
Contents lists available at ScienceDirect

Journal of Autoimmunity

journal homepage: www.elsevier.com/locate/jautimm

Driving towards Precision Medicine for angioedema without wheals
Anastasios E. Germenisa,∗, Marco Cicardib
a Department of Immunology & Histocompatibility, School of Medicine, University of Thessaly, Larissa, Greece
bDipartimento di Scienze Biomediche e Cliniche Luigi Sacco, Universita Degli Studi di Milano, IRCCS ICS Maugeri Milano via Camaldoli, Italy

A R T I C L E I N F O

Keywords:
Alternative trials
Angioedema
Biomarkers
Global angioedema registry
mHealth apps
Precision medicine

A B S T R A C T

Evidence accumulated over the last two decades indicates that recurrent angioedema without wheals constitutes
a diverse family of disorders with a much higher complexity than was previously regarded. Indicatively, during
the last two years, novel variants of three genes other than SERPING1 and F12 have been identified in association
with hereditary angioedema. Most interestingly, functional studies of at least one of these variants (the variant
c.807G > T of ANGPT1 gene) imply the existence of a new disease endotype in which the altered bradykinin
metabolism and function does not play a central role. Therefore, using conventional approaches, it seems that
the complexity of this disease cannot be sufficiently elucidated and any attempt to interrelate its many diverse
aspects seems unrealistic. Similar to other rare and chronic diseases, a Precision Medicine approach, discovering
the right target and giving “the right drug, for the right patient, at the right time, every time” seems the optimal
future practice. Herein, we review recent data challenging and dictating the need for a switch of angioedema
research into high-throughput approaches and we present the expected advantages for better understanding of
the disease and patients management.

1. Definition

The term angioedema without wheals refers to patients with a re-
latively rare, disabling and potentially life-threatening hereditary
(HAE) or acquired (AAE) disorder presenting with recurrent attacks of
subcutaneous or submucosal edemas which develop as a result of
transient release of vasoactive peptides and increased permeability of
blood vessels (Fig. 1) [1].

2. The growing complexity

Evidence accumulated over the last two decades indicates that, as a
matter of fact, recurrent angioedema without wheals represents a di-
verse family of disorders with a much higher complexity than was
previously appreciated. A well-defined etiopathogenesis and a precise
diagnosis are at the moment available only for hereditary and acquired
types of C1-inhibitor deficiency (C1-INH-HAE and C1-INH-AAE). The
genetic deficiency is attributed to variants of C1-INH encoding
SERPING1 gene, and the acquired to autoreactive B cell clones that
deplete C1-INH [2,3]. Less clarified is a clinically similar but not
identical type of HAE described in 2000 [4,5] which is presenting with
normal plasma levels of functional C1-INH and without SERPING1

mutations (nlC1-INH-HAE). Around one third of these patients present
Factor 12 gene variants. During the last two years, variants in angio-
poietin 1 (ANGPT1), plasminogen (PLG) and kininogen 1 (KNG1) genes
have been found to segregate with angioedema symptoms in families
with HAE and normal C1-INH [6–8]. The pathogenesis of angioedema
associated with these variants needs to be elucidated. For the majority
of patients with HAE and normal C1-INH, the etiology remains un-
known (U-HAE). The same applies to two types of acquired angioedema
that are defined as idiopathic: one is prevented by antihistamine (IH-
AAE) therapy while the other is not (InH-AAE) [2].

In recent years, enormous research efforts have led to the discovery
of new drugs for HAE treatment with very different way of action, ways
of administration, and risk to benefit ratios [9–11]. At the moment, six
drugs for the treatment of HAE are in the market (Table 1), a seventh
one is on phase 3 study and additional ones are on early preclinical or
clinical development. Probably, such an abundance of different ther-
apeutic modalities does not exist for any other rare disease! Based on
the definitively proved pathogenetic mechanism of C1-INH-HAE, two of
these drugs (plasma-derived and recombinant C1-INH) are used as re-
placement therapies while the others have been developed to block the
production or the activity of bradykinin which is the proven principal
mediator of disease symptoms. Recent advances, however, indicate

https://doi.org/10.1016/j.jaut.2019.102312
Received 17 July 2019; Accepted 24 July 2019

∗ Corresponding author. Department of Immunology & Histocompatibility, School of Medicine, University of Thessaly, Panepistimiou 3, 41500 Biopolis, Larissa,
Greece.

E-mail address: agermen@med.uth.gr (A.E. Germenis).

Journal of Autoimmunity 104 (2019) 102312

Available online 09 August 2019
0896-8411/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08968411
https://www.elsevier.com/locate/jautimm
https://doi.org/10.1016/j.jaut.2019.102312
https://doi.org/10.1016/j.jaut.2019.102312
mailto:agermen@med.uth.gr
https://doi.org/10.1016/j.jaut.2019.102312
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaut.2019.102312&domain=pdf


that, beyond bradykinin, other mediators of endothelial function, like
angiopoietin 1 [6], could be equally significant players in the HAE
pathogenesis, signifying the existence of new or supplementary disease
endotypes and potential targets for therapeutic intervention.

The same holds true in regard with some pathophysiological aspects
of the disease that have been under-emphasized. For example, since
1986, autoantibodies against C1-INH has been recognized as a causa-
tive factor of acquired C1-INH deficiency and angioedema (type II AAE)
[12]. However, their role in the development of angioedema associated
with lymphoproliferative disorders (type I AAE) [13,14] as well as the
effect of treatments directed against B cells (rituximab) in the control of
autoimmune angioedema remain controversial [15,16]. Contrary, in-
itial efforts towards uncovering a possible role of anti-C1-INH anti-
bodies in C1-INH-HAE uncovered a strong positive correlation between
the titers of the IgM type anti-C1-INH antibodies and the severity of the
disease [17]. Taken together the above data indicate that a re-
consideration of anti-C1-INH antibodies under the light of natural au-
toimmunity [18] would provide new insights on the pathophysiology of
angioedema and probably new pathways towards its management. To
this point it is worth mentioning that as early as 1985, Geha et al. [19]
had implicated idiotype-antiidiotype interactions as a mechanism for
the development of AAE in lymphoproliferative disorders.

Not surprisingly, therefore, trials for registration of new drugs did
not result in definite therapeutic indications. The great proportion of
HAE patients worldwide continue to be treated on a trial-and-error
basis while adapting available treatments for the enormous clinical
disease variability is far from being perfect. Thus, surveys have shown
that many patients still report poor disease control followed by sub-
stantial morbidity, psychological stress, and decreased productivity and
poor quality of life [20]. Moreover, this enrichment of the medical
armamentarium is escalating healthcare costs limiting its availability to
a restricted number of patients.

Ground gained by the Precision Medicine approach of other rare
and chronic diseases is promising that the ultimate goal of discovering
and giving “the right drug, for the right patient, at the right time, every
time” [21] could be more effectively achieved by a switching of basic
and clinical research of angioedema towards this new paradigm of
medicine. In this perspective, we review recent data challenging and
dictating the need for a switch of angioedema research into high-
throughput approaches and we present the expected advantages of such
an attempt for the better understanding of the disease and the more
effective management of patients.

3. Paving the way to a new taxonomy

Till the turn of the century, variants of the SERPING1 gene were the

only disease-causing genetic defects that had been identified. Up to
now, more than 500 different SERPING1 defects associated with C1-
INH-HAE have been reported which are leading to antigenic or func-
tional C1-INH deficiency [22]. Such deficiency results in poor control of
local activation of contact system resulting in enhanced generation of
bradykinin at the site of the attack [23]. The increase in vascular per-
meability derives from the stimulation of bradykinin receptor 2 (B2R)
which is constitutively expressed on endothelial cells (Fig. 2). Selective
blockade of these receptors reverts attacks in C1-INH-HAE patients
[24]. Bradykinin activates intracellular pathways that enlarge en-
dothelial junctions with accumulation of extracellular fluid. In vitro
experiments suggest that bradykinin receptor 1 (B1R), expressed upon
inflammatory stimuli, and the gC1q receptor (gC1qR), which localizes
contact system components on the endothelial cell surface, may also
contribute to angioedema attacks [25]. Upon bradykinin stimulation,
B1R and B2R transduce intracellular signals that activate endothelial
nitric oxide synthase (eNOS) eventually leading to retraction of en-
dothelial cell junctions, fluid extravasation and formation of local
edema. Changes in number and type of receptors expressed on en-
dothelial cell may be the key for understanding how specific triggers
drive a constant genetic defect into a clinical phenotype characterized
by periodic local symptoms [26].

On the other hand, the pathogenicity of all unexceptionally the
SERPING1 mutations that have been found associated with C1-INH-
HAE, is debated. Proper functional or segregation studies cannot be
implemented because of the large number of individual mutations and
the absence of significant numbers of relatives. Another difficulty
against the reliability of functional studies comes from the fact that
some variants may have different consequences in different cell types
while C1-INH structure-function correlations do not always interpret
adequately the linkage between specific variants and the disease phe-
notypes. Thus, it remains elusive whether all SERPING1 variants re-
garded so far pathogenic for HAE, are isolated or are expressed in
parallel with either functional variations on genes involved in the me-
tabolism or function of bradykinin, or represent SERPING1 poly-
morphisms and mutations with as yet unknown functional con-
sequences.

Accumulating data support the implied above complexity being
many times even subversive of previously established concepts about
C1-INH-HAE. For example, despite the fact that C1-INH-HAE is con-
sidered a dominant disorder, a case of C1-INH deficiency with recessive
inheritance has been recently reported that, moreover, presents with
C1-INH levels fluctuating from extremely low to completely normal
values [27]. Another interesting issue of C1-INH-HAE genetics is that,
in a small percentage of patients no SERPING1 alterations can be found
even after thorough analysis of the coding region [28,29]. Very re-
cently, however, by the use of a next-generation sequencing (NGS)
platform covering> 70% of the SERPING1 intronic areas [30], we
described a deep intronic mutation located in intron 1 (c.-22-
155G > T, 155 nucleotides from the donor site) that was cosegregated
with the disease in a C1-INH-HAE family. Bioinformatics analysis and
preliminary functional data indicate that this is the disease-causing
variant [31].

In the year 2006, two variants of the F12 gene encoding blood-
coagulation factor XII (FXII or Hageman factor), namely the Thr328Lys
and the Thr328Arg missense mutations, were suggested as the causative
defect in five families with nlC1-INH-HAE [32]. Latter studies revealed
a few other mutations affecting the same proline-rich region of the FXII
protein as the point mutations and co-segregating with the disease.
These included a deletion of 72 bp (c.971_1018+24del72) [33] and a
duplication of 18 bp (c.892_909dup) [34]. The above four F12 variants
account for about a third of nlC1-INH-HAE cases (classified as FXII-
HAE). Contrary to C1-INH-HAE, the autosomal-dominant inheritance of
FXII-HAE presents an incomplete penetrance [35]. FXII, a serine pro-
tease whose expression is increased by estrogen, is involved in the re-
lease of bradykinin as the activated enzyme has the capacity to cleave

Fig. 1. Current classification of angioedema without wheals. (Adapted from
Cicardi et al. [1]; for abbreviations see in the text).
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plasma prekallikrein generating kallikrein, an enzyme responsible for
the release of bradykinin from high molecular weight kininogen
(Fig. 2). All FXII-HAE causing mutations introduce one or more clea-
vage sites into the FXII molecule that strongly amplify the rate of mu-
tant FXII activation by plasmin, rendering thus C1-INH ineffective at
preventing excessive bradykinin production [36,37]. Moreover, the two
point mutations and the deletion were also reported to introduce new
sites in the protein that are sensitive to enzymatic cleavage and there-
fore activation by plasmin, rendering C1-INH inefficient at hindering
bradykinin overproduction [38]. Recently, Ivanov et al. [39] showed
that FXII with Lys/Arg substitutions for Thr309 can be cleaved by
thrombin and factor XIa to generate the truncated species δFXII acti-
vation of which by kallikrein is markedly enhanced when compared
with factor XII, increasing kininogen cleavage in vivo. Despite the fact
that FXII-HAE attacks are indistinguishable from C1-INH-HAE attacks,
FXII-HAE is different from C1-INH-HAE as well as from nlC1-INH-HAE
but without F12 mutations (classified as unknown HAE, U-HAE) in
many aspects, like the age at disease onset, the female gender pre-
dominance, the triggering effect of estrogens, the frequency of attacks,
etc. [40,41].

Last year, Bafunno et al. [6], after performing whole-exome se-
quencing in a large multiplex family with U-HAE, presented evidence
convincing that a missense mutation (c.807G > T) in the ANGPT1
gene encoding for angiopoietin-1 is the causative defect for a new type

of HAE. This finding implies the existence of a new HAE endotype in
which the altered bradykinin metabolism and function do not play a
central role. The authors suggest that the mutant ANGPT1 exposes re-
duced binding ability to the membrane receptor of the wild protein
(tunica interna endothelial cell kinase-2, TIE2) and, thus, it cannot
exert its normal function that is to stabilize the blood vascular en-
dothelium. The resulting impaired regulation of endothelial barrier
permeability drives the formation of swelling.

At about the same time, a previously non reported missense muta-
tion (K330E) in exon 9 of the PLG gene, encoding plasminogen, was
identified in nlC1-INH-HAE patients without F12 mutations by the use
of NGS [42]. Using similar genomic approaches, Bork et al. [7] carried
out a family segregation study providing evidence that this PLG mu-
tation is associated with a new type of angioedema transmitted as an
autosomal dominant trait and featured by a high risk of tongue swel-
lings. Functional data presented thereafter by Dewald [43] provided
strong support about the pathogenicity of this variant. Contrary to what
happens with ANGPT1-associated HAE, the frequency of this type of
HAE seems to be up to 5% among U-HAE cases [44–47].

Very recently, one more potentially disease-causing variant was
detected among U-HAE patients [8]. It is about the hitherto unknown
variant c.1136T > A in exon 10 of the KNG1 gene that was found
cosegregated with the disease in a large U-HAE family and transmitted
in a dominant inheritance pattern. The variant was not present in any of
the 135 index patients of nlC1-INH-HAE families we analyzed (un-
published results).

The last publications mark the beginning of a new era in angioe-
dema research grounded on the promise of genomic technologies (and
probably of other omics) for a new HAE taxonomy that is a main
component of Precision Medicine in clinical practice. As indicated by
the first of the above cases, this new taxonomy will be based on un-
derlying molecular mechanisms that may involve many other “players”
of vascular permeability, beyond contact system, and will be able to
identify and to represent the molecular etiology of HAE at a subtype or,
even more, at an individual level. Obviously, some of the HAE subtypes
to be discovered will continue reiterating established clinical diagnoses
(such as C1-INH-HAE). However, it is anticipated that the majority of
these descriptively clustered HAE subtypes will constitute true in-
novative distinct entities, with associated potential clinical utility.

4. Biomarkers: are we there yet?

4.1. Biochemical biomarkers

In everyday practice, clinicians dealing with HAE patients are
confronted with a series of problems, solving the vast majority of them
on the basis of patients’ history and clinical examination or using ex-
clusion or non-validated therapeutic criteria. Very few laboratory tests,
namely the antigenic and functional C1-INH, C4, C1q and the anti-C1-
INH antibodies, expose an acknowledged decision-making value de-
rived from either their long-term empirical use or very preliminary

Table 1
Therapeutic modalities for C1-INH-HAE.

Drug Mode of action Therapeutic indication Route of administration

On the market
Plasma-derived C1-INH Replacement ODT, STP, LTP Intravenous
Recombinant C1-INH Replacement ODT, STP Intravenous
Plasma-derived, volume-reduced C1-INH Replacement LTP Subcutaneous
Icatibant (synthetic peptide) Bradykinin B2 receptor antagonist ODT Subcutaneous
Ecallantide (recombinant protein) Plasma kallikrein inhibitor ODT Subcutaneous
Lanadelumab (mAb) Fully human mAb targeting plasma kallikrein LTP Subcutaneous
On phase III study for LTP/on phase II for ODT
BCX7353 Plasma kallikrein inhibitor ODT, LTP Oral

ODT: on-demand treatment; STP: short-term prophylaxis; LTP: long-term prophylaxis; mAb: monoclonal antibody.

Fig. 2. Simplified diagram of the contact system.
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research evidence (Table 2).
When the evidence that bradykinin was the mediator of angioedema

in C1-INH-HAE became relevant [48], the plasma levels of this peptide
were considered as potential biomarker. In 1998, Nussberger et al. [49]
showed that increased plasma levels of bradykinin mark attacks in
patients with angioedema due to C1-INH deficiency. Nevertheless, the
rapid generation of this peptide upon contact system activation and its
very short plasma half-life (less than 30 s) make bradykinin plasma
levels extremely sensitive to pre-analytical procedures questioning its
clinical utility [50]. Problems in quantifying the involvement of the
kinin releasing system are in part unraveled through measurements of
the bradykinin-generating enzyme, the plasma kallikrein (pKK). This
parameter is not as much sensitive as bradykinin to in vitro activation of
the contact system and can be measured by different approaches.
Sampling procedures in anti-protease cocktails minimize the problem
and render the assays sensitive enough to account for the ex vivo levels
of pKK activity. Quantification by western blotting of cleaved high
molecular weight kininogen (cHK), one of the physiologic end-products
of pKK enzymatic activity, discriminates C1-INH-HAE patients in
resting conditions and during attacks [51]. The same parameter can
also separate the patients with different frequency of angioedema re-
currences [52]. Using an ELISA based method, Hofman et al. [53]
showed that cleaved kininogen is a biomarker for bradykinin release in
HAE. As an alternative to the ex vivo quantification of cHK, blood col-
lection in absence of protease inhibitors can discriminate the capacity
of plasma to protect from pKK activity. Using this approach, Banerji
et al. [54] showed that therapeutic doses of lanadelumab, the anti-
kallikrein monoclonal antibody approved for prevention of angioedema
in C1-INH-HAE patients, prevent cleavage of HK in plasma. Lara-Mar-
quez et al. [55] developed an assay that measures the capacity of
plasma to generate pKK. With this assay they found that patients with
different forms HAE generate significantly more kallikrein than normal
subjects or patients with histaminergic angioedema.

Thus, tackling pKK provides data that correlate with disease state,
but the parameters considered, so far, need to be refined in order to
increase sensitivity and specificity. Recently, Deroux et al. [56], Farkas
et al. [57], and Christiansen and Zuraw [58] reviewed the promising
but very preliminary results of many investigators who have tested
dozens of biochemical parameters in an attempt to discover clinically
useful biomarkers. Great efforts towards discovering more specific
biochemical biomarkers are based on the continuously accumulating
knowledge of the contact system biology, following the so-called
“candidate approach” for biomarker discovery [59]. In fact, a striking
discrepancy exists between the effort directed toward the discovery of

biochemical biomarkers for angioedema and the number of them with a
promising clinical utility.

Considering the required versatility of biomarkers, a not negligible
obstacle in the development of biomarkers related to the activation of
contact system is the heat sensitivity of the various enzymatic analytes
and the degree to which it affects their stability and the analytical re-
liability of their measurements.

4.2. Genetic biomarkers

As far as genetic biomarkers are regarded, recent association studies
have shown that the concomitant carriage of mutations of other genes
encoding for proteins involved in bradykinin generation and function
are correlated with parameters related to the clinical expression of C1-
INH-HAE. The functional promoter polymorphism F12-46C/T that re-
sults in decreased translation efficiency and to low plasma levels of FXII
activity and antigen, as well as the functional polymorphism KLKB1-
428 G/A that causes a reduced plasma kallikrein complex formation
with high-molecular-weight kininogen, have been shown associated
with a significant delay of the disease onset and a significantly lower
probability of the need for long-term prophylaxis (LTP) [60,61]. More
interestingly, evidence provided recently by Rijavec et al clearly in-
dicates that the F12-46C/T variant influence the penetrance of C1-INH-
HAE. The authors have shown that, among C1-INH deficient in-
dividuals, carriers of the CC genotype compared to those of the TT
genotype have a 25-fold greater risk of developing the disease [81].

Not irrelevant could be the associations found between gene var-
iants and the angiotensin-converting enzyme inhibitor-associated an-
gioedema (ACEi-AAE) the underlying mechanism of which seems to be
the blockage of bradykinin and substance P degradation by ACE, and
possibly the impaired metabolism of bradykinin and des-Arg9-brady-
kinin by aminopeptidase P [62] (Fig. 2). A candidate gene study by Pare
et al. [63] of the largest published cohort of ACEi-AAE and ACE in-
hibitor-exposed controls, detected a strong association between in-
creased risk of ACEi-AAE and a polymorphism in the neprilysin gene
(MME). Neprilysin is a membrane metallopeptidase colocalized with
ACE and metabolizing many vasodilator and vasoconstrictor peptides,
including bradykinin [64]. A new drug inhibiting neprilysin recently
reached the market for treatment of cardiac failure [65]. In agreement
with the possibility that reducing activity of this enzyme could facilitate
angioedema, patients taking this medication seem to increase suscept-
ibility to angioedema as patients on ACEi.

These findings indicate that high-throughput approaches, like
genome-wide association studies, taking advantage of newer

Table 2
Currently in use and potential biochemical biomarkers for angioedema.

Biomarkers Pros Cons

Currently in use diagnostic biomarkers
C1-INH antigenic levels Easy measurement; critical for the diagnosis of type I C1-INH-HAE and C1-INH-AAE Can be influenced by replacement treatment; do not

reflect clinical course or prognosis
C1-INH functional levels Critical for the diagnosis of type II C1-INH-HAE Different types of tests may yield different results; do

not reflect clinical course or prognosis
C4 levels Easy measurement; important for the diagnosis of C1-INH-HAE and C1-INH-AAE Great variability in healthy individuals; do not reflect

clinical course or prognosis
C1q levels Easy measurement; important for the diagnosis of C1-INH-AAE Transient decline may occur exceptionally in C1-INH-

HAE
Anti-C1-INH antibodies Important for the diagnosis of C1-INH-AAE Inconsistent findings between laboratories
Potential biomarkers
Plasma kallikrein activity Discriminates histamine- from bradykinin-mediated angioedema Assays need to be validated
Cleaved high molecular weight

kininogen
Stable biomarker; discriminates C1-INH-HAE patients in resting conditions and
during attacks; separate the patients with different frequency of angioedema
recurrences

Laborious measurement

Protease-inhibitor complexes Easy measurement; biomarker of contact system activation Complexes are short-lived in vivo; artificially low in
C1-INH deficiency

Cleaved zymogen proteases Biomarker of contact system activation Difficult measurement
Fibrinolytic markers Easy measurement Nonspecific; great variability

A.E. Germenis and M. Cicardi Journal of Autoimmunity 104 (2019) 102312

4



techniques, like parallel sequencing, array expression profiling, whole
exome sequencing, RNA sequencing, parallel omics, etc., despite very
cost-intensive, are anticipated to pick up valid biomarkers. The poten-
tial of these approaches would become even higher when they com-
bined with bioinformatics for in silico candidate approaches or other
advanced methodologies, like expression quantitative trait loci (eQTL)
analysis. Moreover, taking into account the complex interactions
among key elements of the contact system as well as the involvement of
other biological systems in the pathogenesis of HAE (e.g. vasculature)
modular transcriptome repertoire analysis (modular genomics) could
be a greatly promising innovative approach towards uncovering an-
gioedema biomarkers and disease endotypes.

In conclusion, the long way to the discovery of validated biomarkers
for HAE remains as yet unpaved. The so many parameters up to now
tested in observation studies or indicated by basic research must be
evaluated in regard to their analytic and clinical validity, clinical uti-
lity, feasibility, and time- and cost-effectiveness using appropriately
designed trials (see below) [66]. This will allow diagnostic, predictive,
prognostic and therapeutic biomarkers to be discovered in favor of a
more effective management of HAE patients and solid evidence to be
provided from clinical trials evaluating the therapeutic value of existing
and emerging drugs.

5. Feasibility of large-scale studies and patients’ participation

The implementation of large-scale studies in HAE faces a series of
obstacles due to the problematic following-up of patients and the re-
quired collection of longitudinal clinical data. Thus, despite the efforts
made [67,68], standardized, validated and widely accepted measures of
disease severity are still missing. The problem has been recently faced
creating the HAE Global registry (HGR) (https://haeregistry.org/;
ClinicalTrials.gov NCT03828279). HGR gathers accurate data from
throughout the whole HAE community with data provided by patients
and treating physicians. The type and the quality of data collection
allows real time evaluation of disease severity and prospective de-
termination of the natural history of HAE and how it can be modified by
intervening treatments. HGR was established in April 2018, at present
collects 1163 patients from 23 centers in 5 European countries, with
60% of the patients registering their attacks through an electronic ap-
plication. These numbers are rapidly growing and by the end of 2019,
we expect 11 countries to be present with global representation (Fig. 3).

The global registry could help answering another question
spreading across literature related to the possible effect of environ-
mental factors on the clinical expression of HAE. Geographical differ-
ences in HAE clinical manifestations as well as an association between
ethnicity and the kind of SERPING1 mutations, has been observed [29].
To this point, extremely interesting is a recent report by Caccia et al.
[27] of a C1-INH mutant whose stability and functional activity appear
to be finely tuned by environmental conditions (i.e. temperature, pH,
oxidative stress), which could vary in situations of mild stress, such as
hyperthermia or metabolic acidosis. Considered together with the
variability in disease course through patients' life these findings

indicate that environmental factors (exposome) may exert a significant
effect on the clinical expression of the disease (phenome). Furthermore,
modification of patients’ lifestyle could alter the eliciting disease-ex-
acerbating triggers (e.g. stress, minor trauma, etc.).

The development of inventive strategies to collect and incorporate
disease-relevant information by the use of advanced computational
techniques could offer reliable answers to these questions. The up-
coming practice of self-monitoring, known as the quantified-self
movement, aims to empower patients to record daily activities and
health-related information and, thus, holds much promise towards this
direction [69]. Using mHealth apps, personal health devices and sen-
sors/IoT (Internet of Things) artefacts, appropriate data capturing tools
for patients and their caregivers can be provided. The technical arte-
facts employed for data capturing will be selected by engaging patients
in the entire design and development process, e.g. through a user-
centered design approach [70], thus achieving to fill a key objective of
Precision Medicine, that is the participatory component [71]. Beyond
disease-specific aspects, such as triggering factors, prodromal symp-
toms, frequency and severity of attacks, etc., such artefacts could in-
clude behavioral and social aspects, as well as more generic issues re-
lated with technology use, such as digital literacy and cultural aspects,
as well as privacy, security and legal norms.

Empowering HAE patients to collect data at the phenome and the
exposome level on a daily basis will provide further insights on treat-
ment response, disease evolution, quality of life and disease burden,
environmental conditions as well as behavioral aspects, all required and
enabling the construction of robust Electronic Health Records [72].

Analyzing large number of data from single subjects has specific
interest in rare diseases as it reduces the need for large series of pa-
tients. Main limitation to this approach is appropriate patient recruit-
ment and continuous data collection. HAE is a clearly identified con-
dition where presence of symptoms and disability alternate with
absence. More than one hundred years after the description of the
disease and in presence of several different drugs that revert and/or
prevent symptoms, we still cannot answer the basic question on the
average length of symptomatic periods. Simple information on attacks,
prospectively collected by the majority of patients, could give the an-
swer. The HGR already started collecting retrospective and prospective
data that are expected to start appearing to help understanding the
natural history of angioedema patients and the impact of the treatments
[73].

6. Taking advantages from alternative trials

In recent years, clinical trials for emerging drugs for rare disease
have been the subject of intensive discussions. Patient recruitment re-
quired for the implementation of robust randomized controlled trials
(RCTs), the gold standard of generating strong evidence of clinical ef-
ficacy, is very difficult if not infeasible. Multicenter RCTs, on the other
hand, is facing the possible heterogeneity of patient population due to
inconsistent genotype-phenotype correlations and gene-environment
interactions. To overcome these problems many alternative designs for
clinical trials, like N-of-1 or single-subject trials, and methods for
analysis have been proposed [74]. These are trials with multiple
crossover (repeated measurements) and a repeat challenge-withdrawal
design in which individual patients compare two or more treatments to
one another [75] (Fig. 4). In the Oxford Centre for Evidence-Based
Medicine levels of evidence [76], randomized and blinded N-of-1 trials
have been listed as level 1 evidence for individual treatment decisions.

The selection of primary and/or surrogate endpoints is a barrier that
the implementation of N-of-1 trials usually meets in rare diseases. This
is also true in the case of HAE where appropriately validated bio-
markers are not available. There is no doubt that the frequency of at-
tacks is indeed a well-defined, reliable and readily measurable primary
endpoint but only for trials of drugs intended for LTP [77]. What,
however, with trials performed to appraise the efficacy of drugs in the

Fig. 3. Cummulative number of patients (columns) and attacks (line) recorded
in the HAE Global Registry from all countries (left) and from Greece (right)
since its opening.
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treatment of acute attacks where the usually used patient-reported
symptom severity is a rather subjective measure [78,79]?

Till however validated biomarkers become available, the adoption
of the N-of-1 trials logic in the everyday clinical care of selected HAE
patients could benefit both patients and researchers. Such a transform
could probe the myriad unclarified factors that shape not only the in-
dividual patients’ response to particular treatments complexity but,
even more, the enormous clinical variability of the disease. The
knowledge of the complex landscapes of several angioedema types will
be seriously expanded if multi-cycle within-patient crossover compar-
isons of drugs would be coupled with detailed biochemical measure-
ments and high-throughput technologies of molecular profiling, such as
mass spectrometry, gene-expression profiling and next-generation se-
quencing.

7. Conclusion

In conclusion, the above-mentioned aspects of HAE complexity
cannot be sufficiently elucidated and any attempt to interrelate them
seems utterly deadlock using conventional approaches, especially if a
personalized medical care is anticipated. Once Precision Medicine
seems tailored to the study of rare diseases, then HAE could be con-
sidered as a prototype for its implementation.
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