida selle retseptori 
olemasolu ja funktsioone kudedes. Näidati, et perifeerse vere leukotsüütide hulgas 
ekspresseerivad P2X4 retseptorit raku pinnal kõige kõrgemal tasemel eosinofiilid. See 
võib tähendada, et ATP aktivatsioon omab eosinofiilide bioloogias olulist rolli nii 
füsioloogilises kui patoloogilises kontekstis.  

Leiti, et P2X4 ja P2X7 geenide ekspressioon hulgiskleroosi patsientide perifeerse vere 
mononukleaarsetes rakkudes on soospetsiifiline. Sooliseid erinevusi leidus nii haiguse 
enda kui ka selle ravimite interferoon-β ja glatirameeratsetaadi põhjustatud muutuste 
hulgas. Järgnevad uuringud peaksid kindlaks tegema, kas soospetsiifilisi erinevusi esineb 
ka kesknärvisüsteemis ja kas need erinevused mõjutavad hulgiskleroosi patoloogilisi 
mehhanisme. Lisaks avastati, et P2X4 ja P2X7 geenide üles reguleerimiseks hiirte 
seljaajus hulgiskleroosi loommudeli eksperimentaalse autoimmuunse entsefalomüeliidi 
korral on vajalik RGS16 geen. Nende geenide koosmõju hulgiskleroosi põletikuprotsessis 
vajab edasist täpsemat uurimist. Näidati, et P2X4 geeni ekspressioon metsik-tüüpi hiiret 
peaajudes ja RGS16 geeni kontrollmehhanism P2X4 retseptori üle on samuti 
soospetsiifilised. 
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Publication I 
Rump, A., Smolander, O.-P., Rüütel Boudinot, S., Kanellopoulos, J. M., Boudinot, P. (2020) 
Evolutionary Origin of the P2X7 C-ter Region: Capture of an Ancient Ballast Domain by a 
P2X4-Like Gene in Ancient Jawed Vertebrates. Front. Immunol. 11: 113. 
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���������������	
����
��

����������������������� !"#��$��%&$��$��$'���(�) �$���%*�+,�-%!"$!��./012#�/013#�41452#�56,7#�56,78�%�'�9:97;����/<+4� =�)%��$�����!$%�$'�������>?@#�6:� !�A��!$%�$'B�C$��� �$'���%��/013�%�'�9:97�%!$���D��=�E%��*F���'AE$'����+,�)%��$���#����*$�������*$���E*$%!�= !�/012B����E ��!%��#�56,7#�56,78�%�'�41452�%!$�A)G�!$DA*%�$'�HF��>?@�HA��� ��HF�+,B��>?@��!$%�-$����-)%�!��/013�I��HA��� ��9:97�. !�/012;�I����'AE�� �B�C$�%*� ��� �$'���%��/012����A)G�!$DA*%�$'�����>?@G��!$%�$'�-%*$�+,�)%��$���#����*$�/013�%�'�9:97�%!$�-%��*F���'AE$'����=$-%*$�)%��$���#��ADGD$����D���%����$�$�-%!"$!��%!$�E ��$E�$'�� ��$(G��)$E�=�E�-$E�%���-�B�>��%**F#�J:J�*$'�� �%���! �D�A)G�!$DA*%�� �� =�/012�%�'�/013������$��)��%*�E !'� =�CK�-�E$#����E���%��%H! D%�$'����LMNOPQR�-�E$��ADD$����D���%��LMNOP����!$SA�!$'�= !�/012�%�'�/013���'AE�� ��%�'�-%F�)*%F�%�! *$������$�!$DA*%�� �� =�$()!$��� �� =���$�$�%E��&%�� ��=%E� !�����%A� �--A�$�'�� !'$!�� =���$�E$��!%*��$!& A���F��$-B
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