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Pathophysiology and underlying mechanisms in hereditary angioedema
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This review aims to summarize the main pathophysiological events in-
volved in the development of hereditary angioedema (OMIM#106100).
Hereditary angioedema is a rare genetic disease inherited in an au-
tosomal dominant manner and caused by a loss of control over the
plasma contact system or kallikrein-kinin system, which results in un-
restrained bradykinin generation or signaling. In patients with hered-
itary angioedema, BK binding to endothelial cells leads to recurrent
episodes of swelling at subcutaneous or submucosal tissues that can be
life threatening when affecting the upper respiratory tract. The disease
can either present with hypocomplementemia owing to the presence
of pathogenic variants in the gene encoding complement C1 inhibitor

(hereditary angioedema with Cl-inhibitor deficiency) or present with
normocomplementemia and associate with elevated estrogen levels
owing to gain-of-function variants in the genes encoding coagulation
proteins involved in the kallikrein-kinin system (namely, coagulation
FXII [FXII-associated hereditary angioedema], plasminogen [PLG-as-
sociated hereditary angioedema], and high-molecular-weight kininogen
[KNG I-associated hereditary angioedema]). Moreover, in recent years,
novel pathogenic variants have been described in the genes encoding
angiopoietin 1 (ANGPTI-associated hereditary angioedema) and my-
oferlin (MYOF-associated hereditary angioedema), which further ex-
pand the pathophysiological picture of hereditary angioedema.

Patients with hereditary angioedema (HAE) (OMIM#106100)
experience chronically recurrent episodes of swelling localized
to the subcutaneous or submucosal tissues that result from peri-
odic increases in vascular permeability. Edema attacks in HAE
are nonpruritic and self-limited with ill-defined margins and can
affect different anatomic sites (mainly the face, extremities, gen-
itals, respiratory tract, and intestinal or mesenterial structures).
These episodes have usually a slow onset and relapse, resolving
spontaneously within 48 to 72 hours in most of the cases. HAE
is a complex genetic disease inherited in an autosomal dominant
manner with a prevalence estimated in 1-9 of 100,000." The most
common and historically first recognized form of HAE is that
caused by the functional deficiency of the serpin C1 inhibitor (C1-
INH) (HAE with CI-INH deficiency [HAE-CI1-INH]),? but non-
hypocomplementemic, estrogen-related disease subtypes (HAE
with normal C1-INH levels [HAE-nC1-INH]) have more recently
been described, which are due to heterozygous variants affecting
coagulation factor FXII (HAE-FXII), PLG (HAE-PLG), ANGPTI
(HAE-ANGPT1), and high molecular KNGI (HAE-KNG1) genes.
Moreover, the genetic defect(s) responsible for the disease in a
subset of patients with HAE-nC1INH are still unknown (HAE un-
known [HAE-U]).?

Edema in HAE originates from a loss of control over the plasma
contact (CAS) or kallikrein-kinin (KKS) system, which results in

unrestrained bradykinin (BK) generation or signaling. Research
developed during the last 2 decades has significantly widened our
understanding of HAE pathophysiology and provided meaning-
ful insights into the biological activities exerted by the KKS. This
review aims to give a concise account of our present knowledge
about the pathogenic mechanisms of HAE.

Contact activation of FXII and the plasma kallikrein-kinin
The KKS is a proteolytic cascade that drives proinflammatory and
procoagulant pathways. It is comprised of the protease precursors
prekallikrein (PK) (or Fletcher factor), coagulation factors XI
(FXT) and XII (FXII) (or Hageman factor), and the cofactor/sub-
strate high-molecular-weight kininogen (HK).** PK and FXI each
form circulating complexes with HK (at stoichiometries of 1:1 and
1:2, respectively) by binding to overlapping sites on HK.

FXII is the zymogen of the serine protease FXIIa. It is secreted
by hepatocytes as a 596 amino acid, 80 kDa single-chain protein
at a plasma concentration of 40 pg/ml (375 nM).® FXII presents a
modular architecture of protein domains consisting of the follow-
ing (in N-ter to C-ter orientation): a type 2 fibonectin domain, 2
EGF-like domains, 1 type I fibronectin domain, 1 kringle domain,
1 proline-rich domain, and a peptidase-type catalytic domain.” The
binding of FXII to target surfaces is mediated by the second EGF-
like domain and the kringle domain.
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In contact with negatively charged surfaces, FXII undergoes auto-
activation, a process by which conformational changes induce zy-
mogen-enzyme conversions through surface-catalyzed biochemis-
try. It is now widely accepted that such conformational changes
turn FXII into a substrate for traces of circulating enzymes.® This
process constitutes the contact activation phase of the KKS and
results in the cleavage of FXII after Arg343 and Arg353 residues,
which releases activated FXII (FXIIa) (Figure 1).

FXIIa has a molecular weight of 82 kDa and is composed of a 50
kDa heavy-chain disulfide linked to a 32 kDa light chain that con-
tains the active site. FXIla preserves the surface-binding domains
of FXII, which mediates its clotting activity. A second cleavage af-
ter R334 converts FXIIa into FXIIf, a 2-chain active enzyme with
an approximated molecular weight of 28-30 kDa. This eliminates
the domains that are essential for binding to prothrombotic surfac-
es, and therefore, FXIIf does not have the capacity to act as a clot-
ting factor but only as a fluid-phase KKS activator. Instead, FXIIf
can activate the complement system by cleaving the complement
C1 in a plasmin-independent manner, which probably contributes
to local complement consumption in patients with HAE-C1INH.?

Both FXIIa and FXIIf can cleave the 638 amino acid, 84 kDa sin-
gle-chain zymogen PK to release plasma kallikrein (PKa), a ser-
ine protease consisting of a 50 kDa heavy-chain disulfide linked
to a light chain of 33 kDa.'” Most PK molecules (85%) circulate,
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FIG. 1. Enzymatic cascades crosstalk in the pathophysiology of HAE.
Uncontrolled activation of the KKS triggers angioedema development
in HAE. FXIl proenzyme activation by either contact with negatively
charged surfaces or enzymatic processing (not shown) releases the
active proteases FXlla and FXIIf, which can activate PK to PKa (KKS)
and FXI to FXla (intrinsic coagulation). PKa in turn activates more FXII
molecules and cleaves HK to release BK. FXIIf and PKa also activate
the classical pathway of complement respectively at the C1 and C3 lev-
els. Plasminogen activation also contributes to HAE pathophysiology.
BK can induce fibrinolysis transactivation by promoting plasmin release
in UPA or tPA-dependent manners while in turn plasmin activates FXII
to FXlla. C1INH keeps tight control of this enzymatic crosstalk by serpin
mechanism-mediated inhibition of target proteases (indicated).

BK, Bradykinin; AE, angioedema; C1-INH, C1 esterase inhibitor; FXII, coagula-
tion Factor XII ; FXlla, activated coagulation Factor XlI; FXIIf, betha-FXlla; PK,
PlasmakKallikrein; PKa, activated Plasma Kallikrein; HK, High Molecular Weight
Kininogen; UPA, Urokinase-tipe Plasminogen Activator; tPA, Tissue Plasminogen
Activator.
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forming 1:1 complexes with the substrate and cofactor HK through
which it is recruited to the surface of endothelial cells.! On activa-
tion, PKa can reciprocally activate more FXII molecules to FXIla
(by proteolysis of FXII after Arg343 or Arg353). Autoactivation
of FXII after contact with activating surfaces is a relatively slow
reaction. Reciprocal activation between PK and FXII results in a
positive feedback loop that is responsible for the rapid burst of ac-
tivity seen on KKS activation.'> The activation process eventually
leads to the cleavage of HK by PKa, which releases BK, the most
important kinin in the KKS. PKa can also cleave and activate the
complement protein C3 triggering local inflammation.'* (Figure 1).

HK plays a central role in KKS assembly and regulation. Kinino-
gens are multifunction proteins with antithrombotic, antidiuretic,
profibrinolytic, antiadhesive, antiangiogenic, and proinflammato-
ry properties. HK is one of the 2 alternative splicing products of
the KNGI gene (the other one is low-molecular-weight kininogen
[LK]) and has a molecular weight of 120 kDa. It is secreted by
hepatocytes as a plasmatic protein that eventually binds to the
endothelial wall mainly through interaction with endothelial cell
membrane receptors. After cleavage of HK by PKa after Lys362
and Arg371, BK is released, and HK is converted into a 2-chain,
disulfide-linked protein.!*!*

The KKS assembles on cell surfaces in a zinc-dependant, satura-
ble, and reversible reaction. Both HK and FXII compete with simi-
lar affinities for binding sites on platelets and human umbilical vein
endothelial cells. To date, 3 HK-binding proteins have been identi-
fied in cellular surfaces: the receptor for the gC1qR, CK1, and the
u-PAR."8 These 3 endothelial cell proteins can act separately or
combine to form bimolecular complexes with different affinities
for HK and FXII that regulate KKS activation and dictate its in-
terrelations with other proteolytic systems. For example, kallikrein
cleavage in HK-PK complexes promotes u-PAR-bound pro-uroki-
nase conversion to urokinase, which in turn converts plasminogen
to plasmin and initiates fibrinolysis.®

Besides the classical, contact-mediated activation driven by FXI-
Ia, the KKS may become activated by noncanonical activators. To
date, several of such activators have been identified: plasmin, pro-
lylcarboxypeptidase (PRCP), extracellular HSP90, and misfolded
protein aggregates.

In the 1970s, it was discovered that plasmin can physiologically
activate FXII to FXIIa in the fluid phase and that FXIla in turn
cleaves and activates plasminogen to yield active plasmin.' This
functional link is probably of high relevance for the pathophysiol-
ogy of all HAE disease variants, as suggested by recent findings
in HAE-FXII and HAE-PLG (see the sections below). PRCP is a
highly conserved serine protease with relevant roles as a regulator
of cardiovascular functions, such as blood pressure and electrolyte
balance. In vitro studies have shown that PRCP is the major PK
activator when bound to cells.?*?' HSP90 is a ubiquitous protein in
eukaryotes and bacteria that functions as an intracellular molecular
chaperone assisting in the folding and stabilization of other pro-
teins but that also displays extracellular functions. HSP90 activates
PK to PKa in a zinc-dependant manner only when both proteins
are bound with HK in a trimolecular complex. Because HSP90
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lacks proteolytic activity, its PK-activating properties are proba-
bly related to a chaperone effect on the conformation of the PK-
HK complex that accelerates PK autoactivation.”** Finally, it has
been demonstrated that misfolded protein aggregates formed by
denaturation in vitro or those present in the plasma from patients
with systemic amyloidosis in vivo activate FXII and PK without
activating FXI.*

KKS activation is tightly regulated by 3 major enzymes: C1-INH,
alpha-2-macroglobulin (0¢2M), and antithrombin III (ATIII). C1-
INH is the only major plasma inhibitor of factor XIla and factor
XIIf. ATTII can also inhibit FXIIa, although its contribution is ap-
parently minor under physiological conditions as compared with
that of C1-INH. a2M and C1-INH are the main regulators of PK
activation and together account for > 90% of the kallikrein in-
hibitory activity of plasma. The predominant role of C1-INH in
the regulation of KKS activation in plasma is underscored by the
fact that it simultaneously and efficiently inhibits FXIla, PKA,
and FXIa (Figure 1). The deficiency of C1-INH characteristic of
patients with HAE-C1-INH causes plasma instability resulting in
lower thresholds for KKS activation in response to dextran sulfate
stimulation.?

Kinin Signaling and Catabolism
Biologically active kinins are peptide mediators predominantly
generated by the enzymatic action of kallikreins on kininogen pre-
cursors. BK is a tissue hormone (autacoid) that is biologically ac-
tive only close to its site of formation in a paracrine manner. With
clinical effects similar to those of histamine, it is a vasodepressor
that relaxes vascular smooth muscles and consequently lowers
blood pressure and increases vascular permeability.®® It is a short-
lived (30 seconds) nonapeptide (Arg-Pro-Pro-Gly-Phe-Ser-Pro-
Phe-Arg) with potent (nanomolar) endothelium-dependent vasodi-
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FIG. 2. BK signaling and catabolism. BK is an agonist of B,R. In physio-
logical conditions, the metalloproteases carboxypeptidase M (CPM) and
carboxypeptidase N remove the C-terminal arginine residue from BK to
release the octapeptide des-Arg9 BK, which is a B,R agonist. des-Arg9
BK is in turn cleaved by the membrane-bound peptidyl dipeptidase an-
giotensin-converting enzyme (ACE) to yield inactive peptides. ACE can
also directly inactivate BK by cleavage after residues Phe5 and Pro,.
BK binding to B,R ultimately promotes endothelial activation and an-
gioedema by a phospholipase C- and inositol 1,4,5-trisphosphate-me-
diated mobilization of intracellular calcium reservoirs. This process
requires coestimulation of VEGFR and is negatively regulated by the
ANGPT1-Tie2 axis.
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lator activity.””?® BK binding on endothelial cells causes swelling,
redness, and local heat, whereas its action on nonmyelinated affer-
ent neurons directly produces pain and activates reflex responses
by the autonomic nervous system. There is large evidence that BK
also influences other cell types, such as enterocytes, fibroblasts,
striated muscle cells, and cardiomyocytes, but the medical rele-
vance of these observations is not yet clear.”’

BK activity in plasma is transient owing to its rapid degradation
by plasma peptidases and will accumulate only if its formation rate
exceeds that of its breakdown. This in turn complicates the mea-
surement of BK formation in plasma samples as a screening test for
KKS activation in HAE, which is rarely performed.’®3!

The degradation of BK in plasma takes place in a sequential man-
ner. The plasma metalloproteases carboxypeptidase M (CPM) and
carboxypeptidase N (also known as kininase 1) remove the C-ter-
minal arginine residue from BK to leave an octapeptide (Arg-Pro-
Pro-Gly-Phe-Ser-Pro-Phe), des-Arg9 BK (des-Arg9-BK), which
is then digested by the membrane-bound peptidyl dipeptidase an-
giotensin-converting enzyme (ACE) (also known as kininase 2) to
yield the inactive pentapeptide Arg-Pro-Pro-Gly-Phe.’>** More-
over, ACE can also directly cleave BK after residues Phe, and Pro,
to produce only inactive peptides (Figure 2). The latter cleavage
pattern can be performed by neutral endopeptidase (NEP), which
is also a membrane-bound metalloprotease. Other enzymes acting
mainly in the fluid phase that contributes to the cleavage and inac-
tivation of BK are aminopeptidase P and dipeptidyl peptidase I'V.
However, in the context of HAE physiopathology, ACE and NEP
seem to be the main proteins responsible for the systemic degrada-
tion of BK. The relevance of ACE in HAE is underscored by the
fact that ACE inhibitors, broadly used for the treatment of arterial
hypertension, cause BK-mediated angioedema in a small percent-
age of healthy individuals (from 0.1% to 1.6% according to dif-
ferent studies) and are a major environmental factor precipitating
edema attacks in patients with HAE.!

BK and des-Arg9-BK bind to cellular surfaces through specific G
protein-coupled BK receptors known as B R and B,R. BK binds
predominantly to B,R, whereas des-Arg9-BK is a poor B,R agonist
but instead binds to B R, although with low affinity. There is recent
evidence that Lys-BK (also known as kallidin), a form of BK with
an additional lysine at the N-terminus released by tissue KLK1
mainly from LK, is also a direct agonist of B,R, although the mech-
anism proposed for this interaction does not imply the activation of
the contact phase.*® The traditional model of HAE physiopathology
is based on the stimulation of B,R by BK and is strongly supported
by the following: (1) increased BK levels detected in the plasma of
patients with HAE during attacks; (2) blockade of B,R abrogates
the vasoactive effects of BK and prevents angioedema; (3) mice
lacking B,R as well as C1-INH do not have evidence for increased
vascular permeability, whereas C1-INH-deficient mice with nor-
mal B,R suffer from increased vascular permeability; and (4) the
low affinity of des-Arg9-BK for its B,R.***¢ (Figure 2).

Both kinin-receptor interactions lead to phospholipase C activation
and inositol 1,4,5-trisphosphate-mediated mobilization of intra-
cellular calcium reservoirs, which ultimately cause the release of
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vasodilating agents and secondary mediators. These include nitric
oxide, prostaglandin I, (prostacyclin), endothelium-derived hyper-
polarizing factor, and tissue plasminogen activator, which exert
diverse physiological actions, including the regulation of vascular
tone and local blood flow to organs, coagulation, fibrinolysis, and
water-electrolyte balance.’’

The nitric oxide released by BK-stimulated endothelial cells induc-
es arise of cyclic guanosine monophosphate levels in the vascular
smooth muscle cells, whereas prostacyclin stimulates the produc-
tion of cyclic adenosine monophosphate in the vascular endotheli-
al and smooth muscle cells, both signals ultimately leading to the
relaxation of the vascular musculature. Recent evidence obtained
from patients with HAE-C1-INH has shown that BK is probably
also associated with an increased release of VEGF-A and VEGF-C,
angiopoietins 1 and 2, and secreted phospholipase A2.38%

Interestingly, the B,R and B,R receptors present different patterns
of expression and processing. Whereas B,R expression is constitu-
tive in endothelial cells, smooth muscle cells, sensory neurons, and
epithelial cells, B R is inducible in vascular cells after tissue injury
or cytokine stimulation.* The injection of bacterial lipopolysac-
charide in laboratory animals is a traditional model to sensitize the
whole cardiovascular system to B R agonists. Both receptors re-
spond differently on kinin stimulation: the B,R is desensitized by a
cycle of phosphorylation/endocytosis followed by recycling to the
membrane, whereas the nonphosphorylable B R is relatively resis-
tant to desensitization and eventually translocates to caveolae. This
in turn also determines that B R and B,R have strikingly different
half-lives. B,R is rapidly desensitized on interaction with BK. In
contrast, B R takes several hours to become upregulated, but once
present, B R persists longer on the cell membrane.*"* These dif-
ferences in the temporal patterns of BK receptors expression have
probably a deep influence on the physiopathology of HAE by influ-
encing the response capacity of the endothelium and the duration
of the edema attacks.

Local Manifestations of HAE and Systemic KKS Activation
KKS is the final driver of angioedema development in patients with
HAE. During angioedema episodes, HK is significantly cleaved,
and BK levels are increased, whereas the plasma concentrations
of contact system proteins, such as FXII, PK, and noncleaved HK,
are decreased, and kallikrein-like enzymatic activity is significant-
ly elevated in plasma during attacks.**¢ This central role of KKS
is supported by the fact that all the genetic and molecular defects
identified to date in patients with HAE (considering both the vari-
ant forms with and without C1-INH functional deficiency) seem to
affect critical components controlling the activation of the CAS/
KKS system (C1-INH, FXII, HK, PLG) or the molecules involved
in the transduction of BK signaling by endothelial cells (ANGPT]1,
MYOF).

HAE attacks seem to have both local and systemic features. On
one hand, there is clear confirmation that a local process occurs,
as shown by the presence of elevated kallikrein-like activity in the
blisters from patients with HAE*” and the detectable BK levels in
the venous compartments of affected tissues.*® On the other hand,
changes measured in contact system parameters during HAE at-
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tacks are suggestive of a systemic activation process. Although the
edema episodes are supposed to be initiated by local events of KKS
activation on biological surfaces, the fluid phase is also expected to
activate. Local bound PK will generate fluid phase FXIlIa either by
acting on fluid phase FXII molecules or by cleaving surface-bound
FXIIa to FXIIf. FXIIf can activate PK to PKa only in the fluid
phase, which in turn will activate more fluid phase FXII molecules.
Furthermore, both PK and FXII, when bound to endothelial cells
and activators, are largely protected from inactivation by C1-INH.
This strongly suggests that C1-INH prevents the propagation of
KKS activation by inhibiting fluid-phase active proteases but has
minor effects on surface-bound proteases.

This mechanistic explanation has led to an alternative pathogenic
model for HAE-C1-INH (systemic hypothesis) involving both B R
and B_R receptors. According to this hypothesis, contact activation
starts locally in response to different insults, such as minor trau-
mas, and disseminates through the fluid phase. On local KKS ac-
tivation, the decreased functional C1-INH levels in these patients
are rapidly surpassed by small amounts of FXIIa, which results
in systemic activation with massive HK cleavage and BK release.
This in turn desensitizes endothelial B,R throughout the body, and
edema develops exclusively at the sites of initial insult where cyto-
kine release induces the local expression of B,R and CPM (which
generates the B R ligand des-Arg(9)-BK) (Figure 2).* This model
would help to explain some puzzling clinical features of HAE: on
one hand, the fact that KKS activation in HAE is not associated
with hypercoagulation disorders because fluid phase FXIIf does
not have procoagulant activity, and on the other hand, the fact that
B R-mediated stimulation better conforms to the slow onset and
relapse dynamics of HAE attacks, because of the slow desensitiza-
tion and cycling of B R, than that of B,R. However, it still needs
to be fully validated as a model for HAE-C1-INH, and the ques-
tion remains as to how well it fits as an explanation for other HAE
disease variants. All things considered, establishing a consensus
pathological model for HAE is to date a point of open debate in
the field.

The Molecular Landscape of BK-Mediated Angioedema
HAE-C1-INH was characterized at the molecular level almost 60
years ago® and remained the only form of inherited BK-mediated
angioedema® until the description of the first nonhypocomplemen-
temic (HAE-nC1-INH), estrogen-related HAE cohorts.”>! The 21*
century has brought a considerable change in our understanding
of HAE owing to the characterization of HAE-FXII, HAE-PLG,
HAE-ANGPTI1, and HAE-KNGI disease variants. Although a
complete physiopathological explanation is still needed for these
new variants, growing evidence suggests that they are indeed
BK-mediated. Moreover, the recent finding of myoferlin variants
in patients with HAE-U expand the molecular picture of BK sig-
naling and shed light on important interrelationships between the
KKS and other physiological systems. The following sections pro-
vide a concise review of these functional links.

HAE-C1-INH

Decreased levels of antigenic (HAE-C1-INH type 1) or functional
(HAE-C1-INH type 2) C1-INH results in a defective regulation of
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the KKS, the complement system, coagulation, and fibrinolysis.!
This is evidenced by the systemic activation of these systems as
shown by the low levels of complements C4 and C2, FXII, PK, and
HK during remission periods. At a serological level, there is also
evidence for the activation of the coagulation pathway (increased
levels of D-dimers, prothrombin fragment 1+2, and thrombin-an-
tithrombin complexes).”> However, both patients with HAE-C1-
INH and those with HAE-FXII do not appear to have an increased
thrombotic risk, suggesting that pathological hyperactivity of the
KKS does not appear to have thrombotic consequences on a clini-
cal level. A broad review on the physiopathology of HAE-C1-INH
can be found for example at reference number.>

HAE-FXII

Patients with HAE-FXII carry gain-of-function variants in the
proline-rich domain of the '/2 gene, the most prevalent and best
studied being the ¢.1032C > G (p.Thr309Lys) variant. This mu-
tation has been particularly well studied at the molecular level.
Pathophysiologically, p.Thr309Lys causes overactivation of the
KKS in the fluid phase in different ways. It removes an O-glyco-
sylation site, which probably has profound effects on FXII folding
and results in a relaxed or open conformation that renders FXII
susceptible to increased and/or noncanonical activation. It has been
recently shown that this conformational change exposes proteo-
lytic activation sites for thrombin and FXI and also increases the
susceptibility of FXII to become activated by plasmin,**** all of
which result in fluid phase activation of FXII. These findings also
point to a complex pathological connection between KKS, coagu-
lation, and fibrinolysis at the basis of HAE attacks in patients with
HAE-FXIIL.

The expression of the F'12 gene is positively regulated by estrogens
owing to the presence of estrogen-responsive elements in the pro-
moter region,*® which explains the estrogen dependency of HAE
symptoms in patients with HAE-FXII and is certainly involved
in the pathogenesis of the remaining nonhypocomplementemic,
HAE-nC1INH disease variants.

HAE-PLG

In 2018, Bork and colleagues identified the undescribed genetic
variant ¢.988A > G (p.Lys330Glu) in the PLG gene from 14 pa-
tients with estrogen-dependent HAE-nC1-INH.”” The mutation is
transmitted in an autosomal dominant manner and results in a nov-
el type of dysplasminogenemia with pathological implications.*®
To date, this variant has yet to be fully studied at a physiological
level. However, its pathogenic nature is well supported by several
observations.

First, the Lys330Glu variant strictly cosegregates with HAE symp-
toms in the studied series. Second, from a mechanistic perspective,
the implication of plasmin generation in HAE-nC1-INH pathol-
ogy is recognized by the effectiveness of antifibrinolytic agents
(for example, tranexamic acid) as long-term prophylactic agents
in patients with HAE-C1-INH, HAE-FXII, and HAE-PLG**! and
the observation of low levels of PLG activator inhibitors 1 and 2 in
HAE-FXII series, indicating a consumption by PLG activators.*
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Interestingly, current measurements of BK synthesis and degrada-
tion in HAE-PLG blood samples by Marceau’s group support an
alternate kinin formation pathway involving KLK-1 activity and
Lys-BK release in these patients. This alternative model would
concord with some clinical features observed in patients with
HAE-PLG: KLK-1 is highly expressed in salivary glands and hu-
man saliva, hypothetically correlating with the clinical presenta-
tion of HAE-PLG that includes the swelling of the tongue, lips, and
contiguous throat tissues. These results are very recent and intrigu-
ing and might open an innovative line of research in HAE, but fur-
ther research is needed to assess kinin formation heterogeneity.*

HAE-ANGPT1

Also, in 2018, Baffuno et al.®* have reported the finding of the
¢.807G > T (p.Alal19Ser) autosomal dominant variant in the gene
encoding angiopoietin 1 (ANGPTI) in a single Italian family pre-
viously diagnosed with U-HAE.

ANGPT]1 is the ligand for the TIE2 receptor, which is expressed
in vascular endothelial cells and a subset of hematopoietic cells.
The ANGPTI-TIE2 signaling axis inhibits the effects of several
permeability factors, including VEGF and BK,* and contributes
to the regulation of the endothelial barrier function. The Alal19Ser
pathogenic variant reduces the amounts of ANGPT1 in the plas-
ma and impairs the assembly of ANGPT1 multimers, leading to
reduced binding to the TIE2 receptor owing to a mechanism of
haploinsufficiency.®

HAE-KNG1

HAE-KNGTI is an estrogen-related form of HAE-nC1-INH caused
by the ¢.1136T > A (p.Met379Lys) variant in the KNG/ gene. The
affected residue is present in both HK and LK proteins and affects
the N-terminal cleavage site of BK. A total of 2 alternative hy-
potheses have already been proposed as physiopathological mech-
anisms for HAE-KNG1. On one hand, as Met379Lys modifies the
cleavage sites of HK and LK, it could result in aberrant forms of
BK (released by PKa from HK) and Lys-BK (released by tissue
kallikrein from LK) and interfere in their inactivation process by
peptidases. Alternatively, it might increase the accessibility of PKa
for its cleavage sites in HK, resulting in enhanced BK release.®®

HAE-MYOF

This novel subtype of HAE-nC1-INH was described in 2020 in a
single Italian family diagnosed with U-HAE. Affected members
from the family bear the ¢.651G > T (p.Arg217Ser) variant in the
MYOF gene encoding myoferlin 1, a 230-kDa type-II integral
membrane protein, located at the plasma membrane of endothelial
cells that regulates VEGF signaling by preventing the ubiquitina-
tion and degradation of its receptor VEGFR-2. Functional studies
performed in cell lines have shown that the Arg217Ser variant in-
creases the levels of VEGFR-2 in response to VEGF stimuli by
modifying the subcellular distribution of the protein and improving
its localization on the plasma membrane.®’

Both HAE-MYOF and HAE-ANGPT! are related in terms of in-
volving pathological mechanisms that do not directly involve in-
creased BK generation but instead involves altered intracellular
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transduction by closely related pathways. Besides, both disease
subtypes have yet to be replicated in other HAE cohorts and better
characterized at the functional level.

CONCLUSION

In recent years, increasing insight into the pathogenesis of HAE
and the access to next-generation sequencing technologies have
led to the discovery of new disease variants, which in turn has
improved the diagnostic and therapeutic management of patients
with HAE. The loss of endothelial barrier function during HAE ep-
isodes originates from a loss of homeostatic imbalance, which may
involve different extra and intracellular pathways. Whereas the
central pathogenic position of the KKS in HAE is well established,
some important questions remain. The roles played by novel driv-
ers of HAE (such as ANGPT1 and MYOF) and their particular con-
nections with BK signaling, the precise pathogenic mechanisms of
new HAE disease variants, or the impacts of heterogeneous kinin
formation are still the focus of active research.
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