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Abstract

Excessive bradykinin (BK) stimulation is responsible for the exaggerated permeabilization of the
endothelium in angioedema. However, the molecular mechanisms underlying these responses have
not been investigated. BK receptors are Gg-protein-coupled receptors phosphorylated by G
protein-coupled receptor kinase 2 (GRK2) with a hitherto unknown biological and
pathophysiological significance. In the present study, we sought to identify the functional role of
GRK2 in angioedema through the regulation of BK signaling. We found that the accumulation of
cytosolic Ca2* in endothelial cells induced by BK was sensitive to GRK2 activity, as it was
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significantly augmented by inhibiting the kinase. Accordingly, permeabilization and NO
production induced by BK were enhanced, as well. /n vivo, mice with reduced GRK2 levels in the
endothelium (Tie2-CRE/GRK2#/f-) exhibited an increased response to BK in terms of vascular
permeability and extravasation. Finally, patients with reduced GRK2 levels displayed a severe
phenotype of angioedema. Taken together, these findings establish GRK2 as a novel pivotal
regulator of BK signaling with an essential role in the pathophysiology of vascular permeability
and angioedema.
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Introduction

Angioedema is a clinical condition characterized by blood vessel dilation and increased
vascular permeability, which can be life-threatening when it involves the upper airways or
gastrointestinal tract!6. The functional role of vasoactive and proinflammatory mediators
released, mainly bradykinin (BK), in determining vascular responses during angioedema
attacks, has been extensively studied’-10, On the other hand, much less is known on the
molecular and biochemical features of the vascular tree in patients with angioedema, which
in turn could explain the hefty variability of the clinical outcome. Accordingly, the emerging
association with atherosclerosis and endothelial dysfunction strongly supports the view of
angioedema as an endothelial disorder® 11. 12, Therefore, while BK accumulation is seen as
a causative mechanism, especially in C1 inhibitor (C1-INH) deficiency and angiotensin
converting enzyme (ACE) inhibitor-related forms of angioedema?: 13- 14, the contribution of
additional mechanisms linked to endothelial properties has to be considered.
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BK is a vasoactive nonapeptide derived from enzymatic digestion of high molecular weight
kininogen by kallikreins, and is an important regulator of endothelial homeostasis®1’.
Indeed, BK induces endothelial-dependent vasodilation8: 19 and permeability2° by
activating specific cell surface receptors (BK Receptors, BRs), belonging to the broad family
of G-protein coupled receptors (GPCRs)?!-27. BRs are coupled to Ga.?® and their
stimulation elicits calcium (Ca2*) mobilization from the endoplasmic reticulum via inositol
1,4,5-trisphosphate receptors??: 30, BRs are regulated by desensitization through
phosphorylation events on serine and threonine residues on their C-terminus3l 32 Despite
the potential pathophysiological relevance of this phenomenon in ensuring the attenuation of
BK signaling upon activation, the underlying molecular mechanisms have been poorly
investigated. Phosphorylation of GPCRs is mediated by the members of G protein-coupled
receptor kinases (GRKs) family, including GRK233-36, Receptor activation triggers the
subcellular accumulation of GRK2, which in turn phosphorylates the active conformation of
GPCRs37-39, GRK2 overexpression has been shown to modify the phosphorylation patterns

of BRs and to reduce BR-mediated signaling in human embryonic kidney 293 (HEK-293)
cells32 40,

In this study, we assess the involvement of GRK2 in the regulation of functional endothelial
responses to BK, the underlying molecular mechanisms, and the implication in human
angioedema.

Data from this study are available from the corresponding author upon reasonable request.
The extended version of Materials and Methods section — which includes a detailed
description of our /n vitro, in vivo, and human studies34 4152 _ s available in the
supplementary material.

In vitro studies were performed in bovine aortic endothelial cells (BAECS), cultured in
Roswell Park Memoarial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine
serum (FBS) at standard conditions of 37°C in 95% air and 5% CO,. On this cell line we
studied BK signaling, assessing Ca?* mobilization (Fluo-4 based assay), NO production
(DAF-FM Diacetate based assay), and cell-permeabilization in response to GRK2
modulation??: 51,

In vivo studies were conducetd in Tie2CRE-GRK2f/~ (heterozygous endothelial-specific
GRK2 knock-out) mice. In these rodents, the Miles assay was performed to measure the
vascular permeabilization and edema formation in response to BK.

For human studies, we identified a population of 15 patients with a confirmed diagnosis of
C1-INH hereditary angioedema (C1-INH-HAE) and 10 healthy controls. From patients and
controls, we collected peripheral blood mononuclear cells (PBMCs) in which we assessed
protein levels of GRK2, as we previously described34.

Hypertension. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gambardella et al.

Page 4

Study approval

Experimental protocols on mice were carried out in accordance with NIH and were
approved by the Ethical Committee for Animal Studies of the University of Salerno
(#713/2015-PR). For human studies, the Ethical Committee of “Federico /F’ University of
Naples approved that blood obtained during routine diagnostics could be used to investigate
the physiopathology of human ereditary angioedema (#216/16); written informed consent
was obtained from patients according to the principles expressed in the Declaration of
Helsinki.

Statistical Analysis

Results

All values are presented as mean = SD. All experiments were performed at least in triplicate
by blinded investigators. Shapiro-Wilk test was applied to verify the normal distribution of
values; unpaired #test or ANOVA followed by Bonferroni post hoc testing were performed
as appropriate, were applicable. A correlation analysis was performed to evaluate the
relationship between GRK2 levels and severity score of angioedema phenotype. A
significance level of p<0.05 was assumed for all statistical evaluations. Statistics were
computed with GraphPad Prism (v. 8.4.0) software (San Diego, CA).

Inhibition of GRK2 enhances endothelial responsiveness to BK

To establish the physiological role of GRK2 in the regulation of BK signaling, we evaluated
the effect of its inhibition on the endothelial responses to BK using the GRK2 inhibitor
KRX-C7 (1uM, 1h). /n vitro, the stimulation of BK receptors in BAEC rapidly induced Ca2*
mobilization producing a peak of Ca2* released in the cytosol, followed by a phase of
progressive reduction (Fig. 1A-B). Instead, when the same cells were pre-treated with KRX-
C7, Ca2* mobilization response to BK was significantly enhanced (Fig. 1A-B).

BK is known to increase NO production by activating eNOS through a calmodulin-
dependent mechanism®3. Consistent with this phenomenon, in our experimental setting BK-
induced a significant increase in NO production by reflecting Ca2* mobilization kinetics
(Fig. 1C-D). Again, GRK2 inhibition enhanced BK dependent NO production (Fig. 1C-D).
The effect of GRK2 inhibition on BK induced Ca2* mobilization and NO production does
not depend on extracellular Ca2*, as we recorded a similar trend in cells exposed to Ca2*-
free medium (Fig. S1 A-C).

To evaluate the effects of GRK2 inhibition on BK dependent endothelial permeabilization,
we performed an /n-vitro vascular permeability assay. BK stimulation increased cell
permeabilization, as expected (Fig. 1E). However, the pre-treatment with KRX-C7
determined a significantly higher response in terms of BK-induced permeabilization of the
endothelial monolayer (Fig. 1E).

Overall, these data demonstrate that GRK2 inhibition enhances the effects of BK on the EC,
suggesting that this kinase can act as an endogenous inhibitor of BK signaling.
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BK induces rapid accumulation of GRK2 in endothelial cells

The relevant effects of GRK2 inhibition on acute responses induced by BK suggest a rapid
recruitment of the kinase in the BK signaling pathway. To verify this hypothesis, we
evaluated whether changes in the expression levels or trafficking of GRK2 occurred in
response to BK stimulation. BAEC were acutely exposed to BK (30 nM) for 5 and 15 min
and GRK2 protein levels were evaluated in whole cell lysate, in the membrane,
mitochondrial, and cytosolic extracts (Fig. 2A-D). At 5 min, BK stimulation significantly
increased GRK2 total levels. After 15 min, this phenomenon was attenuated and GRK2
returned to baseline levels (Fig. 2A). The analysis of different cellular compartments
revealed that at 5 min from BK stimulation the accumulation of GRK2 occurred in
membranes (Fig. 2B), mitochondria (Fig. 2C), and cytosol (Fig. 2D). 15 min after
stimulation, levels of GRK2 returned to baseline in mitochondria and cytosol, remaining
prevalently localized at the plasma membranes (Fig. 2B-D). These data indicate that BK
causes GRK?2 accumulation and polarization mainly to the plasma membrane.

BK blocks the proteasome-dependent degradation of GRK2

The rapid GRK2 accumulation occurring after BK stimulation cannot result from GRK2 de-
novo synthesis, as a timeframe of 5 min is not enough for protein production. Therefore, we
hypothesized that the observed increase in GRK2 level relates to the ubiquitin-dependent
proteasome system (UPS), which is known to rapidly modify the intracellular levels of
specific proteins®®. Indeed, UPS regulates GRK2 levels through the E3 ubiquitin ligase
Mdm2 that binds and promotes GRK2 poli-ubiquitination and degradation®®. As shown in
Fig. 3A, a significant decrease in GRK2 ubiquitination levels occurred after BK exposure.

Accordingly, after BK stimulation, the interaction between GRK2 and Mdm2 was
significantly decreased at 5 min and recovered at 15 min (Fig. 3B). The treatment with
proteasome inhibitor MG132 led to GRK2 accumulation in response to BK (Fig. 3C).
Overall, these data indicate that BK reduces GRK2/Mdmz2 interaction, thereby resulting in a
reduced degradation and accumulation of the kinase.

CaMKIl regulates the activation of GRK2 in response to BK

To explore the mechanism of BK regulation of GRK2 ubiquitination, we evaluated the role
of Ca2*-calmodulin-dependent kinase type 11 (CaMKII), since this kinase mediates most of
the cellular effects of BK in endothelial cells®®. Indeed, GRK2 and CaMKII significantly
interact within 5 min from BK stimulation (Fig. 4A). Moreover, when cells were pre-treated
with the specific CaMKII inhibitor peptide C17p, the BK dependent accumulation of GRK2
did not occur (Fig. 4B). Thus, we evaluated the effect of C17p also on GRK2 degradation
pattern. The reduction of GRK2 ubiquitination levels occurring in response to BK was
prevented in BAEC pre-treated with CaMKII inhibitor (Fig. 4C). Similarly, CaMKI|I
inhibition preserved GRK2/Mdm?2 interaction after BK stimulation (Fig. 4D), confirming the
involvement of CaMKII in GRK2 accumulation induced by BK. Collectively, these results
unveil a molecular mechanism by which BK intrinsically activates the pathway for the
attenuation of its own signaling, according to a pattern of GPCR desensitization, mediated
by CaMKII and proteasome. To further prove the functional role of CaMKII in mediating
the downregulation of BK signaling by GRK2 recruitment, we measured two well-
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established BK-dependent phenotypes (7.e. NO production and endothelial permeabilization)
in presence of CaMKII inhibition. We observed that the inhibition of CaMKII significantly
increases BK-induced NO production and permeabilization (Fig. S2 A-B), producing an
effect similar to GRK2 inhibition. The combination of the two inhibitors (KRX-C7 and
C-17p) further increase BK-induced responses as compared to the two compound
admistrated alone (Fig. S2 A-B). Of note, these responses were not affected when the
experiments were performed in absence of extracellular Ca2* (Fig. S2 C-D).

GRK2 selective endothelial knock-out increases vascular permeability in response to BK

in vivo

To translate our findings in an /n vivo setting, we assessed vascular permeability in response
to acute administration of BK in endothelial GRK2 hemizygous mice (Tie2-CRE/
GRK2M#/17) yscontrol (GRK2f*/fI+) littermates. Interestingly, Tie2-CRE/GRK2f*/fl- mice
showed a wide blue coloration already in basal condition, particularly evident around the
nose, feet, and internal organs such as the intestine; BK administration (30 pg/Kg for 30
min) further increased the difference between endothelial GRK2 hemizygous and control
mice (Fig. 5A). The quantitative analysis of Evans Blue extravasation provided statistical
confirmation of the phenomenon; indeed, in basal conditions, extravasation was significantly
higher in Tie2-CRE/GRK2*/fl= mice compared to controls. BK administration enhanced
Evans Blue extravasation in such organs for both animal groups; however, this phenomenon
was significantly more evident in Tie2-CRE/GRK2f*/fl= mice compared to control
littermates (Fig. 5B). The data collected from /n vivo experiments demonstrate the
physiological role of GRK?2 in the regulation of endothelial responsiveness to BK.

GRK2 levels inversely correlate with severity of C1-INH deficiency hereditary angioedema:
a human model of altered response to BK

The above data indicate GRK2 as a key regulator of endothelial responsiveness to BK with
potential implications in the pathophysiological conditions characterized by increased
vascular permeability. Then, we hypothesized that different GRK2 levels in patients with
C1-INH-HAE could correlate with the severity of the disease.

We isolated peripheral blood mononuclear cells (PBMCs) from patients with C1-INH-HAE
and age-matched control subjects (Table S1) and evaluated the levels of GRK2 by
immunoblot analysis. No significant differences were found in the average levels of GRK2
between C1-INH-HAE patients and controls (Fig. 6A). However, our C1-INH-HAE
population displayed a larger variability in the GRK2 levels and a significant inverse
correlation between GRK2 levels and the severity score related to clinical phenotype*? (Fig.
6B). These data indicate that the reduced levels of GRK2 contribute to increasing
endothelial sensitivity, enhancing the BK dependent pathological responses in angioedema.

Discussion

This work is among the first studies approaching angioedema focusing on the contribution of
endothelial alterations. Indeed, while the alterations linked to BK synthesis or catabolism
occurring in angioedema patients have been extensively investigated, the molecular events
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occurring downstream of BK release and BK signaling regulation in endothelial cells, have
been poorly assessed.

This is the first comprehensive investigation of BK signaling regulation by GRK2, from
molecular mechanisms in cells to human condition. Indeed, we show that GRK2 regulates
endothelial responses to BK, through a feedback loop that involves CaMKII and Mdm2.
This mechanism is physiologically relevant since transgenic mice with reduced endothelial
levels of GRK2 display an increased vascular permeability in response to BK.

These observations have an important translational impact in the clinical scenario. Indeed,
C1-INH-HAE is a hereditary disease in which BK accumulation leads to transient and
localized massive vasodilatation and permeabilization, producing local self-limiting
edema®’. However, patients with the same genetic mutation show a large variability in
clinical phenotypes, spanning from mild to severe manifestations without a well-established
explanation®8. Our data show that in C1-INH-HAE, GRK2 levels inversely correlate with
the severity score related to clinical phenotype. The reciprocal regulation between GRK2
and BK signaling through a proteasome-Ca?* interface is a completely unknown molecular
mechanism with relevant consequences for vascular physiopathology.

GRK2 regulates several intracellular signaling pathways, by turning off the downstream
transduction of both GPCR and non-GPCR activated pathways3®: 59, BK receptors belong to
GPCR and previous studies have shown the ability of GRK2 to phosphorylate BK
receptor32 40: however, the biological significance of such event has never been addressed
hitherto. The present study demonstrates for the first time that GRK2 regulates BK signaling
in the endothelium. First, BK stimulation of endothelial cells induced a rapid GRK2
accumulation by reducing its interaction with Mdm2 and blocking its proteasome-dependent
degradation. This phenomenon has been also observed in response to other acute stimulif?;
in fact, the block of degradation is a strategy known to quickly increase the bioavailability of
proteins with a fundamental role in acute responses®2. In this regard, it is imperative to
discern between the molecular effects of acute and chronic GPCRs stimulation since they
involve distinct signal pathways leading to different effects. Indeed, whereas an acute
stimulation induces the recruitment and the activation of early signaling protein like GRK2
to attenuate the cellular response (thus avoiding the cell hyperexcitation), a chronic
stimulation of GPCRs can induce cell remodeling to support the adaptation, often involving
changes in the gene transcription program with the synthesis of new molecular partners and
new signaling. In this work we evaluated the acute response to BK based on the evidence
that this peptide acutely induces phenotypes like angioedema when its circulating levels
rapidly increase. Besides, BK has a short half-life, so it is rapidly removed, further
supporting our theory that the acute phase of BK exposure is the most interesting and useful
window to study in human disease. Our findings follow this groove and provide further
evidence that GRK2 belongs to a conserved biological mechanism that cellular systems
employ for the fine-tuning of several intracellular pathways®2, essential to avoid the
deleterious consequences of a highly activated signaling.

The mechanism through which BK induces GRK2 accumulation relies on Ca?* and
CaMKI|I. Indeed, in presence of CaMKII inhibition, BK stimulation does not significantly
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affect GRK2/Mdm2 interaction nor GRK2 accumulation (Fig 4) or CaMKI|I inhibition.
These findings indicate that in response to BK, CaMKII meddles on the GRK2/Mdm2
interaction, reducing ubiquitination and promoting the intracellular increase of GRK2. These
signalling events are independent of extracellular Ca2*, further proving that GRK2
specifically acts on BK receptor signalling, which indeed induces Ca2* mobilization
exclusively from intracellular stores.

Collectively, our results demonstrate that BK exposure of endothelial cells prompts the
activation of a previously unknown functional axis among BK receptors, CaMKII, and
GRK2 that finely regulate GRK2 levels, promoting the switch-off of BK receptor signaling
(see graphical abstract).

Furthermore, GRK2 inhibition enhances the main cellular outcomes induced by BK (/.e.
Ca%* mobilization, NO production, cell permeability), proving that GRK2 negatively
regulates BK signaling. These results confirm the functional role for GRK2 in mediating the
physiological attenuation of BK signaling through a feedback loop which likely terminates
with the desensitization of BK receptors. Accordingly, CaMKI|I inhibition also enhanced BK
dependent endothelial responses (e.g. NO production and permeabilization®3) by preventing
GRK2 accumulation, whereas the combination of CaMKII and GRK2 inhibition
sinergistically exacerbates these phenomena (Fig. 4 and S2).

BK is an important determinant of vascular function by inducing endothelial vasodilatation
and permeabilization?2. In the last years, several studies explored the possibility to target BK
receptors to treat different pathological conditions; the antagonism of BK receptor, for
example, has been proposed as anti-inflammatory therapy, while the sustained activation of
BK receptor has been tested as a potential strategy for cardio-protection®4 85. However, no
investigation focused on the intracellular regulation of BK signaling transduction. Previous
studies from our and other groups proved the physiological role of GRK2 in the maintenance
of vascular homeostasis. Mice with endothelial homozygous GRK2 gene ablation display
defective angiogenesis, increased expression of chemokine, and adhesion molecules with the
development of early atherosclerosis®®: 7. These mice present severe structural
abnormalities at the vascular level®6. Therefore, in the present study, we used hemizygous
mice, which on the contrary have preserved vasculature (Fig. S3). Our results show that
reduced endothelial levels of GRK2 trigger a significant increase in vascular permeability
both in basal conditions and upon BK administration. The wide and intense response to BK
in Tie2-CRE/GRK2*/fl= mice respect to controls highlights the increased endothelial
sensitivity to BK when GRK2 is genetically down-regulated. This phenomenon occurs in
several tissues, including districts with high clinical relevance like bowel and larynx. The
different response rate recorded among tissues could be linked to the physiological
heterogeneity of the endothelium between organs also attributable to the variable
physiological expression of endothelial permeability-related molecules®8. The ability of
GRK2 to regulate endothelial responsiveness to BK can have important pathological
implications, especially for BK-related disorders. In C1-INH-HAE, several genetic defects
in C1-INH production/activity cause BK overproduction with a resultant increased vascular
permeability and associated edema. However, C1-INH-HAE patients show high
heterogeneity in terms of severity of clinical manifestations, which does not correlate with
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the specific genetic mutation®®. This evidence suggests that the heterogeneity in the effects
of increased BK levels in the bloodstream could be imputable to different responsiveness of
the endothelium to BK. Our data support this hypothesis, since the inverse correlation
between GRK2 levels and severity score could imply that low levels of GRK2 are associated
with a higher amplitude of endothelial responses and of the clinical manifestations observed
in C1-INH-HAE patients.

The absence of significant differences in the average of GRK2 levels between C1-INH-HAE
patients and healthy controls demonstrates that GRK2 is not the cause of the disease; rather,
the kinase can act as “phenotype madifier”, as its levels reflect different sensitivity of the
endothelium to BK, which accumulates due to C1-INH mutations.

Our study does have some limitations. First and foremost, we only measured GRK2 levels in
PBMCs, whereas to translate our preclinical findings in the clinical scenario an assessment
of GRK2 level/activity in human endothelium from angioedema patients is warranted, along
with signaling studies. Therefore, our human data should be considered as a starting point
for future studies aimed at the characterization of the functional role of GRK2 in human
angioedema. Nevertheless, the data obtained from PBMCs respond to the need of a
biomarker of disease severity measurable in a non-invasive manner (peripheral blood), and
GRK2 level and activity in PBMCs have been shown to mirror the ones in other organs or
tissues, including heart and blood vessels27: 30. 51-55,

Our data do not allow to define the exact mechanisms responsible for the different GRK2
levels observed in C1-INH-HAE patients. Genetic and/or epigenetic factors may be
involved, resulting in an altered GRK2 degradation/expression. For instance, a recent report
demonstrated that the C825T genetic variant in exon 10 of GNB3 gene affects GRK2
ubiquitination, eventually resulting in reduced GRK2 degradation®; this variant has been
also associated with the hypertensive phenotype®®. Hence, these findings strongly suggest
that genetic variants can be accountable for the different GRK2 availability and then affect
vascular responses. Therefore, we cannot exclude that in patients with angioedema genetic
variants reducing GRK2 levels/activity can promote the devolpment of a severe phenotype.

In conclusion, our report indentifies a new regulatory mechanism of BK-signalling mediated
by GRK2, able to switch-off BK receptor, thereby attenuating the downstream endothelial
responses, as shown both in vitroand in vivo. Despite the need for further dedicated clinical
investigations, these findings have interesting translational implications, as GRK2 can be
exploited as a novel reliable biomarker of severity as well as a novel molecular target for
BK-mediated angioedema.

Perspectives

The results of the present study prompt intruiguing fields of investigation, such as the search
of GRK2 genetic variants or related genes potentially associated with the development of
human angioedema. Besides C1-INH deficiency, alterations of the GRK2 level/activity can
influence other models of BK-mediated angioedema, like ACE-inhibitors-related
angioedema. It is known that the administration of an ACE-inhibitor determines BK
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accumulation, however, only a small portion of subjects develop detrimental vascular
reactions, and the reasons behind these phenomena are mostly unknown# 13, We can
speculate that the different amplitude of endothelial sensitivity to BK could be a key
determinant for the occurrence of angioedema in response to ACE-inhibitors, and
endothelial GRK2 could be among the factors influencing the amplitude of vascular
responses. However, due to the high variability in ACE-inhibitors-related angioedema —
compared to the genetically determined forms of angioedema — and the frequent presence of
comorbidities that can independently affect GRK2 levels37, a large-study population will be
required to specifically investigate these aspects.

In conclusion, GRK2 is known to be involved in cardiovascular and metabolic disorders, as
well as in inflammation mechanisms*8: 69-71: similarly, BK has been shown to mediate many
other phenomena beyond angioedema, including blood pressure regulation, nociception,
inflammation, metabolism, and oxidative stress1’- 72-80, Therefore, this unprecedent GRK2-
mediated BK-signaling regulation could be functionally involved also in other vascular and
non-vascular disorders, paving the way for new investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is New?

. GRK2 regulates the endothelial responsiveness to BK enhancing BK-induced
NO production and permeabilization, /n vitro as well as /n vivo.

. This new insight in vascular biology advances the pathophysiological role of
GRK2 in human angioedema.

What Is Relevant?

. GRK?2 is a predicitor of angioedema severity, as its levels inversely correlate
with angioedema severity score.
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Summary

Physiologically, GRK2 mediates the attenuation of BK signaling through a feedback loop
that involves CaMKII. Reduced availability of GRK2 in endothelial cells triggers
enhanced NO production and permeabilization in response to BK. Herein, we
demonstrate for the first time that this mechanism has crucial clinical implications in
angioedema, a pathological condition characterised by the excessive BK stimulation of
the endothelium. Indeed, we show that in patients with angioedema, the reduced levels of
GRK2 are associated with a severe phenotype of the disease, since lower GRK2
availability compromises the attenuation of the hyperactivated BK signaling. The
variability of GRK2 levels in angioedema patients can explain the differences in the
clinical phenotype of this disease, prompting GRK2 as a novel biomarker of severity in
angioedema.
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Figure 1. Effects of GRK2 inhibition on functional endothelial responses to BK
The kinetic of Ca2* release in response to BK (30 nM), was evaluated in BAEC pre-treated

with GRK2 inhibitor KRX-C7 (1 uM, 30 min) vs vehicle-treated cells (DMSO), showing a
significant increase in BK-dependent Ca?* release when GRK2 is inhibited. The image is
representative of at least three independent experiments (A). The maximum increase of
cytosolic Ca2* concentration is represented as peak of fluorescence increase (DMSO 301.5 +
21.21 vs KRX-C7 447.0 + 28.28, ttest: p<0.001, n=3) (B). NO production in response to
BK (30 nM) was evaluated in BAEC pre-treated with KRX-C7 (1 pM, 30 min) or with
vehicle (DMSO). BK-dependent NO production is significantly higher in presence of GRK2
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inhibitor KRX-C7. The image is representative of at least three independent experiments
(C). The maximum production of NO was represented as peak of fluorescence increase in
response to BK (DMSO 0.420 + 0.07 vs KRX-C7 0.998 + 0.01, #test: p<0.05, n=3) (D). BK
induced cell permeabilization was evaluated in BAEC pre-treated with KRX-C7 (1 pM, 30
min) compared to veichle treated cells, performing an /in vitro permeability assay.
Fluorescent Dextran was added to endothelial monolayer plated on the upper side of a
double chamber system. The entity of endothelial permeabilization was determined
measuring in the bottom chamber the fluorescence of Dextran that passed through the cell
monolayer. The cell monolayer treated with GRK2 inhibitor displayed higher permeability
in response to BK. The fluorescence is expressed as percent of increase in response to BK
respect to baseline (DMSO 18.17 % + 2.98 vs KRX-C7 69.15 % + 12.97, #test: p<0.05,
n=3) (E).
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Figure 2. Evaluation of GRK2 expression and subcellular localization in response to BK
After stimulation with BK (30 nM) for 5 and 15 min, BAEC were collected and processed to

isolate cellular compartments or to obtain whole cell lysate where GRK2 level was evaluated
by western blot. In whole cell lysate, GRK?2 increased at 5 min from BK stimulation and
returned to baseline levels at 15 min (A). In membrane extract, GRK2 accumulates at 5 min
from BK stimulation and continued to be higher at 15 min (B). Mitochondrial and cytosolic
levels of GRK2 increased at 5 min from BK stimulation, reflecting the levels of GRK2 in
whole cell lysate (C-D). Actin was used as a loading control for whole cell lysate and for
cytosolic extracts, while Gaj and VDAC were used as loading control for membrane and
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mitochondrial extracts, respectively. Images are representative of at least three independent
experiments (One-way ANOVA: *p<0.05, n=3).
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Figure 3. Evaluation of GRK2 degradation pattern in response to BK
GRK2 ubiquitination levels were assessed in response to BK acute stimulation (30 nM).

GRK2 was immune-precipitated and the ubiquitination levels of the kinase were determined
by western blot using a specific antibody for ubiquitin. In response to BK acute stimulation,
the ubiquitination levels of GRK2 were significantly decreased. Whole cell lysate was used
as positive control. The levels of immunoprecipitated GRK2 were used as loading control
(A). The interaction between GRK2 and its E3 ubiquitin ligase Mdm2 was evaluated by
immunoprecipitation. BK stimulation at 5 min interrupts GRK2 and Mdmz2 interaction,
which was recovered at 15 min from stimulation. The immunoprecipitated sample obtained
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using the secondary antibody was used as negative control, while whole cell lysate as
positive control. The levels of immunoglobulins (Ig) were used as loading control (B). To
prove the key role of proteasome in the regulation of GRK2 availability in response to BK,
the kinase levels were determined in cells pre-treated with MG132 (5 pM, 30 min) a specific
inhibitor of proteasome activity, compared to no treated cells. Western blot analysis
confirmed that the accumulation of GRK2 in response to BK did not occur when the
proteasome was inhibited. Actin was used as loading control (C). Images are representative
of at least three independent experiments (One-way ANOVA: *p<0.05, n=3).
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Figure 4. Involvement of CaMKII in BK-mediated GRK2 accumulation.
The interaction between CaMKII and GRK2 was evaluated at 5 and 15 min from BK

stimulation (30 nM) by co-immunoprecipitation assay. The interaction between the two
molecules was significantly increased at 5 min from BK exposure, and returned to baseline
levels at 15 min from stimulation. The immunoprecipitated sample obtained using the
secondary antibody was used as negative control while, whole cell lysate as positive control.
The levels of immunoglobulins (Ig) were used as loading control (A). To evaluate the role of
CaMKII in proteasome dependent accumulation of GRK2, the effects of BK on GRK2
ubiquitination and interaction with Mdm2 were evaluated in cells pre-treated with CaMKI|I
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inhibitor C-17p (5uM, 30 min) compared to control cells (DMSO). The ubiquitination test
showed that in cells pre-treated with CaMKII inhibitor BK exposure does not significantly
affect the levels of GRK2 ubiquitiation. GRK2 immuneprecipitated was used as loading
control (B). The interaction between GRK2 and mdm2 was assessed through co-
immunoprecipitation assay. In the cells where CaMKII was inhibited, the reduction of
GRK2 and Mdm2 interaction does not occur. The immunoprecipitated sample obtained
using the secondary antibody was used as negative control, while the whole cell lysate was
used as positive control. The levels of immunoglobulins (Ig) were used as loading control
(C). Images are representative of at least three independent experiments (One-way ANOVA:
*p<0.05, n=3).
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Figure 5. GRK2 regulates BK dependent vascular permeability in vivo
To evaluate the effect of BK on vascular permeability /n vivo, Myles assay was performed in

control (GRK 2/ and endothelial selective heterozygous GRK2 KO mice (Tie2-CRE/
GRK2*/fl) Evans Blue (EB, 200 pl 0,5% in PBS) was intravenously injected in basal
condition and after BK stimulation (30 pug/Kg). Mice were euthanized and macroscopic
evaluation of EB distribution in tissues was performed. The images are representative of at
least three independent experiments (A). The organs were collected and exposed to a
formamide solution. Spectrophotometric analysis (610 nm) of several organs was performed,
and the quantity of EB incorporated by tissue (ug EB/mg tissue) was calculated. The
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quantitative analysis showed that already in basal condition, the amount of EB extravasated
was higher in mice with endothelial GRK2 KO for several districts (kidney, bowel, larynxs).
BK administration exacerbated the differences between groups (Two-way ANOVA: *p<0.05
vs GRK 2Tl #n<0.05 vs Tie2-CRE/GRK 21/ (B).
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Figure 6. Evaluation of GRK2 levels in C1-INH-HAE patients and correlation with severity of
the phenotype
PBMCs were collected from C1-INH-HAE patients and healthy controls, and levels of

GRK2 were evaluated. No significant differences were observed in the average level of
GRK?2 between patients and controls, despite the patient group displayed higher variability
of GRK2 quantity (A). Levels of GRK2 measured in patients were correlated to severity
score of angioedema in order to evaluate whether the wide distribution of GRK2 could
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reflect different clinical phenotypes. The correlation analysis confirmed a significant inverse
correlation between GRK2 and severity score (linear regression, p<0.05) (B).
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