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Pannexinl channels—a potential
therapeutic target in
inflammation
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An exaggerated inflammatory response is the hallmark of a plethora of
disorders. ATP is a central signaling molecule that orchestrates the initiation
and resolution of the inflammatory response by enhancing activation of the
inflammasome, leukocyte recruitment and activation of T cells. ATP can be
released from cells through pannexin (Panx) channels, a family of glycoproteins
consisting of three members, Panxl, Panx2, and Panx3. Panxl is ubiquitously
expressed and forms heptameric channels in the plasma membrane mediating
paracrine and autocrine signaling. Besides their involvement in the
inflammatory response, Panxl channels have been shown to contribute to
different modes of cell death (i.e., pyroptosis, necrosis and apoptosis). Both
genetic ablation and pharmacological inhibition of Panxl channels decrease
inflammation in vivo and contribute to a better outcome in several animal
models of inflammatory disease involving various organs, including the brain,
lung, kidney and heart. Up to date, several molecules have been identified to
inhibit Panxl channels, for instance probenecid (Pbn), mefloquine (Mfq),
flufenamic acid (FFA), carbenoxolone (Cbx) or mimetic peptides like *°Panx1.
Unfortunately, the vast majority of these compounds lack specificity and/or
serum stability, which limits their application. The recent availability of detailed
structural information on the Panxl channel from cryo-electron microscopy
studies may open up innovative approaches to acquire new classes of synthetic
Panxl channel blockers with high target specificity. Selective inhibition of
Panxl channels may not only limit acute inflammatory responses but may
also prove useful in chronic inflammatory diseases, thereby improving human
health. Here, we reviewed the current knowledge on the role of Panxl in the
initiation and resolution of the inflammatory response, we summarized the
effects of Panx1 inhibition in inflammatory pathologies and recapitulate current
Panx1 channel pharmacology with an outlook towards future approaches.
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Introduction

Intercellular signaling is a crucial biological process in all
organisms. This ability to receive, process and send signaling
stimuli allows cells to communicate with their environment and
with each other. The exchange of molecules between the extra-,
intra- and intercellular compartments is crucial to maintain
tissue homeostasis but also leads to the propagation of
pathological stimuli (Herve and Derangeon, 2013). One way
to transmit signals between two neighboring cells is through
specialized membrane contacts—gap junctions (GJs)—built of
connexins (Cxs) (Herve and Derangeon, 2013; Delmar et al,
2018). In the last decade, a new family of channel-forming
proteins, pannexins (Panxs), has emerged (Panchin et al,
2000). Despite a similar topology, Panxs and Cxs differ from
each other in terms of sequence, channel assembly and their
ability to form intercellular channels (Penuela et al., 2013).

The pannexin protein family

Panxs form a family of channel-forming proteins described
in 2000 (Panchin et al., 2000). They share topological similarities
with Cxs and innexins (Inxs). The selective expression pattern of
these channels as well as their different gating properties along
with different molecular permeability create a diverse
metabolically coupled network in multicellular organisms
(Shestopalov and Panchin, 2008).

The Panx family comprises three proteins: Panxl (with a
predicted molecular weight of 47,6 kDa), Panx2 (74,4 kDa) and
Panx3 (44,7 kDa). All three proteins display around 50%-60% of
sequence similarity in humans (Panchin et al., 2000; Sosinsky
etal., 2011). They are composed of four transmembrane domains
(TM), one intracellular loop (IL) and two extracellular loops (EL)
with a C- and an N-terminus (CT and NT) directed to the
cytosol. Panxs are characterized by their ability to oligomerize
The

glycosylation site located on the first (Panx2, Panx3) and

into single-membrane channels called pannexons.
second (Panx1l) EL was long thought to prevent the docking
of two adjacent channels and the formation of a channel that
spans two plasma membranes, similar to the ones found in GJs
(Dahl and Keane, 2012). As such, the main role of Panx channels
is to mediate intercellular signaling allowing for the exchange of
ions and small metabolites (up to 1.5 kDa in size) between the
intra- and extra-cellular compartments (Shestopalov and
Panchin, 2008; D’Hondt et al., 2011; Molica et al., 2018).
They have also been reported to contribute to the intracellular
Ca* homeostasis (Shestopalov and Panchin, 2008). This single-
membrane channel dogma was recently challenged by Palacios-
Prado et al. (2022) showing electrophysiological recordings of
Panxl-mediated GJ-like direct cell-cell communication in
transfected HeLa cells and in a human oligodendroglioma cell

line naturally expressing Panx1. Whether primary cells and other
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cell lines show similar properties remains to be proven in the
coming years.

The glycosylation of Panx1 at the position N254 is known to
regulate trafficking and cellular location of pannexons (Boassa
et al., 2007; Boassa et al., 2008; Penuela et al., 2009; Sandilos and
2012).
glycosylated forms (Gly0 and Glyl, respectively) are mostly

Bayliss, The non-glycosylated and high-mannose
found in intracellular compartments, while the fully processed
form (Gly2) is inserted into the plasma membrane. The half-life
of Panx1 has been reported to be comparable to the one of the
P2X7 purinergic receptor (P2X7R) and estimated around 54 h
(Boassa et al., 2007; Boassa et al., 2008; Gehi et al., 2011; Sandilos
and Bayliss, 2012).

Panxs exhibit different expression patterns. While Panx1 can
be found in the vast majority of mammalian tissues, the two other
Panx appear to have a more restricted expression pattern (Jiang
and Penuela, 2016). Panx2 is mostly found in the central nervous
system (CNS) in humans and rodents (Le Vasseur et al., 2014).
Some studies have shown very low Panx2 mRNA levels in the eye,
thyroid, kidney, liver or intestine (Penuela et al., 2013; Le Vasseur
et al,, 2014). Panx3 was found in adult bones, cartilage and skin
(Penuela et al., 2008; Sosinsky et al., 2011). It was also detected in
murine joints in the paws and the inner ear cartilage as well as in
osteoblasts and synovial fibroblasts (Penuela et al., 2013). It is
likely that the number of tissues in which Panx2 and
Panx3 expression is reported will grow in the coming years as
better antibodies become generally available and proteomic
techniques are increasingly used.

Panxl channel properties and
physiological function

Although it has been initially reported that functional
Panx1 channels consist of six monomeric units (Shestopalov
and Panchin, 2008), recent structure analyses by cryo-electron
(cryo-EM)  have that
Panx1 channels are heptameric (Deng et al., 2020; Jin et al,
2020; Michalski et al., 2020; Qu et al., 2020). Moreover, these
studies revealed the size of the pore over 15 A within the TM and

microscopy undoubtedly revealed

NT funnel formation, and the secondary structure of
Panxl monomers to consist of a helical NT, 4 TM helices,
three helical segments and a B strand in the EL1 and five
helices in the CT (Kuzuya et al., 2022).

Panx1 channels allow for the flux of small molecules and
metabolites up to 1.5kDa (e.g., glutamate, arachidonic acid,
nucleotides including ATP and UTP) and ions between intra-
and extra-cellular compartments (Shestopalov and Panchin,
2008; Sandilos and Bayliss, 2012; Sandilos et al., 2012; Molica
et al, 2015). Such molecules can mediate auto-, endo- and
paracrine signaling and give rise to downstream signaling and
cellular responses (Crespo Yanguas et al., 2017; Lee et al., 2018).
So far, Panx1 channels are mainly recognized for their regulated
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non-vesicular release of ATP. Inhibition of Panxl channel
activity notably affects ATP-related signaling in cells (Dahl
and Keane, 2012). Panxl channels can also pass cationic and
anionic dyes (YO-PRO-1 and Lucifer Yellow, for instance),
which are commonly used to study Panxl channel activity
(Shestopalov and Panchin, 2008; Penuela et al., 2013; Crespo
Yanguas et al,, 2017). Channel function is abolished by cytosolic
acidification (Shestopalov and Panchin, 2008), the negative
feedback exerted by ATP (Qiu and Dahl, 2009) or by
pharmacological blocking (Penuela et al., 2013).

A crucial role for Panx1 channels in signal transduction is
further underlined by their role in Ca®* fluxes (Shestopalov and
Panchin, 2008). In fact, the open Panx1 channel contributes to an
influx of Ca*". Calcium wave propagation is triggered in response
to ATP-mediated purinergic receptor stimulation (P2XR, P2YR),
which further increases inositol 1,4,5- triphosphate (IP3)
concentration, thereby triggering the release of Ca’ from the
ER (Penuela et al., 2013). High intracellular Ca** leads, in turn, to
Panxl-mediated ATP release which further propagates those
signals. Calcium waves can be also transferred between cells
via the classical GJ-mediated route (Shestopalov and Panchin,
2008). Furthermore, Panxl-overexpressing cells exhibit higher
endoplasmic reticulum (ER) calcium permeability with increased
calcium storage in these organelles upon Panxl deletion
(Shestopalov and Panchin, 2008; Lee et al., 2020).

Panx1 channels open in response to a variety of physiological
and pathological stimuli originating from the inside or the
outside of the cell (Shestopalov and Panchin, 2008). In most
mammalian cell types, Panxl channels can be activated upon
mechanical stress (Bao et al., 2004; Lopez et al., 2021), membrane
depolarization (D’Hondt et al., 2011), high extracellular K*
(Molica et al., 2015) and intracellular Ca** concentrations
(D’Hondt et al, 2011), oxygen/glucose deprivation as occurs
during ischemia (Thompson et al., 2006; Kawamura et al., 20105
Kirby etal., 2021; Seo et al., 2021), Src-mediated phosphorylation
(following ionotropic-, chemokine- and glycoprotein receptor
stimulation) (Weilinger et al., 2012; Molica et al.,, 2019) and in
response to stimulation of purinergic receptors with extracellular
ATP, which leads to “ATP-induced ATP release” (Shestopalov
and Panchin, 2008). Finally, Panx1 channels are activated in an
irreversible manner by caspase-dependent cleavage of the CT in
cells undergoing apoptosis (Chekeni et al., 2010; Sandilos et al.,
2012). Studies on human Panxl showed that in the native
conformation, the channel is inhibited by the interaction with
its own CT domain via a “ball-and-chain” mechanism (Sandilos
et al, 2012; Chiu et al., 2014). A specific cleavage at the amino
acids 376-379 within the CT region disrupts this interaction
leaving the channel in a permanently open state (Sandilos et al.,
2012).

Panx1 has been recognized as one of the largest-pore forming
channels in the human body (Dahl and Keane, 2012).
of Panxl channels were

Electrophysiological ~properties

initially studied in Xenopus oocytes and later detailed in
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human and rodent cell lines (Shestopalov and Panchin, 2008;
Chiu et al, 2014). Although Panxl channels are generally
considered as non-selective, permeating negatively and
positively charged molecules, an anion selectivity has been
reported in several independent studies (Ma et al, 2012;
Romanov et al., 2012; Chiu et al., 2014; Michalski et al.,
2020). Mutating Trp74 or Arg75 of the frog Panxl has been
shown to disrupt anion selectivity (Michalski et al., 2020). It
should be kept in mind however that Panx1l channel gating is
which
distinguishes it from Cx hemichannels (Shestopalov and
Panchin, 2008; Sandilos et al., 2012). The channel can open

and close at a broad range of voltages (-100 to +100 mV),

insensitive to the removal of extracellular Ca®",

however, at the resting state, its permeability to ATP remains
very low (Lopez et al,, 2021). Panxl channels have multiple
conductance states with the maximal reaching 500 pS (Sandilos
and Bayliss, 2012; Kuzuya et al., 2022). The physiological stimuli
mentioned above trigger the large conductance configuration of
the Panxl channel (Wang et al, 2014), while the voltage-
dependent activation in the absence of extracellular K*
induces a low conductance state (50 pS) with no permeability
to ATP (Wang et al., 2014).

The ubiquitous expression pattern of Panx1 suggests that this
protein might be involved in a variety of physiological cellular
processes. During the early development, Panxl regulates the
fibroblasts,
keratinocytes, and myoblasts in skeletal muscles as well as

proliferation and differentiation of dermal
osteoblasts and neuronal progenitors (Celetti et al., 2010;
2013; Lee et 2018).

Panxl channels were found at the surface of skeletal muscle

Penuela et al., al., For instance,
myoblasts and satellite cells. Surprisingly, in differentiating
muscle cells, Panxl was highly upregulated (Suarez-Berumen
etal., 2021). Although muscle regeneration does occur in Panx1-
deficient mice, the newly formed myofibers are significantly
smaller and their amount is reduced. It appeared that the
ATP released through Panxl channels is essential for
myoblast migration and fusion. Hence, the role of Panxl in
skeletal muscle differentiation relates to its downstream signaling
and crosstalk with the P2R pathway that supports myocyte fusion
(Riquelme et al., 2013). The ATP released by Panx1 channels in
skeletal muscle cells is necessary for the potentiation of
contraction (Riquelme et al., 2013). Panxl is also a crucial
regulator in physiology. Indeed,

Panx1 channels in vascular smooth muscle cells (SMCs) are

cardiovascular

key players in a-adrenergic receptor-stimulated vasoconstriction
of resistance arteries, which controls blood pressure (DeLalio
etal., 2018). In addition, Panx1 channels appeared to be involved
in endothelial cell (EC)-dependent regulation of arterial
vasodilation (Gaynullina et al., 2015; Lillo et al., 2021). Finally,
a role for Panx1 in platelet activation regulating thrombosis and
hemostasis has been described (Taylor et al., 2014; Molica et al.,
2015; Molica et al., 2019). Thus, Panx1 participates in a plethora
of physiological processes. In addition, these channels regulate

frontiersin.org
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I. Inflammasome activation & cytokine release
DAMPs/PAMPs
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FIGURE 1

Panx1 participates in the inflammatory response via distinct pathways. (I) Damage-associated molecular patterns (DAMPs) or pathogen-

associated molecular patterns (PAMPs) act via Toll-like receptors (TLRs) to activate nuclear factor kB (NF-xB), which controls the transcription of pro-
inflammatory cytokines and the immature forms of interleukin-1f (pro-IL-1p) and pro-IL-18. Together with Panxl, P2X7 receptors mediate ATP
release and affect ion flux, which enhances activation of the NLRP3 inflammasome and the formation of mature caspase-1 leading to the
cleavage of pro-ILs. (I) TNFa binds to its receptor (TNFR) and activates the Panx1 channel by SFK-mediated phosphorylation (P) and increases the
expression of vascular cell adhesion molecule-1 (VCAM-1). ATP released via Panx1 channels attracts neutrophils to adhere and emigrate through the
endothelial layer into the injured tissue. The interaction between Panx1 and P2Y receptors on neutrophils enhances ATP release, which subsequently
acts as a chemotactic stimulus. ATP conversion to adenosine provides necessary inhibitory signals via A2A receptor stimulation leading to the
resolution of inflammation. (Ill) During chronic inflammation, ATP released by Panx1 channels is further processed into adenosine and induces the
expression of surface molecules (e.g.,, CD44) essential for macrophage fusion to multinucleated giant cells. (IV) T-cell activation requires the
formation of immune synapses, which allows for interaction between T-cell receptor (TCR) and major histocompatibility complex (MHC) on the
antigen-presenting cells. Ca®* influx upon TCR stimulation triggers mitochondrial-dependent ATP production. Ca®* release from the ER further
increases the intracellular Ca®* concentration inducing Panx1 channel opening. The ATP released through Panxl channels stimulates P2XR in an

autocrine manner and generates positive feedback on TCR stimulation, thus enhancing IL-2 production and T-cell proliferation.

the of pathophysiological —processes including
inflammation and cell death (Dahl and Keane, 2012; Koval
et al., 2021).

course

Panxl channels in the inflammatory
response
Inflammation is an essential process providing a
physiological defense and repair mechanism in case of injury
or infection. Thanks to the proper clearance of dying cells, their
debris and potential pathogens, inflammation helps to maintain
the homeostatic balance. Short-term (acute) inflammation
promotes tissue regeneration in most organs. However, a
chronic inflammatory response is a malfunction associated
with The different stages of the

inflammatory process (acute vs. chronic and innate vs.

several pathologies.
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adaptive) as well as their time course have been described in
detail elsewhere (Ley, 2003; Ley et al., 2007; Geissmann et al.,
2010; Kumar et al., 2017; Soehnlein et al., 2017; Adrover et al.,
2019; Margraf et al.,, 2019). In this review, we will focus on the
contribution of Panx1 channels in key stages of the inflammatory
response, which is also summarized in Figure 1 (Woehrle et al.,
2010; Makarenkova and Shestopalov, 2014; Lohman et al., 2015;
Crespo Yanguas et al., 2017; Makarenkova et al., 2018).
During the initial phase of inflammation, the binding of
damage-associated molecular patterns (DAMPs) or pathogen-
associated molecular patterns (PAMPs) to Toll-like receptors
(TLRs) induces NFkB-dependent expression of immature
cytokines (pro-IL-1B and pro-IL-18) (Crespo Yanguas et al,
2017). Next, the activation of the NLRP3 inflammasome
induces caspase-1, which cleaves the immature ILs leading to
the release of active IL-1p and IL-18, thereby augmenting the
inflammatory response (Crespo Yanguas et al., 2017). Panx1 was
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found to participate in the second step of this mechanism by
stimulating P2X7R via ATP release, which induces Ca®" influx
with simultaneous K* efflux and promotes “ATP-induced ATP
release” and NLRP3 inflammasome activation as shown in
Figure 1, panel I (Pelegrin and Surprenant, 2006; Silverman
2009; 2017). As
Panx1 channels were shown to be essential for the release of

et al, Crespo Yanguas et al, such,
mature IL-1B following lipopolysaccharide (LPS)-induced
stimulation of P2X7R in murine macrophages, human THP-1
monocytes and human alveolar macrophages (Pelegrin and
2006). The of

activation was demonstrated in

involvement Panxl in
further
macrophages, microglia, neurons and astrocytes (Silverman
et al, 2009; Makarenkova et al, 2018). Indirectly, the

Panxl channel is thus thought to mediate macrophage

Surprenant,

inflammasome

maturation to the M1 phenotype responsible for boosting the
inflammatory response induced by this cytokine release
(Makarenkova and Shestopalov, 2014). While in monocytes/
macrophages low intracellular K* promotes inflammasome
high K*

inflammasome Panx1

assembly, in neuronal cells intracellular was

associated  with activation  via
(Silverman et al., 2009). Regarding the latter, Panxl was also
shown to interact with inflammasome components such as
P2X7R and caspase-1 (Silverman et al., 2009).

Panxl1 is also a major contributor to leukocyte activation and
chemoattraction to injured areas (Bao et al., 2013). During the
acute inflammatory response, tumor necrosis factor-a (TNFa)-
activated endothelium releases signaling molecules that attract
leukocytes (primarily neutrophils) and boost the inflammatory
response (Dubyak, 2002). Cytokine-induced upregulation of
adhesion molecules on the surface of ECs mediates the
adhesion of leukocytes (Zerr et al, 2011). Selectins (P-selectin
and E-selectin) are required for the initial attachment of
inflammatory cells and their rolling over the endothelium.
of the
immunoglobulin family: vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1)
(Zerr et al, 2011). Activated leukocytes express o4 and
B2 integrins that bind to VCAM-1 and ICAM-1, respectively
(Zerr et al.,, 2011; Fotis et al., 2012). This interaction allows for
firm adhesion of inflammatory cells to ECs, a step that is

Firm adhesion is mediated by members

necessary for their extravasation (Zerr et al., 2011; Fotis et al,
2012; Bao et al., 2013). Endothelial Panx1 mediates leukocyte-EC
adhesion by releasing ATP in response to TNFa. This cytokine
binds to its receptor (TNFR) triggering a downstream signaling
cascade through SFK that phosphorylates Panx1 at Y198 and
opens the channel (Bao et al., 2013; Lohman et al., 2015). Open
Panx1 channels release ATP, which acts in an autocrine manner
to stimulate P2Y6R. Purinergic signals are known to contribute
to NFxB-mediated upregulation of endothelial P-selectin,
VCAM-1 and ICAM-1 expression. Importantly, the induction
of VCAM-1 in response to cytokine treatment is abolished in
Panx1-deficient mice, an effect that can be reversed by ATP
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(Lohman et al, 2015). Furthermore, genetic ablation of
and P2YIR or and P2Y6R abolished
inflammatory cell recruitment as well as expression of
endothelial
importance of this crosstalk in the process of leukocyte
adhesion (Bao et al, 2013). Of note, TNFa-dependent
activation of NFkB also enhances Panxl expression in ECs

Panx1 Panx1

adhesion molecules, further underlining the

(Yang et al, 2020). Panxl channels were demonstrated to
facilitate Ca** influx in activated ECs, thereby further
contributing to IL-1p production and release (Yang et al.,
2020). A recent study also demonstrated a potential role for
Panxl in the increase of endothelial permeability in the TNFa-
induced inflammatory response (Maier-Begandt et al., 2021). As
described above, TNFR stimulation results in SFK-dependent
Panx1 phosphorylation, and to the liberation of ATP molecules
that are further converted to adenosine by the combined action of
ectonucleoside triphosphate di-phosphohydrolase (CD39) (ecto-
apyrase) and 5'-nucleotidase (CD73). Subsequent induction of
A2A/A2B adenosine receptors evokes positive effects on
transient receptor potential vanilloid 4 (TRPV4). This channel
mediates Ca®" influx and increases endothelial permeability
partially by downregulation of tight junction proteins (Maier-
Begandt et al, 2021). Interestingly, these effects were much
stronger in the venous than in the arterial endothelium, which
correlates with an increased level of CD39 in the venous
endothelium (Maier-Begandt et al., 2021).

Neutrophil chemotaxis depends on positive stimulation at
the cell’s front and a negative (inhibitory) one at the back (Bao
et al, 2013). ATP release through Panx1 was shown to act as a
driving signal at the front of the cell by autocrine stimulation of
P2YRs on the surface of the neutrophils (Dubyak, 2002; Bao et al.,
2013; Crespo Yanguas et al, 2017). Purinergic receptor
stimulation amplifies the signals
polarization (Bao et al, 2013). At the same time, ATP is
further converted by CD39 and CD73 to adenosine, which
provides the inhibitory signal at the back of the cell via A2A
adenosine receptors and the PKA/cAMP downstream signaling
(Dubyak, 2002; Bao et al.,, 2013; Crespo Yanguas et al., 2017).
Adenosine was also shown to act via A3-type receptors, favoring

and induces a cell

the excitatory signals at the front of polarized neutrophils (Chen
et al, 2006; Bao et al, 2013). The proposed mechanisms
explaining the role of Panxl in neutrophil chemoattraction
are presented in Figure 1, panel II (Bao et al, 2013). Hence,
Panxl constitutes a key player in neutrophil migration
contributing to the inflammatory response (Bao et al., 2013;
Makarenkova and Shestopalov, 2014).

One of the hallmarks of chronic inflammation is the
formation of giant multinucleated cells by macrophage fusion
(McNally and Anderson, 2005, 2011). Multinucleation is a key
step in osteoclast differentiation, as mononucleated macrophages
cannot resorb bone efficiently. Multinucleation may also be
essential in the differentiation of giant cells, which form in
tissues in response to foreign particles (Vignery, 2005). This

frontiersin.org
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process can be triggered in response to numerous cytokines
released by inflammatory cells (e.g., GM-CSF, IL-4, IL-13, IL-
6) (Lemaire et al,, 2011). Although the exact mechanism remains
elusive, it is recognized that macrophage fusion is mediated by
several membrane proteins like CD44 or B-integrin receptors
(Lemaire et al., 2011). Panx1 has been proposed to participate in
macrophage fusion together with P2X7R by releasing ATP that is
rapidly converted to adenosine, which promotes macrophage
fusion by upregulating CD44 expression at the cell membrane as
illustrated in Figure 1, panel III (Lemaire et al., 2011). A study
performed with pharmacological inhibitors as well as genetic
knock-out animals evidenced that while both the Panx1 channel
and the P2X7R appeared to be essential for macrophage fusion
they likely act independently via distinct pathways (Lemaire
et al., 2011).

Interaction between T-cells and antigen-presenting cells
(APCs) promotes the adaptive immune response (Tai et al,
2018). This process takes place within the immune synapses
(Tai et al, 2018). T-cell receptor (TCR) interaction with the
major histocompatibility complex (MHC) on the APC causes a
Ca™ mitochondrial-dependent ATP
production within the T-cell (Schenk et al., 2008). Elevated
Ca2+
conjunction with P2XRs, mediate ATP release and thereby the

influx that triggers

intracellular activates Panxl channels which, in
autocrine stimulation of the TCR as shown in Figure 1, panel IV
(Schenk et al., 2008; Woehrle et al., 2010). This positive feedback
loop involving Panx1 channels was first observed in stimulated
mouse CD4" and Jurkat cells and was then confirmed in the
human primary T-cells (Woehrle et al, 2010). Thus, ATP
provides an amplifying signal for the T-cell activation
(Woehrle et al, 2010). Activation of the TCR results in
translocation of Panxl with P2XIR and P2X4R to the
immune synapse, where they contribute to this Ca®'-
dependent ATP signaling (Woehrle et al, 2010). Similar
interactions and P2X7R
(Woehrle et al., 2010). P2XRs contribute to nuclear factors of

activated T-cells (NFAT) activation and subsequent IL-2 release,

were observed between Panxl

thereby promoting the T-cell proliferation (Woehrle et al., 2010;
Crespo Yanguas et al., 2017). Blocking Panx1 channels reduced
Ca”" influx and IL-2 expression in human and mouse primary
T-cells demonstrating its contribution to the immune response
(Woehrle et al., 2010). Finally, the ATP released from dying cells
through Panx1 channels acts as a “find me” signal for phagocytic
macrophages mediating the cell clearance and is an integral
process of the resolution of the inflammatory response
(Chekeni et al, 2010; Medina and Ravichandran, 2016;
Narahari et al., 2021).

In conclusion, ATP release through Panx1 channels appeared
to enhance or promote inflammation at multiple stages of the
process. Thus, selective inhibition of Panx1 channels may not
only limit acute inflammatory responses but may also prove
useful in chronic inflammatory diseases, thereby improving
human health.
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Panxl channels in cell death

Activation of Panxl channels has been associated with the
onset and propagation of cell death (Penuela et al., 2013). As
described above, Panx1 forms large and non-selective channels,
and their irreversible opening is detrimental (D'Hondt et al.,
2011). Prolonged opening of Panxl channels leads to the
liberation of signaling molecules that are recognized as
‘danger signals’ and trigger inflammatory responses (D'Hondt
et al, 2011). ATP can also be released from the injured cells
undergoing necrosis as well as from infiltrating leukocytes
through Panxl channels. ATP release leads to an important
loss of energy and stimulates necrotic cell death (Makarenkova
2014). Already in 2006, ischemia-like
conditions such as oxygen/glucose deprivation have been

and Shestopalov,

shown to open a large conductance (530 pS) channel in
neurons (later identified as Panxl), which is involved in
excitotoxicity and neuronal death during stroke (Thompson
et al., 2006; Thompson and Macvicar, 2008; Weilinger et al.,
2012; Weilinger et al., 2016). Panxl was also proposed to
participate in the crosstalk between mixed lineage kinase-like
(MLKL) and Rab27 protein (Rab GTPase) leading to the
generation and shedding of small extracellular vesicles (EVs)
during early stages of necroptosis—a programmed form of
necrotic cell death that plays an important role in several
pathologies (Douanne et al., 2019).

In addition to the contribution of Panx1 to the induction of
necrotic signals, many studies have shown an involvement of
Panx1 in apoptosis, a programmed, energy-dependent form of
cell death, which represents a vital component of homeostasis in
maintaining the cellular turnover (Elmore, 2007; Qu et al.,, 2011;
Crespo Yanguas et al., 2017). Cells that undergo apoptosis display
chromatin  condensation and

characteristic ~ shrinkage,

karyorrhexis. The blebbing of plasma membranes and
fragmentation of cell content into apoptotic bodies (budding)
are also apoptosis-related features. Of note, the cellular integrity
is maintained during this process, and thus apoptosis is
considered as an immunologically silent form of cell death
(Elmore, 2007). The morphological changes within cells are
mediated by proteolytic caspase cleavage. Caspases can be
activated via two distinct pathways. Intrinsically, caspase
activation can be mediated by mitochondria and families of
(e.g, Bax and Bdl-2,

respectively) (Crespo Yanguas et al., 2017; Huang et al., 2021).

pro- and anti-apoptotic proteins
The extrinsic pathway is related to the plasma membrane
receptor stimulation by extracellular ligands (e.g., Fas ligand
or TNFa). Panxl has been shown to be involved in different
stages of the apoptotic cell death (Qu et al., 2011; Crespo Yanguas
et al, 2017). First, Chekeni and colleagues reported that
Panxl channel activation during early apoptotic stages
mediates the ATP/UTP “find me” signal release that attracts
phagocytic cells to the injured area and mediates clearance of the
cellular debris (Chekeni et al., 2010). Both pharmacological

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1020826

Rusiecka et al.

blocking as well as genetic knockdown of Panx1 reduced ATP
release and subsequent monocyte recruitment (Chekeni et al.,
20105 Sandilos et al., 2012). The progression of apoptosis was
however not impaired in Panxl-deficient mice. As such, the
ATP/UTP signaling is mostly crucial during the early stages of
the apoptotic cell death (Chekeni et al., 2010). Further studies
revealed that Panxl is a target for both caspase 3 and caspase
7 and that it possesses a specific cleavage site located within its
C-terminus, i.e., D378 and D379 for the mouse and human
sequence, respectively (Dahl and Keane, 2012; Sandilos et al.,
20125 Yang et al., 2015; Boyce et al,, 2018). Truncation of the
C-terminal tail leaves the Panx1 channel permanently open this
way facilitating cell death (Qu et al., 2011; Dahl and Keane, 2012).
Interestingly, a recent study on a rat model of spinal cord injury
showed an upregulation of Bax and caspase-3 with a
Bcl-2
overexpressing Panxl, which resulted in increased apoptosis

simultaneous reduction in level in neurocytes
(Huang et al., 2021). Consequently, Panxl-deficient cells
exhibited the opposite response. The same authors showed the
contribution of Panxl to Ca® overload-induced ER stress and
apoptosis of spinal neurocytes via an ER-related pathway (Huang
et al., 2021).

Independent of the molecular mechanism involved, the
above paragraphs underline the crucial role of Panx1 channels
in the regulation of inflammation and cell death. Altogether, this
suggests that blocking Panx1 channels may alter the outcome of

diseases that critically depend on these processes.

The challenge of specific channel
inhibition: Panx1 pharmacology

Over the years, Panx1 channels were shown to be inhibited
by malaria drugs, chloride channel blockers, ligands of purinergic
receptors and inflammasome inhibitors (Dahl et al., 2013; Navis
et al, 2020). This variety in drug classes may be (partially)
explained by the wide range of cellular processes in which
Panx1 participates in concert with other proteins, or by the
potential similarity of the epitopes between Panxl and other
targets. Nevertheless, a vast majority of inhibitors that have been
used to study Panx1 channels up till now exhibit a rather poor
specificity (Dahl et al., 2013). The following paragraphs contain a
of
Panx1 channel inhibitors.

brief description commonly used pharmacological

The non-steroidal anti-inflammatory drug Flufenamic acid
(FFA) is a Fenamate-derivative chloride channel blocker that was
first shown to decrease Cx hemichannel currents (Dahl et al.,
2013). In 2005, Bruzzone and colleagues reported a modest
inhibition of Panx1 channels expressed in Xenopus oocytes by
FFA without changes in the kinetics or in the voltage gating of the
channel (Bruzzone et al., 2005). FFA is however known to have
gastrointestinal side effects, which together with its poor
specificity for Panxl channels, limits its potential to re-
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purpose this drug for Panxl-mediated disease processes
(Dolmatova et al., 2012; Molica et al., 2019).

Panxl channel inhibition by the anti-malaria drug 4-
quinolinemethanol, known as Mefloquine (Mfq), was first
reported in 2008 and further confirmed in follow-up studies
(Iglesias et al., 2008; Iglesias et al., 2009; Dahl et al., 2013). In fact,
its parental molecule quinine is also able to block Panx1 channel
currents but to a lesser extent (Dahl et al., 2013). Mfq was found
to inhibit Panx1 channel-mediated platelet aggregation (Molica
et al., 2019), Phenylephrine-induced vasoconstriction (Billaud
et al,, 2011) and reduced post-ischemic middle cerebral artery
occlusion (MCAO)-induced injury in mice (Cisneros-Mejorado
et al, 2015). However, Mfq cannot be considered a selective
Panx1 channel antagonist as it has been shown to also block GJ
channels and the P2X7R-mediated dye uptake (Cruikshank et al.,
2004; Suadicani et al., 2006; Iglesias et al., 2009; Dahl et al., 2013).
Other serious disadvantages of this remedy against malaria are its
psychiatric side effects such as anxiety, paranoia, psychosis and
anterograde amnesia (Molica et al., 2019).

The Enoxolone derivative-Carbenoxolone (Cbx) is a Food
and Drug Administration (FDA)-approved drug against gastric
ulcers, which was already in 1986 shown to block Cx43 channels
(Dahl et al., 2013). Several years later, Bruzzone and colleagues
demonstrated its inhibitory effect on Panx1 channels and since
then it has been commonly used in the Panxl research field
(Bruzzone et al., 2005; Dahl et al., 2013; Molica et al., 2019). The
inhibition of Panxl channels by Cbx displays a concentration-
dependent response with an IC5q at 5 uM (Bruzzone et al., 2005;
Ma et al, 2009). It has been shown to affect the voltage
dependency of Panxl channels (Dahl and Keane, 2012; Dahl
et al, 2013). Recent cryo-EM analysis of Panxl channels
demonstrated that Cbx triggers allosteric inhibition by
clustering in the groove between the Panxl ELI and
EL2 domains, thereby fixing its closed conformation
(Michalski and Kawate, 2016; Michalski et al., 2020). Despite
this defined binding to Panxl EL domains, Cbx also exhibits
inhibitory effects on P2X7R (Ma et al.,, 2009) and Cx channels -
although the latter requires a higher concentration than used for
Panx1 channels (Chekeni et al., 2010; Dahl et al., 2013). Despite
that Cbx-induced
Panx1 channel inhibition mitigated cancer metastasis in mice

its poor selectivity, it was shown
(Freeman et al,, 2019), reduced platelet aggregation (Molica et al.,
2019)  and  suppressed  the  activation of  the
NLRP3 inflammasome (Chen et al., 2020). It also exhibited
protective effects in various types of ischemic injury e.g., acute
kidney ischemia/reperfusion (I/R) injury (Jankowski et al., 2018),
lung I/R (Sharma et al., 2018) or stroke (Good et al., 2018b). Still,
the side effects triggered by Cbx treatment, including sodium
retention or hypokalemia, are noteworthy (Molica et al., 2019).

The blocking of 4-
(dipropylsulfamoyl)benzoic acid, known as Probenecid (Pbn),
outperforms the ones of Cbx and FFA (Chekeni et al., 2010; Dahl

and Keane, 2012; Dolmatova et al., 2012). Pbn is a commonly

Panxl  channel capacities
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used medication to prevent gout and gouty arthritis. It belongs to
the uricosurics class of drugs, i.e., it increases renal uric acid
secretion by inhibiting the reabsorption of uric acid through the
organic anion transporter in the proximal tubules (Ma et al,
2009; Dahl and Keane, 2012). Studies on Xenopus oocytes
revealed the Panxl channel blocking potential of Pbn and the
lack of action of this drug on Cx channels (Silverman et al., 2008;
Sandilos and Bayliss, 2012). The slower kinetics of Panx1 channel
blocking by Pbn, when compared to Cbx, suggest a distinct
mechanism of action of this compound (Ma et al, 2009).
Panxl channel inhibition by Pbn was shown to diminish
caspase-1 activation and inflammasome activation in many
cell types, this way contributing to inhibition of the
inflammatory response (Dahl and Keane, 2012; Xiong et al,
2014; Sharma et al., 2018; Good et al., 2021). As inflammation is
the core pathology of gout, inhibition of Panx1 channels may be
an additional mechanism by which Pbn exerts its beneficial
Pbn is
Panx1 channel inhibitor, but its selectivity is questionable due

therapeutic actions. In summary, a powerful
to additional effects on the anion transporter and P2X7R, and its
usability thus remains under debate (Ma et al., 2009; Willebrords
et al,, 2017).

The ATP released through Panxl channels stimulates
P2X7Rs and triggers a positive feedback loop in cell types
with expression of both molecules (Dahl and Keane, 2012;
Dahl et al., 2013). The opening of the Panxl channel within
the Panx1/P2X7R complex is possibly linked to conformational
changes of the purinergic partner (Ma et al., 2009). However, in
cells lacking the P2X7R, the same concentration range of
exogenous ATP inhibits Panxl current reaching 90% of the
Cbx-induced effects (Ma et al., 2009). The existence of two
functionally different Panxl channel populations has been
postulated: the first one involved in the P2X7R complex,
which would enforce a conformation of Panxl channels not
accessible for direct ATP binding (but still sensitive for Cbx and
Pbn), and the second one independent from P2Rs and thus
available for direct ATP inhibition (Ma et al., 2009). On the other
hand, potential differences in the affinity of ATP for P2X7R and
Panx1 allow for better control of Panx1 channel permeability by
ATP. This could be considered as a protective mechanism
avoiding complete ATP depletion and thus protecting the cell
from death (Qiu and Dahl, 2009; Dahl and Keane, 2012; Dahl
etal,, 2013). Such a negative feedback loop was also reported by
Dahl
Panxl channels with extracellular ATP in Xenopus oocytes
followed by the inhibitory response (Qiu and Dahl, 2009;
Dahl et al., 2013). The Panx1-ATP relation was shown as
ATP

and higher

and Qiu who observed transient activation of

strictly ~ concentration-dependent ~ where  lower

the Panxl
concentrations suppress its activity. The exact mechanism of

concentrations activate channel
the ATP binding and activation/inhibition has not yet been
revealed, but it likely involves steric interactions with the

channel (Qiu and Dahl, 2009). Although Panxl does not
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possess any of the canonical ATP binding sites, mutagenesis
studies indicate the involvement of positively charged amino
acids within the Panx1 ELs (Qiu and Dahl, 2009). Of further note,
Panxl channels are insensitive to intracellular ATP
concentrations (Ma et al., 2009).

ATP analogs also possess Panx1 channel blocking capacities.
Indeed, Brilliant Blue G (BBG) or benzoyl-benzoyl-ATP
(BzATP) abolished ATP release from Xenopus oocytes and
Panxl-mediated dye uptake in erythrocytes (Qiu and Dahl,
2009; Dahl et al,, 2013). BBG was further shown to prevent
inflammasome activation in neurons via blocking of P2X7R
(Dahl and Keane, 2012) and it protected against cerebral
ischemia-reperfusion injury in rats (Chu et al, 2012). BBG
belongs to a family of dyes that have wide applications in the
food industrial field (Ferreira et al., 2016). Its derivative BB-FCF
(also named FD&C Blue No.1 or E133) is one of the most applied
food dyes. BB-FCF was also shown to modulate the activity of
Panx1 channels; it inhibited Panx1 currents in Xenopus oocytes,
ATP release from platelets and it decreased collagen-induced
aggregation of human platelets (Molica et al., 2015; Ferreira et al.,
2016). In vivo (oral) administration of BBG is considered safe,
including for humans (Ferreira et al, 2016). Still, their
application to study Panxl function has been very limited so
far and not much is known about the pharmacological selectivity
of BB-based dyes for Panx1 channels (Qiu and Dahl, 2009; Dahl
and Keane, 2012).

Spironolactone is an essential drug to treat resistance
hypertension by acting on mineralocorticoid receptor (MR)
NR3C2 (Sica, 2015). This drug has been shown to possess a
Panx1 channel inhibitory capacity in an unbiased small molecule
screening study (Good et al., 2018a). Spironolactone was shown
to decrease Panxl-mediated a-adrenergic vasoconstriction in
human arterioles of patients with resistant hypertension and
in mouse arteries (Good et al., 2018a). Moreover, Spironolactone
was shown to reduce blood pressure in mice via inhibition of
Panx1 channels in vascular SMCs (independently of its effect on
MRs) (Good et al., 2018a). Like many drugs, Spironolactone was
found to bind to plasma proteins in the circulation, which
considerably impairs its diffusion into tissues. Furthermore,
Spironolactone is almost 1000-times more potent to block
MRs than Panxl which

application as a Panx1 inhibitory medication (Huke, 2018).

channels, limits its potential

The exact mechanism by which many of the above-
mentioned compounds exert their Panxl inhibitory action
remains unknown. It is believed that different Panx1l channel
blockers may have different modes of action and they possibly
target distinct binding sites. Moreover, some of the molecules can
block the Panx1 channel completely by means of steric hindrance
while others act on certain sub-conductance states (Dahl et al.,
2013). An in-depth characterization of the structural and
electrophysiological properties of Panxl channels remains of
great of new

importance for the future development

pharmacological tools.
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Molecule (Target) sequence
A
Conventional
antibody
Mini-antibody
B
>HRB454
WRQAAFVDSY
C Synthetic
peptides
>10panx1
WRQAAFVDSY
>PxIL2
KYPIVEQYLK
>TAT-Panx;gg

YGRKKRRORRRLKVYEILPTFDVLH

FIGURE 2

Novel classes of Panx1 channel inhibitors. Membrane channel inhibitors comprise antibody-based strategies, where conventional monoclonal
antibodies (A) with a channel blocking capacity appear as an attractive tool in biotechnology. The single variable fragment (scFv)-based agents
known as ‘mini-antibodies’ exhibit better tissue penetration and fewer adverse effects due to their reduced size. The scFv-based against Panx1 (B),
referred to as HRB454, with its target sequence is shown at the right. Mimetic peptides (C) have all sequence homology to Panxl and their
blocking capacity can be based on interference with Panx1 phosphorylation by providing an additional substrate to a kinase (e.g., TAT-Panxzgg) or by
disturbing (other) protein-protein interactions (e.g., *°Panx1 and PxIL2). PxIL2 and TAT-Panxzog peptides target intracellular Panx1 domains, thus
TAT-conjugation or inclusion in patch pipette solution will allow for optimal efficacy. The published sequences of peptide-based inhibitors are
shown on the right.

Novel classes of Panxl channel of a specific Panxl channel inhibitor (Dahl et al, 2013).

inhibitors: A potential approach to Innovative approaches are thus needed. Such means may

improve the speciﬁcity include the use of synthetic peptides or small antibodies

(“mini-antibodies”), which selectively target a given sequence

Re-purposing of drugs or unbiased searches in small of the Panxl molecule and potentially lead to more specific
molecule libraries has this far not yet resulted in the finding effects (Molica et al., 2019; Lian et al., 2021).
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Synthetic peptides represent a highly specific class of
molecules. They are designed to target a given sequence, thus
they provide a useful tool in both fundamental and clinical
2021).
Panxl channels have been produced and their inhibitory

research (Lian et al, Several peptides against
capacity was confirmed in independent publications (Pelegrin
and Surprenant, 2006; Weilinger et al., 2012; Billaud et al., 2015).

As early as in 2006, Pelegrin and Surprenant generated anti-
Panx1 peptides that targeted the extracellular domains of Panx1
(Pelegrin and Surprenant, 2006). Among them, '°Panx1 with its
10-amino acid sequence (WRQAAFVDSY) mimics residues
74-83 of the Panxl ELI, of which W74 and R75 are now
known to play an essential role in the blocking of the channel
(Pelegrin and Surprenant, 2006; Michalski et al., 2020). The
"“Panx1 peptide showed the potential to specifically block the
Panxl channel and P2X7R-mediated dye uptake but without
affecting P2X7R ion current in different cell types e.g., transfected
HEK-923 or HeLa cells, mouse J774 macrophages, human lung
alveolar macrophages or THP-1 cells (Pelegrin and Surprenant,
2006). The Panxl ion currents were reversibly inhibited by
"YPanxl peptides, albeit to a lesser extent than with Cbx
(Pelegrin and Surprenant, 2006). The latter is not surprising
given that Cbx is not selective for Panxl channels. Follow-up
studies using '"Panx1 explored Panx1 channel function during
the process of caspase-1 activation (Brough et al., 2009). It was
shown that '"Panxl reduced ATP release and inhibited dye
uptake in astrocytes and counteracted P2R stimulation in
murine macrophages (Willebrords et al., 2017). In addition to
its anti-inflammatory actions, beneficial effects of '’Panx1 were
shown in Panxl-mediated platelet aggregation (Molica et al,
2019), a-adrenergic vasoconstriction (Billaud et al, 2011),
Panx1-related HIV replication (Seror et al, 2011) and breast
cancer metastasis in mice (Furlow et al., 2015). Even though the
'Panx1 peptide was designed to target the Panx1 EL1, it was also
shown to inhibit Cx46 current although to a lesser extent
(Pelegrin and Surprenant, 2006; Dahl, 2007; Wang et al,
2007). In addition, some anti-purinergic actions were found,
of which the mechanism remains so far unexplained (Pelegrin
and Surprenant, 2006; Wang et al., 2007). These potential off-
target effects question the specificity of the '°Panx1 peptide and
call for additional developments (Chiu et al., 2018). Moreover,
the low stability of '’Panx1 in plasma limits the potential in vivo
application (Molica et al., 2019).

Phosphorylation of the tyrosine residue at Y198 within the
Panx1 IL domain is involved in the channel gating (Good et al.,
2018a; DelLalio et al., 2020). A membrane-permeable peptide,
called PxIL2P, was developed to target this tyrosine residue. The
sequence consists of 10 residues (191-KYPIVEQYLK-200) and
contains a specific TAT sequence (YGRKKQRRR), which helps
for the entry into cells. Electrophysiological recordings
demonstrated that Panxl channels were inhibited by PxIL2P.
Moreover, the peptide blocked Panxl-mediated ATP release,
TNFa-induced  IL-1P and

secretion a-adrenergic
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vasoconstriction (Billaud et al., 2015; Good et al., 2018a; Yang
et al, 2020). Of note, the inhibitory effect of PxIL2P on
Phenylephrine-induced vasoconstriction was smaller than the
ones evoked by Pbn or "’Panx1 (Billaud et al., 2015). Considering
the above-mentioned potential off-target effects of Pbn or
'“Panx1, the lower level of inhibition by PxIL2P may possibly
point to a higher specificity of this peptide (Billaud et al., 2015).

Another TAT-Panxsgg, the
Y308 phosphorylation site localized in the CT of Panxl.

peptide, namely mimics
Exposure of cells to this peptide prevented Panx1-Y308
phosphorylation and thereby the opening of the channel
(Weilinger et al., 2016; Good et al, 2018a). The peptide
contains a characteristic TAT sequence allowing for easy cell
penetration. Inhibition of Panx1 channels with TAT-Panx;,g was
shown to confer neuroprotection after middle cerebral artery
occlusion (MCAOQ) in rats and decreased infarct size after stroke
(Weilinger et al., 2016).

A caveat of peptide-based blockers appeared in the experimental
use of scrambled control peptides, which showed sometimes
blocking properties as well (Dahl, 2007). This applies mainly to
peptides that base their blocking properties on steric hindrance with
the channel pore. In some cases, the folding of the scrambled version
can lead to a dimension that also pursues channel inhibition (Wang
et al, 2007; Dahl et al,, 2013). Although such effects seem at first
glance undesirable and indeed call for better controls or a
reorganized study design, one may also learn from this finding
that steric hindrance alone and approximate similarity is enough to
inhibit the Panx1 channel.

Monoclonal

antibodies (mAbs) have

and potent

recently been

popularized as channel inhibitors
(Haustrate et al., 2019). mAbs are produced by B cells to

specifically recognize given antigens (Lu et al., 2020). In 1975,

specific

Kohler and Milstein introduced the hybridoma-based technique
allowing for the generation of large amounts of mAbs, which
contributed to the development of multiple applications in the
biotechnology industry and clinics (Kohler and Milstein, 1975;
Lu et al., 2020). Antibody-based channel inhibitors targeting the
Panx1-CT were shown to be effective in patch clamp studies
when perfused into the cytosol (Weilinger et al., 2012; Weilinger
et al, 2016; Bialecki et al., 2020). Progression of innovative
technologies to create recombinant mAbs expanded the field
and gave rise to the single-chain variable fragments (scFv, further
called “mini-antibody”) that consist of the variable regions of the
heavy and light chain of immunoglobulin (VH and VL,
respectively) connected by a peptide linker (Figure 2) (Ahmad
et al., 2012; de Aguiar et al., 2021; Jin et al., 2022). Nowadays’
that
filamentous bacteriophages expressing the target as a fusion
with their coat protein (Ahmad et al, 2012; Wu et al., 2016;
Lu et al., 2020). Surface expression of the antigen facilitates the

strategies apply phage display-based libraries use

selection of specific binders and affinity studies (Sebollela et al.,
2017; Lu et al., 2020). Due to their reduced size, mini-antibodies
exhibit better tissue penetration and fewer fragment crystallizable
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region (Fc)-mediated adverse effects, while still exhibiting the
same affinity to the target as a full-length antibody (Jin et al.,
2022). Recombinant mAbs are currently approved as a
therapeutic agent for a wide range of targets in immunology
(Lu et al., 2020), oncology (Davda et al,, 2019; Jin et al., 2022),
cardiovascular diseases (Lu et al, 2020) and many other
applications (Lu et al, 2020). Several scFv’s have been
recognized as blocking molecules against their targets (Yi
et al,, 2001; Ahmad et al., 2012; Sebollela et al., 2017).

With the help of the Geneva Antibody Facility (https://www.
unige.ch/medecine/antibodies/), our group has recently raised a
panel of mini-antibodies against a sequence (WRQAAFVDSY) in
the EL1 of Panxl (Molica et al., 2019; Rusiecka et al., 2019). The
antigen-binding fragment was fused to the human Fc (Ahmad et al,,
2012; Molica et al, 2019). While some of the mini-antibodies
appeared very useful for immunofluorescent microscopy, the
anti-Panx] HRB454 appeared to hold Panxl channel inhibiting
properties (Molica et al., 2019; Rusiecka et al., 2019). In in vivo
arterial
HRB454 decreased hemostasis and thrombosis via inhibition of
Panx1 channels (Molica et al., 2019). This study promotes further
research into mini-antibody-based inhibition of Panx1 channels for

mouse models of venous and thrombosis,

diseases involving inflammation or cell death. Potential side effects
of long-term application of HRB454 as well as off-target effects
remain to be investigated. In general, the efficacy of tissue
penetration and retention can constitute a limiting factor for
application of mini-antibodies and also needs to be examined for
HRB454. Moreover, the Fc region prolongs the half-life of mini-
antibodies, yet it may also interact with distinct receptors present on
the surface of different cell types, affecting the molecules’ retention
(Chames et al., 2009). Moreover, the fusion with the Fc increases the
size of the molecule, which may be deleterious for the penetration to
less accessible targets. Although one would expect relative long
plasma stability of anti-Panx1 mini-antibodies, this remains to be
confirmed (Chames et al., 2009; Molica et al., 2019).

Conclusion

Panxl is a ubiquitously expressed protein that mediates
paracrine and autocrine signaling and regulates a plethora of
physiological and pathological processes. Panx1l channels have
been shown to regulate the inflammatory response by various
mechanisms, and the role of this channel as modifier of immune
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and inflammatory pathologies is emerging. Pharmacological
inhibition of Panxl channels has been proven beneficial in
vivo, i.e. it reduces the inflammatory response and mitigates
severe disease outcomes associated with inflammation in
different

Panx1 blockers lack specificity and/or in vivo stability. Next to

organs.  Unfortunately, currently  available
several off-target effects, many of them induce unwanted clinical
side effects that further limit their application. Innovative
approaches such as synthetic peptides and scFv-based
inhibitors give promising results and may provide in the
future a means to selectively reduce Panx1 channel activity for

therapeutic purposes.
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