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Introduction

Hereditary angioedema (HAE) is a rare, life-threatening, autosomal dominant inherited
disorder that clinically manifests with skin, gastrointestinal, and airway oedema (Uminski
etal., 2025). Its prevalence averages approximately 1 case per 50 000 population, with regional
variation ranging from 1 per 10 000 to 1 per 100 000 inhabitants (Maurer et al., 2022; Uminski
et al., 2025). In Latvia, HAE diagnosis has been biochemically and genetically confirmed in
12 patients; however, considering the challenges in disease recognition and precise diagnostic
determination, the total number of affected patients is potentially higher.

Although HAE was first described in 1888, the pathogenesis of this disease remains
incompletely understood. Similarly, the reasons for the heterogeneity in clinical manifestations,
prognosis, and therapeutic efficacy among HAE patients remain unclear (H. Longhurst &
Cicardi, 2012). The primary role in HAE development is attributed to the level and activity of
C1 esterase inhibitor (C1-INH). HAE is classified into three types: type | - HAE with decreased
C1-INH level and functional activity; type II — HAE with normal or elevated C1-INH level, but
decreased function; and nC1-INH HAE with normal C1-INH level and normal function
(Zafra, 2022).

C1-INH-associated HAE (types I and II) is caused by pathogenic variants in
the SERPING1 gene, which encodes C1 esterase inhibitor. As a result of pathogenic variants,
quantitative and/or qualitative C1 inhibitor deficiency develops, leading to increased bradykinin
synthesis, which results in the development of massive localised oedema (Sinnathamby et al.,
2023). Despite pathogenic SERPINGI variants being the only known cause of types I and II
HAE, approximately 15 % of symptomatic HAE patients with decreased C1-INH level and/or
activity remain undiagnosed at the molecular level, as pathogenic variants cannot be identified
even after rigorous genetic investigation, including sequencing of both the coding and
non-coding regions of the entire SERPINGI gene and copy number variation analysis (Jacobs
& Neeno, 2021). Given the specific CI-INH-associated phenotype, we propose that
intragenomic and extragenomic non-coding point and structural variants within the SERPING ]
gene, which cannot be detected by standard diagnostic methods (Sanger sequencing, MLPA),
are responsible for types I and II HAE in patients with negative genetic findings.

In contrast, C1-INH-independent HAE — nC1-INH HAE, has a more complex aetiology
and pathogenesis related to gain-of-function pathogenic variants in genes involved in
the contact/bradykinin system (F12, PLG, ANGPTI1, KNG, MYOF, HS3ST6) (Obtulowicz
et al., 2021). Currently, nCI1-INH HAE diagnosis can be confirmed only through genetic
analysis. Unfortunately, no biomarkers are currently available in clinical practice that would

aid in identifying nC1-INH HAE. This not only complicates HAE diagnosis, particularly



nC1-INH HAE type, but also compromises its differentiation from other forms of angioedema
(Muna et al., 2024).

Furthermore, the current diagnostic parameters for types I and II HAE — namely,
C1 esterase inhibitor level and activity determination — require strict adherence to precise
specimen collection, storage, transport, and analysis protocols. Inaccuracies result in
false-positive or false-negative results, thus impeding timely diagnostic confirmation.
Moreover, to confirm the diagnosis, analysis must be performed at least twice. Determination
of these parameters is preferably performed on fresh blood samples or on frozen and transported
specimens according to specific instructions designated for immunological parameter analysis
(Magerl et al., 2025; Muna et al., 2024; Radojicic & Anderson, 2024). In Latvia, C1 esterase
inhibitor determination on fresh blood samples is available only at the Joint Laboratory of
Pauls Stradins Clinical University Hospital, thus complicating accurate analysis for patients
from regional areas.

It is essential to identify novel biomarkers that are readily accessible in routine clinical
practice, independent of laboratory location, thereby improving HAE diagnosis.

HAE patients require clarification of the genetic actiology of their disease, as this is of
paramount importance not only for understanding disease causation, pathogenesis, and
discovering novel effective therapies, but also for patient clinical management — including
diagnostic confirmation, prognostic determination, family planning, prevention of disease
exacerbations, and the selection and optimisation of personalised therapy (Bocquet et al., 2025;
Lyons et al., 2023). Currently available medications for HAE treatment are expensive and
modulate distinct pathogenic pathways (Dias de Castro et al., 2024; Ren et al., 2023). Therefore,
identification of biomarkers capable of elucidating determinants of disease severity gradation
and differential therapeutic efficacy is essential. This would enable more precise determination
of disease prognosis and more accurate selection of the required medication for disease

treatment.

Aim of the Thesis
To determine the genetic aetiology of hereditary angioedema and to investigate potential

biomarkers for disease diagnosis.

Objectives of the Thesis

The following specific objectives have been established to achieve the aim of this
Doctoral Thesis:

1. To identify all patients with clinically and biochemically confirmed HAE in Latvia

and determine the prevalence of hereditary angioedema in the Latvian population;



2. To analyse the clinical data of Latvian HAE patients;

3. To perform genetic analysis of hereditary angioedema using Sanger sequencing of
the SERPING1 gene in patients with HAE types I/II and analysis of F/2, PLG, and
ANGPTI gene regions in patients with suspected nC1-INH HAE;

4. To conduct advanced genetic analysis using genome sequencing in HAE types I/I1
patients in whom pathogenic variants were not identified by standard genetic testing,
with the aim of detecting rare non-coding and structural variants; and to perform gene
panel analysis using exome sequencing in patients with suspected n-C1-INH HAE;

5. To determine a metabolite profiling in blood samples from study and control group
participants to identify potentially novel laboratory biomarkers for the diagnosis of

hereditary angioedema.

Hypotheses of the Thesis
1. In HAE patients in whom standard genetic testing does not identify a causative
pathogenic variant, the disease aetiology is attributed to non-coding and structural
variants that can be detected by genome sequencing.
2. The serum metabolite profile in HAE patients differs from that of healthy individuals
and patients with other types of angioedema, and these metabolic alterations can be

applied as potential diagnostic biomarkers for HAE.

Novelty of the Thesis

For the first time, a comprehensive serum metabolite profiling study has been performed
on HAE patients and control group participants to identify potential biomarkers for HAE
diagnosis.

This is the first comprehensive study conducted in Latvia to establish the prevalence of
HAE, characterise the clinical heterogeneity of disease manifestations, and determine its
genetic aetiology, identifying previously undescribed genetic variants in the SERPINGI gene
worldwide.

Standardised, validated questionnaires for assessing health-related quality of life,
disease activity, and disease control in HAE patients have been introduced in Latvia for the first
time, providing clinical tools applicable in specialist practice not only for HAE evaluation but

also for assessment of angioedema of alternative aetiologies.



1 Materials and Methods

1.1  Study participants

To ensure comprehensive data collection and analysis in Latvia and to effectively
investigate the clinical manifestations and genetic factors associated with hereditary
angioedema (HAE), the study comprised both retrospective and prospective phases.
The retrospective phase commenced in June 2020 and included all known Latvian patients with
a clinically and biochemically confirmed diagnosis of HAE.

Within the prospective phase, these patients underwent detailed clinical evaluation, and
additional data regarding disease manifestations were collected. The study also included their
relatives for screening purposes as well as individuals with clinical suspicion of HAE. Patients
with other types of angioedema - including idiopathic, bradykinin-mediated, mast
cell-mediated, or angioedema of unclear aetiology — as well as healthy individuals were enrolled
as control groups.

The diagnosis of HAE was established based on patient and family history, complement
component C4 level, C1 esterase inhibitor (C1-INH) concentration, C1-INH functional activity,
and genetic testing results, in accordance with the WAO/EAACI 2021 guidelines
(Maurer et al., 2022).

In total, the study included 100 individuals: 45 patients with clinical suspicion of HAE,
20 first-degree relatives of HAE patients, 15 previously examined patients with idiopathic
(unexplained) angioedema for the metabolomic control group, and 20 healthy individuals for
the metabolomic control group. Laboratory testing — including determination of C4 levels,
C1-INH concentration, and activity — was performed for all participants in the study groups
(n=80). Genetic testing was conducted for 38 patients, metabolomic profiling for
45 individuals, and 12 patients with confirmed HAE were enrolled in the clinical evaluation

section of the study.

1.2 Clinical data collection

Clinical data were obtained from medical records and patient interviews, including sex,
date of birth, weight, height, family history, and detailed information on the clinical
manifestations of the disease, such as the mean annual number of attacks, localisation of
oedema, the most common trigger factors, type and effectiveness of treatment, age at onset of
disease-specific symptoms, and age at which the diagnosis of HAE was established. Data on

chronic comorbidities were also collected.



1.3 Evaluation of treatment effectiveness
Information on HAE management during acute attacks, long-term prophylactic therapy,
and the effectiveness of the medications used was obtained from medical records, patient

interviews, and patient-completed questionnaires.

1.4  Laboratory sample collection and analysis

Functional activity of C1 inhibitor was determined using a chromogenic substrate assay,
and the concentrations of complement component C4 and CI1-INH were measured by
nephelometry. To exclude acquired angioedema, antibodies against the C1q component were
additionally assessed in patients with idiopathic or angioedema of unclear aetiology using
an enzyme-linked immunosorbent assay (ELISA) in accordance with the manufacturer’s
instructions. All analyses were performed at the Joint Laboratory of Pauls Stradin§ Clinical

University Hospital.

1.5 Quality of life, disease activity, and control questionnaires

To assess health-related quality of life, disease activity, and control in patients with
angioedema, standardised questionnaires validated for this purpose were employed:
the Angioedema Quality of Life Questionnaire (AE-QoL), Angioedema Activity Score (AAS),
and Angioedema Control Test (AECT).

1.6 Comorbidity assessment in hereditary angioedema patients

A comprehensive comorbidity analysis was performed in symptomatic HAE patients
included in the study (n = 10), with primary focus on cardiovascular, psychoemotional,
dermatological, respiratory, and systemic pathologies. Data collection was based on
retrospective analysis of medical documentation, encompassing disease history records,
detailed clinical anamnesis, laboratory and instrumental investigation results, specialist
consultation conclusions, and standardised psychoemotional status evaluation using validated

diagnostic methods.

1.7  Diagnosis and classification of hereditary angioedema

HAE type I was diagnosed in patients with C4 levels below the reference range
(<0.12 g/L), C1-INH concentration below the reference range (<0.21 g/L), and CI1-INH
functional activity below the reference range (< 70 %). HAE type II was diagnosed in patients
with C4 levels below the reference range (< 0.12 g/L), C1-INH concentration within or above
the reference range (0.21-0.39 g/L or >0.39 g/L), and CI-INH functional activity below
the reference range (< 70 %). nC1-INH HAE was diagnosed in patients with C4 levels within

the reference range (0.12-0.36 g/L), CI-INH concentration within the reference range
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(0.21-0.39 g/L), C1-INH functional activity within the reference range (70-130 %), and

confirmation by genetic testing.

1.8  Control groups

Two control groups were established: healthy individuals and patients with recurrent
angioedema of other aetiologies, including idiopathic, bradykinin-mediated, mast
cell-mediated, and angioedema of unclear origin. For metabolomic analysis, healthy controls

matched for sex and, as closely as possible, age to the study participants were utilised.

1.9  Latvian population

Data on Latvian demographic indicators were obtained from the Central Statistical
Bureau of Latvia database (April 2025). Point prevalence was expressed as the number of living
patients per 100 000 inhabitants at a specific time point (April 2025) (Central Statistical Bureau
of Latvia, 2025).

1.10  Genetic testing

A multi-step molecular diagnostic approach was applied for genetic analysis of HAE
patients, in accordance with international guidelines (WAO/EAACI, 2021) (Maurer et al.,
2022). The initial diagnostic strategy involved sequencing analysis of known HAE-associated
genes, with primary focus on the SERPINGI gene, which encodes C1 inhibitor and accounts
for the majority of HAE types I and II cases. Sanger sequencing was utilised to identify genetic
variants, enabling precise detection of point mutations. For one HAE type I patient, MLPA
analysis of the SERPING1 gene was performed to detect large deletions or duplications.

In patients with angioedema of unclear aetiology and no pathogenic SERPING variants
identified, extended genetic analysis was conducted, including examination of the /2, PLG,
and ANGPT1 gene regions to exclude rarer HAE variants.

In cases where Sanger sequencing failed to identify pathogenic variants in patients
suspected of HAE types I/II, GS was performed to investigate potential intragenic and
extragenic non-coding point and structural variants in the SERPINGI gene that could affect
CI1-INH expression, as well as sequencing of other HAE-associated genes.

For patients suspected of nC1-INH HAE with negative Sanger sequencing results for
F12, PLG, and ANGPTI gene regions, diagnoses were reviewed to identify alternative causes
of symptoms. Patients responsive to standard-dose antihistamine therapy, dose escalation to
fourfold, or omalizumab received a diagnosis of mast cell-mediated angioedema (AE-MC),
with no further genetic testing performed. In cases where no alternative cause was identified in

patients suspected of nC1-INH HAE, ES was conducted with SNV and CNV analysis in
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described nCI1-INH HAE (candidate) genes (FI2, PLG, ANGPTI, KNGI, MYOF, and

HS3ST6). The distribution of genetic testing methods across patient groups is shown in

Figure 1.1.
HAE I/I1 nC1-INH HAE
4 y
Sanger sequencing of the Sanger sequencing of the F/2,
SERPINGI gene PLG, and ANGPTI gene regions
A
Negative Positive Negative*

v v v

ES (analysing F12, PLG,

ANGPTI, KNGI1, MYOF,
and HS3ST6)

GS (non-coding point
and structural variants in
HAE)

Confirms
diagnosis

Figure 1.1 Genetic testing approach and distribution of methods across patient groups
HAE I/II — hereditary angioedema types 1 and 2; nC1-INH HAE — hereditary angioedema with normal C1
inhibitor; 12 — coagulation factor XII gene; PLG — plasminogen gene; ANGPTI — angiopoietin-1 gene;
KNGI — kininogen-1 gene; MYOF — myoferlin gene; HS3ST6 — heparan sulphate—glucosamine
3-O-sulfotransferase 6 gene; GS — genome sequencing; ES — exome sequencing;
*without alternative cause of symptoms
1.11 Metabolomic analysis
In this study, a targeted metabolite panel was quantified in blood samples from
the study group (HAE patients) and control group (healthy individuals) to identify potential
HAE disease biomarkers. The metabolomic analysis included 10 patients with C1-INH HAE,
15 patients with idiopathic angioedema, and 20 healthy individuals. Specificity of identified
biomarkers was validated in the group with angioedema of other aetiologies (idiopathic).
Metabolite determination was performed in blood serum during the asymptomatic
period, i.e. at least 8 days after an angioedema episode. Targeted quantitative liquid
chromatography — mass spectrometry (LC-MS) was used for metabolomic analysis.
Of 52 targeted metabolites analysed, including amino acids, amino acid-related metabolites,
and acylcarnitines — 33 were detected and quantified in all study samples. These metabolites

were selected as they are routinely measured using mass spectrometry in clinical laboratories

for newborn screening.
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1.12  Statistical analysis

Data processing and organisation were performed using Microsoft Office Excel, while
statistical analyses were conducted with IBM SPSS Statistics version 23, MetaboAnalyst 5.0,
and GraphPad Prism 9.0. Given the rare disease nature and small sample size, non-parametric
statistical methods were primarily employed. Percentage data presentation enabled comparative
analysis with studies from other countries, ensuring international comparability of results.

For LC-MS metabolomic analysis, principal component analysis (PCA) was applied to
assess overall metabolite profile differences between study groups. Group comparisons utilised
T-tests and comparative change analysis. Additionally, receiver operating characteristic (ROC)
curve analysis was performed to evaluate potential diagnostic value. Statistical significance was

set at p < 0.05 for all tests.
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2 Results

The study results are divided into three main sections: clinical data, genetic findings,

and metabolite biomarkers.

2.1 Prevalence of hereditary angioedema in Latvia

During the study, HAE diagnosis was biochemically and genetically confirmed in
12 patients in Latvia (8 females, 4 males). According to the Official Statistics Portal, Latvia’s
population in April 2025 was 1 862 700 inhabitants (Central Statistical Bureau of Latvia,
2025). The prevalence of HAE in Latvia is 0.64 per 100 000 inhabitants.

2.2 Types of hereditary angioedema
Of the 12 HAE patients, 10 were confirmed with HAE type I, 1 patient with HAE type
I1, and 1 patient with nC1-INH HAE.

2.3  Demographic and clinical data of hereditary angioedema patients

Demographic and clinical data are presented in Table 2.1.

Table 2.1
Demographic and clinical data of hereditary angioedema patients
Demographic and clinical data (n =12) Finding

Median age, years (IQR) 40 (IQR)
Sex

Females

Males 4
HAE type

HAE I 10

HAE II 1

nCI1-INH HAE 1
Median age at first HAE symptoms, years (n = 10) 15
Median age at diagnosis, years (n = 12) 39
Median diagnostic delay (from first symptoms to diagnosis), years (n = 10) 24 (9-37)
Positive family history 8 (from 12)

HAE — hereditary angioedema; IQR — interquartile range
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24 Clinical presentation and trigger factors of hereditary angioedema

The summary of hereditary angioedema clinical presentation and trigger factors is

presented in Table 2.2.

Table 2.2

Characterisation of hereditary angioedema clinical presentation and trigger factors

Clinical manifestations

Finding

Annual attack frequency since HAE diagnosis (n = 10)

29

Annual attack frequency since HAE diagnosis (n = 10) by category

1-5

6-11

1224

>24

Attack frequency in the last 12 months (n = 10)

HAE severity by attack frequency in the last 12 months (n = 10)

Asymptomatic

Mild

Moderate

Severe

Disease days

Hospitalisations

Total number of hospitalized patients

10

Median number of hospitalisations

Oedema localisation

Lips

Tongue

Abdominal

Airway

Urogenital

Wi | Q[0

Prodromal symptoms (n =9)

Fatigue

Paraesthesia/pain

Abdominal pain

Nausea

Erythema marginatum

DWW | Q|0 |0

Trigger factors (n =8)

Stress

Trauma

Surgical/dental procedures

Infection

Menstruation

—_— = N | W WD
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2.5 Treatment and prophylaxis

Medications used for HAE treatment available in Latvia and their effectiveness are

presented in Table 2.3.
Table 2.3
Medications used for hereditary angioedema attack treatment and their effectiveness
On-demand treatment Patients Effect
Bradykinin B2 receptor-antagonist 10 3
FFP 2 1
Opioids 2 1
NSAIDs 2 1
Glucocorticoids 8 0
Antihistamines 9 0

Treatment effectiveness was assessed on a 4-point scale (no effect = 0, weak effect = 1, moderate effect = 2, high
effect = 3). FFP — fresh frozen plasma; NSAIDs — non-steroidal anti-inflammatory drugs.

Latvian-available HAE prophylactic therapy and its effectiveness are presented in
Table 2.4.

Table 2.4
Medications used for hereditary angioedema prophylaxis and their effectiveness
HAE prevention Patients Effect
FFP 2 1
Antifibrinolytics (tranexamic acid) 3 2
Attenuated androgens (Danazol) 3 2

Prophylactic effect assessed on a 4-point scale (no effect = 0, weak effect = 1, moderate effect = 2, high effect = 3).
FFP — fresh frozen plasma; HAE — hereditary angioedema

2.6  Quality of life
Summary of AE-QoL questionnaire results reflecting quality of life data in HAE

patients is presented in Table 2.5.

Table 2.5
Angioedema quality of life data
Domen Result %
Fears/Shame 46.67
Fatigue/Mood 33.5
Food 32.5
Functioning 22.5

2.7  Angioedema control

Disease control was assessed using the validated AECT questionnaire over
the preceding four weeks and three months.

Evaluation of the total score for each time period showed that AECT scores in Latvia

were similar over both the 4-week and 3-month intervals, with median values of 10.1
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(range 4-16) and 10 (range 5-15), respectively. A total score of 10 or higher indicates

well-controlled disease.

2.8  Angioedema activity

Angioedema activity in HAE patients was assessed using the validated AAS
questionnaire over the preceding 28 days. Six HAE patients experienced disease attacks during
the last four weeks. Disease activity according to AAS was low to moderate in these six patients

(ranging from 10 to 70 points).

2.9 Comorbidities in hereditary angioedema patients
For an overview of comorbidities in HAE patients, refer to Table 2.6.
Table 2.6

Representation of comorbidities in patients with hereditary angioedema

Comorbidities | Number of patients

Anxiety
Generalized anxiety
Moderate anxiety
Mild anxiety
Psoriasis
Bronchial asthma
Systemic diseases
Arterial hypertension
Carpal tunnel syndrome

— == NN [ [ | W

2.10 Genetic testing

Genetic testing was performed in 38 patients in total. All patients initially underwent
Sanger sequencing targeting the SERPING I gene and the F'12, ANGPT1, and PLG gene regions,
where pathogenic variants associated with HAE have been previously described.
If no pathogenic variant was identified, next-generation sequencing was performed: three

patients — GS and nine — ES.

2.11 Genetic testing in patients with hereditary angioedema types I/I1

Standard genetic testing using Sanger sequencing of the SERPINGI gene was initially
performed in 12 patients — eight patients with clinical and laboratory suspicion of HAE type I
(reduced C1-INH level and C1-INH activity; patients No 2, 3, 5, 6, 8, 9, 10, and 11) and four
patients with clinical and laboratory suspicion of HAE type II (normal or elevated C1-INH level
but reduced C1-INH activity; patients No 1, 13, 14, and 15).

Identified pathogenic variants are presented in Table 2.7.
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Three HAE I/II patients, in whom no pathogenic variants were identified in known
genes using Sanger sequencing, underwent GS to detect rare non-coding and structural variants
(patients No 10, 13, and 14). For these three patients, GS was performed, initially focusing on
coding SNVs (single nucleotide variants) and CNVs (copy number variants) in the SERPING1
gene, followed by analysis of other structural variants and non-coding SNVs only in known
HAE-associated genes. In one HAE type I patient with a SERPINGI gene exon 7 deletion,
the genetic diagnosis was confirmed solely by GS, which failed to detect it using Sanger
sequencing due to limitations of the applied algorithm (patient No 10). The exon 7 deletion was
later confirmed by MLPA analysis of the SERPING1 gene.

In two patients (from two families) with HAE I/II, no pathogenic gene variants were
detected even after analysis of structural variants and non-coding gene regions (patients
No 13 and 14). This prompted ongoing observation of these patients, with dynamic evaluation
of both the clinical presentation and laboratory results — specific to HAE and consistent with
other angioedema-causing diseases and conditions. After two years, serum protein
electrophoresis in one of these patients (patient No 13) revealed paraprotein presence. Changes
in blood analyses indicated an alternative symptom aetiology — thus revising the diagnosis to
acquired angioedema. The patient also had reduced C1q antibodies, confirming the acquired
angioedema diagnosis.

In patient No 14, suspected of HAE II, C1 functional activity normalised on repeat
testing (with previously reduced CI1-INH activity), necessitating diagnostic revision.
The patient currently has a clinically confirmed diagnosis of angioedema of unknown origin.

In patient No 15, suspected of HAE II and without identification of a pathogenic variant
by standard genetic testing, extended genetic investigation was not performed. This patient was
later diagnosed with HIV (human immunodeficiency virus), currently regarded as one cause of
moderately reduced C1-INH activity. As HIV is not included in the angioedema classification
and the patient lacks C1-INH deficiency, the diagnosis is defined as angioedema without
precisely known aetiology. Additionally, the patient is currently receiving combination
antihypertensive therapy, components of which (ACEIs) may serve as a cause or provoking

factor for recurrent oedema.

2.11.1 Genetic Testing in Patients with nC1-INH HAE

Genetic testing was performed in 24 patients suspected of having nC1-INH HAE —
1. e. patients with recurrent oedema unresponsive to antihistamines and glucocorticoids,
abdominal oedema, and/or positive family history. All patients initially underwent Sanger

sequencing of F12, ANGPTI, and PLG gene regions where pathogenic variants have been
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described (patients No 12, 16-38), and eight patients (patients No 31-38) also underwent ES,
focusing on coding SNV and CNV analysis in the described nC1-INH HAE (candidate) genes
(FI12, PLG, ANGPTI, KNGI, MYOF, and HS3ST76). In patients identified with an alternative
cause of symptoms — AE-MC — further genetic testing was not performed (patients No 16-30).
In one patient (patient No 12), Sanger sequencing identified a pathogenic variant in the PLG
gene, confirming the nC1-INH HAE diagnosis. The variant NM_000301.5(PLG):c.988A>G
p-(Lys330Glu) was identified, which is registered in the ClinVar database (RCV001507288.7)
and has been previously described (Bork, Wulff, et al., 2020). This variant was identified in
a 40-year-old woman experiencing up to 10 attacks per year. In the remaining patients, no
(likely) pathogenic or rare variants of uncertain significance were identified after standard and
extended genetic testing in the genes of interest. Following these genetic analyses, all patients
underwent comprehensive reassessment of their clinical disease manifestations, resulting in
arevision of their diagnoses, with attention also paid to recurrent angioedema in family history.
During re-evaluation of angioedema aetiology after negative genetic testing results, patients
were diagnosed with acquired angioedema (AAE-CIINH), mast cell-mediated angioedema
(AE-MC), drug-induced angioedema (AE-DI), or angioedema of unknown aetiology
(AE-UNK). A detailed overview of patient diagnoses following negative genetic testing results

is presented in Table 2.8.

Table 2.8
Overview of diagnoses in patients with negative genetic testing results
Genetic testing
Patient Initial diagnosis Sanger Final diagnosis
° sequelglcing GS ES ’
13 HAE 11 negative negative — AAE-C1INH
14 HAE 11 negative negative - AE-UNK
negative negative AE-ACEI/AE-
15 HAE II & & - UNK
16 nC1-INH HAE negative — _ AE-MC
17 nCI1-INH HAE negative - — AE-MC
18 nCI1-INH HAE negative - — AE-MC
19 nCI1-INH HAE negative - — AE-MC
20 nCI1-INH HAE negative - — AE-MC
21 nCI1-INH HAE negative - — AE-MC
22 nCI1-INH HAE negative - — AE-MC
23 nCI1-INH HAE negative - — AE-MC
24 nCI1-INH HAE negative - — AE-MC
25 nCI1-INH HAE negative — — AE-MC
26 nCI1-INH HAE negative — — AE-MC
27 nCI1-INH HAE negative — — AE-MC
28 nCI1-INH HAE negative — — AE-MC
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Table 2.8 continued

Genetic testing
Patient Initial diagnosis Sange'r GS ES Final diagnosis
sequencing
29 nC1-INH HAE negative — - AE-MC
30 nC1-INH HAE negative — - AE-MC
31 nC1-INH HAE negative — negative AE-UNK
32 nCI1-INH HAE negative — negative AE-UNK
33 nC1-INH HAE negative — negative AE-UNK
34 nC1-INH HAE negative — negative AE-UNK
35 nC1-INH HAE negative — negative AE-UNK
36 nC1-INH HAE negative — negative AE-UNK
37 nC1-INH HAE negative — negative AE-UNK
38 nC1-INH HAE negative — negative AE-UNK

HAE 1II — hereditary angioedema type 2; nC1-INH HAE — hereditary angioedema with normal C1 inhibitor;
AAE-C1INH - acquired angioedema; AE-UNK - angioedema of unknown aetiology; AE-MC -
mast cell-mediated angioedema; AE-ACEI — angiotensin-converting enzyme inhibitor-induced angioedema;
GS - genome sequencing; ES — exome sequencing.
2.11.2 Genetic testing in relatives of hereditary angioedema patients

Two first-degree relatives of HAE patients were also genetically tested. Genetic analysis
revealed a pathogenic variant in the SERPINGI gene (patients No 4 and 7), molecularly

confirming the previously asymptomatic HAE type I diagnosis. One of the relatives (patient

No 7) is a child.

2.11.3 Association of pathogenic variants with disease course

As a numerically small group of HAE patients was analysed and described, no
differences were observed between clinical symptoms, oedema localisation, disease severity,
attack intensity, oedema response to therapy, prodromal symptoms, provoking factors, and

the genetic finding.

2.12 Metabolome analysis results

Targeted quantitative metabolite analysis was performed using liquid chromatography —
mass spectrometry (LC—MYS).

Of the 52 targeted metabolites analysed, 33 metabolites, including amino acids,
acylcarnitines, and biogenic amines, were detected and quantified in all samples. No significant
differences were found between the study groups (HAE patients, patients with idiopathic
angioedema or angioedema of unknown aetiology, and healthy individuals), indicating that
the overall metabolite profiles of each group were similar.

Analysis of phenotypic characteristics (sex, age, BMI) of individuals included in
the metabolome study and angioedema course features (oedema localisation and attack

intensity) revealed no significant correlations between metabolite levels and phenotypic
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characteristics or disease course. Data used for phenotypic characteristics analysis are presented

in Table 2.9. The correlation map is shown in Figure 2.1.

Table 2.9
Characterisation of individuals included in the metabolome study
Parameter HAE Idiopathic AE . H.e a.lthy

individuals
n 10 15 20
Females 9 14 20
Males 1 1 0
Median age, years (IQR) 55 (35-62) 49 (34-56) 47 (23-67)
Median BMI kg/cm? (IQR) 26 (26-32) 26 (24-29) 26 (18-36)
Skin oedema 10 15 0
Abdominal oedema 8 0 0
Airway oedema 8 0 0
Number of oedema episodes per
year (IQR) 7 (2-39) 9(2-13) 0

Data are presented as median and IQR. HAE — hereditary angioedema; AE — angioedema; BMI — body mass
index; IQR — interquartile range.

Acetylcarnitine=] |

Propionylcarnitine
Alanine

Figure 2.1 Correlation map of metabolites and phenotypic characteristics
Mutual correlation of 33 detected metabolites and phenotypic characteristics
(age, weight, BMI — body mass index) for all individuals included in the metabolome study,
including control group participants. No statistically significant correlations were identified in the analysis.
Statistically significant differences in the concentrations of individual metabolites

between the study groups were observed when comparing patients with HAE, patients with

idiopathic angioedema, and healthy controls. The most pronounced differences were
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identified in the levels of cystine, isovalerylcarnitine, and hydroxyproline. A statistically
significant reduction in cystine levels (p < 0.01) was detected in the HAE group compared
with the control group, indicating the relevance of this metabolite in the pathogenesis of
HAE. A statistically significant decrease in isovalerylcarnitine (C5) levels (p < 0.01) was
likewise observed in the HAE group compared with the healthy control group, supporting
the potential role of C5 as a biomarker for HAE.

When analysing plasma samples from HAE patients, a statistically significant
increase in hydroxyproline levels (p < 0.05) was found compared with the healthy control
group. The study also demonstrated a markedly elevated aspartic acid level (p < 0.01) in
HAE patients compared with idiopathic angioedema patients, suggesting its potential utility
as a differential diagnostic biomarker. Differences in metabolite levels between the groups

are shown in Figure 2.2.
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Figure 2.2 Differences in metabolite levels (hydroxyproline, carnitine, creatinine,
glutamic acid, glutamine, isovalerylcarnitine, cystine, ornithine) between study groups

CNT - control group; AE — idiopathic angioedema; HAE — hereditary angioedema
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To objectively evaluate the diagnostic value of individual metabolites, ROC curve
analysis was performed. Statistical analysis revealed that the use of metabolite combinations
provided substantially higher diagnostic accuracy (p < 0.01) compared with individual
biomarker determination. Of the 11 metabolites examined, with AUC (area under the curve)
values exceeding 0.7, two specific metabolite combinations were particularly noteworthy.
The first significant combination, (hydroxyproline X cystine) / (creatinine X
isovalerylcarnitine), with a threshold value > 27.13, demonstrated high diagnostic accuracy,
with 100 % sensitivity and 90 % specificity. The second significant combination,
the glycine/asparagine ratio (Gly/Asn) > 3.763, showed 90 % sensitivity and 85.7 % specificity
for differentiating HAE from idiopathic angioedema. Notably, the observed differences in
metabolite levels were not associated with patient age. ROC analysis with metabolite

combinations is shown in Figure 2.3.
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Figure 2.3 Biomarker ROC analysis for metabolite combinations

CNT - control group; AE — idiopathic angioedema; HAE — hereditary angioedema;
OH-ProCystine/CrIVC — hydroxyproline X cystine/creatinine X isovalerylcarnitine; Gly/Asn —
glycine/asparagine; ROC — receiver operating characteristic curve; AUC — area under the curve
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3 Discussion

The Thesis is dedicated to investigating the clinical heterogeneity of HAE, elucidating its

genetic underpinnings, and identifying potential novel metabolic biomarkers.

3.1 Prevalence and clinical heterogeneity of hereditary angioedema

According to national study data, 12 HAE patients have been diagnosed in Latvia,
which, given a population of 1,862,700, constitutes a prevalence of 0.64 cases per
100 000 inhabitants. Compared with the average global prevalence of 1 in 50 000 inhabitants
or 2.0 cases per 100 000, approximately 37 patients with an HAE diagnosis would be expected
in Latvia. This discrepancy indicates that the actual prevalence in Latvia is lower than stated in
the literature or compared with studies from other European countries.

Lower HAE prevalence in Latvia compared with other developed countries is explained
by inadequate disease recognition and diagnostic shortcomings.

During the study, it was concluded that among known Latvian HAE patients, eight are
women and four are men. It was also concluded that women have more frequent disease attacks
and more disease days per year, which coincides with data from other studies (Aygdren-Piirsiin
et al., 2018; Kyrle & Eichinger, 2024; Nordenfelt et al., 2016). Proportional gender differences
in HAE patients could be explained by several factors and their combinations; for example,
women’s hormonal factors, particularly oestrogen levels, can intensify HAE symptoms,
triggering more frequent and severe HAE attacks than in men.

Of all patients, HAE type I was diagnosed in ten patients, corresponding to 83.3 % of
C1-INH HAE. HAE type II was diagnosed in one patient, corresponding to 16.7 % of C1-INH
HAE, which largely aligns with literature data (respectively 85 % vs 15 %) (Aygoren-Piirsiin
et al., 2018; Cicardi et al., 2014; Lumry & Settipane, 2020; Proper et al., 2020).

Although HAE is an autosomal dominant disease, de novo cases are observed in
approximately 20-25 % of cases (Batlle-Maso et al., 2025). The study identified patients from
eight mutually unrelated families, with a total of one to three individuals per family. For most
patients, HAE screening was performed on first-degree relatives, determining C4 levels,
C1-INH levels, and activity. Cascade genetic testing was also performed in two relatives.
Thanks to screening, HAE was detected in the daughter of an HAE patient, who had no HAE
symptoms during his lifetime up to age 28. HAE was also detected in a child at a very early
age. HAE screening is extremely important, reducing the risk of emergency, life-threatening
attacks. HAE screening is essential not only for symptomatic individuals but also for
asymptomatic first-degree relatives of HAE patients, as timely disease detection allows

initiation of prophylactic therapy when necessary and ensures the patient has the necessary
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information and medications in case of an attack. For investigating HAE relatives, not only
biochemical (complement C4, C1-INH level and function determination) but also genetic
testing in known HAE genes — cascade genetic testing — is used (Bocquet et al., 2025; Lyons
et al., 2023). Genetic testing can not only confirm pathogenic variants in the SERPINGI gene
but also identify pathogenic genetic variants in nC1-INH HAE cases (Bork, Machnig, et al.,
2020; Dias de Castro et al., 2024). In such cases, genetic testing is the only means of diagnosis.

Unfortunately, HAE screening activity is low in Latvia for patients with unclear
angioedema. To improve screening activity, educational campaigns are recommended,
informing healthcare professionals and the public about HAE signs, symptoms, and diagnostic
methods. Screening can also be improved by developing and implementing easily
understandable standardised uniform screening and diagnostic protocols and algorithms,
emphasising the main signs and symptoms that raise suspicion of HAE, and introducing routine
screening tests for first-degree relatives of HAE patients, as recommended in guidelines.
These measures can help identify HAE early and manage it more effectively in Latvia. Due to
low screening activity, it is possible that some HAE patients have not been identified,
particularly asymptomatic patients or patients with mild and infrequent disease attacks.

The median age of first HAE symptoms in Latvia is 15 years. For one patient, the first
HAE attack occurred at age 43, with 10 attacks per year, including airway oedema and
15 hospitalisations during lifetime. Although HAE is a hereditary disease and its first symptoms
most often manifest in childhood or adolescence, there are patients whose first attacks are
observed at a later stage of life. Late disease onset by no means indicates that the disease will
be mild and attacks infrequent. This emphasises that this diagnosis cannot be ruled out even in
patients whose first manifestations occurred well beyond childhood.

The median age of first HAE symptoms (15 years, n = 10) and the median age at HAE
diagnosis (39 years, n = 12) were also analysed to determine the time symptomatic HAE
patients spent without an accurate diagnosis. The median time to diagnosis in Latvia was
24 years (n = 10). Andrea Zanichelli et al., aggregating HAE data from 11 countries
(Austria, Brazil, Czechia, Denmark, France, Germany, Greece, Israel, Italy, Spain, and
the United Kingdom), concluded that the median time to HAE diagnosis since first symptoms
was 2.6 years (0.13 to 17.3 years) (Zanichelli et al., 2013). In the United States, the time from
first symptoms to diagnosis averages 8—10 years (Wilkerson & Moellman, 2022; Zanichelli
et al., 2018). The age at which HAE was diagnosed and the time from first symptoms to
diagnosis confirmation in Latvia indicate substantially delayed diagnosis. Reasons for delayed
HAE diagnosis in Latvia may include the disease’s rarity mentioned above, resulting in

specialists being insufficiently informed about its symptoms and diagnostic methods. Likewise,

26



nonspecific HAE symptoms such as oedema, abdominal pain, and breathing difficulties can
resemble and mimic other more common diseases, such as allergic reactions, appendicitis, or
gastrointestinal tract disorders. The variability of HAE symptoms in attack frequency, severity,
and location hinders diagnosis recognition and establishment. The relatively late age at
diagnosis and the long-time HAE patients in Latvia spend without an accurate diagnosis
significantly affect patient quality of life and overall health status.

Assessing annual attack frequency since first HAE symptoms, thereby determining
disease severity, it can be concluded that HAE manifestations among patients in Latvia are
highly variable; however, patients with > 24 attacks per year outnumber those with 1-5 attacks
per year. In a cohort of 242 HAE patients from France, the United Kingdom, Spain, Canada,
Australia, Switzerland, Germany, and Austria, it was concluded that 31.8 % experience
> 24 attacks per year (Mendivil et al., 2021). This situation indicates the need for individualised
therapy strategies to manage the disease more effectively in diverse patients. For patients with
frequent disease attacks, long-term prophylactic therapy would be appropriate. Unfortunately,
plasma-derived C1-INH, recommended in guidelines as the first-line long-term prophylaxis
agent, is not available in Latvia. In Latvia, only attenuated androgens (danazol) and
antifibrinolytic agents (tranexamic acid) are available for long-term prophylaxis, which can be
used as alternatives (Maurer et al., 2022).

Assessing the number of attacks per year in the last 12 months, HAE is classified as
mild, moderate, and severe. For the majority of Latvian patients, HAE intensity based on attack
count is moderate and severe, respectively in three and five of 10 patients. This indicates that
HAE represents a significant problem for Latvian patients, reflecting inadequate therapy
efficacy and insufficient access to the latest and most effective treatment and prophylaxis
methods. A German study concluded that severe HAE was present in approximately 20 % of
patients, in Japan 27.1 %, with the remainder of patients experiencing infrequent attacks —
accordingly, for most, the disease course is mild or moderately severe (Magerl et al., 2023;
Yamamoto et al., 2023).

HAE patients had a median of 50 disease days in the last 12 months, indicating high
disease activity and considerable severity. German HAE patients spend approximately
8-28 days per year with disease symptoms (Magerl et al., 2023). The large number of disease
days per year in Latvian patients indicates insufficient efficacy of current treatment. This may
be related to inadequate prophylactic therapy or ineffective attack abatement.

All 10 symptomatic HAE patients had been hospitalised during their lifetime. Although
the median number of hospitalisations is small, the range varies from one to as many as

20 times. Comparatively, in a Brazilian study involving 799 HAE patients, it was found that
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50.6 % of patients required at least one HAE-related hospitalisation during lifetime, of which
69 % had 1-2 hospitalisations, 16 % 3—6, and 15 % 7 or more hospitalisations (Ritter et al.,
2024). A high number of hospitalisations may indicate frequent and severe disease attacks,
inadequate outpatient disease control and prophylaxis, and limited access to effective treatment
and prophylaxis agents. Frequent and repeated hospitalisations affect not only the patient and
their quality of life but also the healthcare system economics overall, which aligns with
conclusions from the study by Antony J. Castaldo et al. (Castaldo et al., 2021). To reduce
the number of hospitalisations, it is necessary to improve outpatient disease control and access
to effective treatment and prophylaxis options.

Skin, lip, and tongue oedema has affected HAE patients in Latvia most frequently.
Most patients have also experienced abdominal and airway oedema. Patients have complained
of urogenital oedema least frequently. Analysing oedema localisation, it aligns with data from
other studies and the literature (Alonso et al., 2020; Azmy et al., 2020; Nordenfelt et al., 2016).

Prodromal symptoms were observed prior to oedema development in eight patients.
Most commonly observed were fatigue, paraesthesia/pain, abdominal pain, and nausea;
erythema marginatum less frequently. According to data from studies in other countries,
prodromal symptoms have been experienced by 68 % to 82.5 % of HAE patients, and similarly
to our study — most commonly experiencing fatigue, physical sensations at the site of swelling,
abdominal symptoms, and typical rashes — erythema marginatum (Leibovich-Nassi & Reshef,
2021; Magerl et al., 2014; Nordenfelt et al., 2016; Reshef et al., 2013).

The effect of HAE attack therapy was evaluated to demonstrate the significantly
superior efficacy of specific drugs compared with alternative agents. In contrast, prophylaxis
efficacy was low, as guideline-recommended specific prophylactic medications are unavailable,
requiring reliance on alternative therapeutic agents with limited effect (Maurer et al., 2022).
Comparing the obtained data with studies from other countries is challenging, as the spectrum
of available medications differs in each country.

Summarising AE-QoL questionnaire results, they reveal that emotional disturbances
such as fear of disease attacks, concerns about one’s health, and shame about venturing out in
public during an attack represent the primary quality-of-life aspect impacted by angioedema in
this study. Compared with other domains, fears/shame was the most prominently affected
domain, closely followed by fatigue/mood and nutrition. Functioning was relatively least
affected. HAE substantially impairs patient quality of life, and studies across various countries
provide insight into the most affected domains. For example, in a multinational study involving
countries such as Australia, Austria, Canada, France, Germany, Spain, Switzerland, and

the United Kingdom, the greatest impact on HAE patients was in the fears/shame and
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fatigue/mood domains. Fears/shame showed a mean score of 54.68 %, fatigue/mood 46.24 %,
functioning 42.46 %. In contrast, the least affected domain was nutrition, with a score of
36.16 % (Kulthanan et al., 2019; Mendivil et al., 2021; Vanya et al., 2023). These findings align
with other international studies, which frequently report high levels of anxiety, fear, and social
interaction impairment among HAE patients. Such impacts are often considered more
significant than physical well-being limitations, underscoring the disease’s considerable
emotional and social burden (Kulthanan et al., 2019; Vanya et al., 2023). Similar data from
a European study revealed that emotional disturbances were among the most affected (Mendivil
et al., 2021; Vanya et al., 2023). This highlights the need for targeted interventions to address
these specific impact areas among HAE patients. Inform HAE patients about international
support organisations that aid in improving HAE patients’ quality of life worldwide by
providing necessary support and resources.

Evaluating AECT control test results, overall HAE control in Latvia is good. This is
evidenced by the average AECT score. However, evaluating each HAE patient individually,
disease control is poor for some of them and seriously impacts these patients’ quality of life.
Therefore, the utility of the AECT test is more favourably assessed for individual evaluation of
disease course and its control over time rather than for representing overall disease control at
the national level. Unfortunately, specific average AECT results enabling direct comparison
between Latvia and other countries are not widely available in the scientific literature at present.
To obtain such a comparison, specific studies with similar criteria and methodology across
different countries would be necessary.

Evaluating AAS 28 results, angioedema activity in HAE patients in Latvia has been
moderate or low. AAS 28 results across different countries may vary depending on study
groups, geographical factors, available treatments, study design, and applied methods.
Unfortunately, specific results from this questionnaire that could be compared between
different countries are not widely available in the scientific literature.

Validation and inclusion of the AE-QoL, AECT, and AAS questionnaires in the study
were initially aimed at objectifying HAE severity, control, and activity to evaluate metabolite
differences across patient categories. Due to the small total number of study patients and their
uneven distribution across groups, this was not analysed. However, analysis of these
questionnaires was included in the HAE clinical research section of the study, with the objective
of demonstrating the multifaceted ways in which HAE disease severity can be assessed, which
depends not only on attack frequency but also on oedema localisation, duration, and impact on
patient quality of life in both physical and emotional aspects. HAE is a variable disease with

potentially frequent and severe attacks and remission periods of varying duration. Likewise,
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the introduction of these questionnaires as a standardised angioedema monitoring tool in Latvia
is regarded as a positive contribution not only to the daily clinical practice of various specialists,
including allergologists, immunologists, and dermatologists, but also to research.

The results obtained in the study indicate that symptomatic HAE patients are
characterised by a substantial comorbidity burden, reflecting this disease’s systemic impact on
the body. The comorbidity spectrum selected in the study (cardiovascular, psychoemotional,
dermatological, respiratory, and systemic pathologies) is justified by several key aspects that
reflect both the pathogenesis of HAE itself and current scientific discoveries regarding
HAE-associated comorbidities. The high prevalence of psychoemotional disorders observed in
the study — generalised anxiety in three patients, moderate anxiety in two patients, and mild
anxiety in five patients — clearly demonstrates that chronic symptoms caused by HAE and
unpredictable oedema episodes significantly affect patient mental well-being. These data align
with trends identified in international studies, which emphasise the need for regular mental
health monitoring. The prevalence of dermatological pathologies, particularly psoriasis in two
patients, may point to shared immunopathological mechanisms. Similarly, bronchial asthma
cases in two patients warrant consideration of a possible association between HAE and airway
hyperreactivity. Metabolic and gastrointestinal disorders identified in one patient, as well as
the less frequently observed cardiovascular and neurological pathologies (one patient each),
may be linked both to HAE itself and to the pharmacological therapies used for its treatment.
These results overall underscore that HAE is not merely recurrent angioedema but a systemic
condition requiring comprehensive comorbidity monitoring and an individualised treatment
approach. Future studies should preferably include a larger number of patients to more
accurately assess the prevalence of specific comorbidities and their association with HAE

clinical course and therapy efficacy.

3.2 Research on genetic causes of hereditary angioedema

Although pathogenic variants in SERPING1 are the only known cause of types I and II
HAE development, approximately 15 % of symptomatic HAE patients with reduced C1-INH
levels and/or activity fail to yield pathogenic variants even after thorough genetic investigation
(including sequencing of the entire coding and non-coding regions of the SERPING gene and
copy number variation analysis) (Bork, Machnig, et al., 2020; Lyons et al., 2023; Santacroce
et al., 2021). It should be noted that the aforementioned publications did not specify whether
clinical diagnoses were re-evaluated in all patients with negative results. Considering
the specific C1-INH-associated phenotype, we hypothesised that intragenic and extragenic
non-coding point and structural variants in the SERPINGI gene, undetectable by Sanger
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sequencing, are the cause of types I and II HAE in patients with negative genetic findings and
can be identified using GS.

Of 38 patients suspected of HAE who underwent genetic testing at various levels,
pathogenic variants in HAE genes were identified in 12 patients. In 11 cases, pathogenic
variants were detected using Sanger sequencing of known HAE genes. As in other reports,
pathogenic variants were predominantly located in exons 7 and 8 (Jiang et al., 2025; Ren et al.,
2023). To confirm the proposed hypothesis, GS was performed in three patients suspected of
HAE type I/Il with negative Sanger sequencing results. One patient had a positive genetic
finding with a deletion in exon 7 (patient No 10), which could have been detected using MLPA
analysis. No pathogenic variants were identified in the two other patients even with GS,
prompting re-evaluation of the clinical diagnosis and confirming they did not have HAE.
This finding confirms that for HAE type I/Il patients with negative genetic testing results
(no genetic variants identified in the SERPINGI gene using Sanger sequencing and MLPA or
next-generation sequencing methods encompassing single-nucleotide variants and large
deletions in the SERPINGI gene), re-evaluation of the clinical assessment and verification of
the diagnosis is necessary.

Genetic testing, particularly GS or ES sequencing, enables acquisition of comprehensive
data and simultaneous information on both gene point variants and larger deletions or
duplications. Cost-effectiveness should be evaluated for HAE types I/II, where genetic variants
are exclusively in the SERPINGI gene. Causes of angioedema are diverse; however, due to
the potential for life-threatening airway oedema severity, only HAE and medication-induced
angioedema (primarily ACEI) are critical among them (Maurer et al., 2022). Diagnosis of
medication-induced angioedema is relatively straightforward, requiring discontinuation or
replacement of the potentially causative medication with one from a different class, whereas
HAE diagnosis is considerably more complex, especially in nCI1-INH HAE cases, where
genetic testing is the sole diagnostic tool (Magerl et al., 2025; Muna et al., 2024). A negative
genetic finding provides substantial benefit in ruling out HAE; however, it must be borne in
mind that HAE, particularly nC1-INH HAE, is one of the diseases with significant discoveries
of new candidate genes over the past decade. In place of the previously known F12 gene, PLG,
ANGPTI1, KNGI1, MYOF, and HS3ST6 are now known and described (Christiansen et al., 2025;
Dias de Castro et al., 2024; Zuraw et al., 2025). Recent publications have also described
pathogenic variants in CPNI and DAB2IP genes, which play a role in nC1-INH HAE
development associated with urticaria (D’ Apolito et al., 2024; Hintze et al., 2022; Parsopoulou
et al., 2022). Our study had no patients with HAE and urticaria, thus analysis of CPN/ and
DABZ2IP genes was not targeted. In nC1-INH HAE cases, next-generation sequencing methods
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are more pertinent, as information on new genes continues to be published, and ES/GS allows
expansion of the analysed gene panel. In our study, nC1-INH HAE was molecularly confirmed
in only one patient, identifying a previously described PLG gene variant. This prompts not only
review of the disease’s clinical and laboratory course but also re-evaluation of genetic testing,
with particular attention to newly discovered candidate genes.

Two patients (patients No 13 and 14) suspected of HAE I/II, in whom no pathogenic
gene variants were detected even after structural variation (SV) and analysis of non-coding gene
regions, were carefully monitored, dynamically assessing both the clinical picture and test
results — specific for HAE and consistent with other angioedema-causing diseases and
conditions. In one patient (patient No 13), serum protein electrophoresis revealed the presence
of paraproteins. Paraproteins had not been detected in previous serum protein electrophoresis
tests. Changes in blood tests indicate an alternative aetiology for symptoms — acquired
angioedema. C1q antibodies were also determined in the patient, which were reduced, thereby
confirming the diagnosis of acquired angioedema (Patel & Pongracic, 2019; Polai et al., 2023).
In HAE cases, levels of these antibodies are typically unchanged (Maurer et al., 2022; Patel &
Pongracic, 2019). For the other patient (patient No 14) suspected of HAE-II, C1 functional
activity normalised upon repeat testing (CI1-INH activity had previously been reduced),
necessitating diagnosis review. These deviations could be related to laboratory methods,
transient fluctuations, or sample storage and transport conditions. Transient, particularly mild
fluctuations in C1-INH level or function can also be caused by various inflammatory processes,
including chronic infections or chronic or subclinical autoimmune disorders, even if classical
markers are negative. Since C1-INH is produced in the liver, mild liver function impairments
can cause changes in its level or function without substantial impact on C4 levels. Likewise,
C1-INH can be excessively excreted in urine, particularly in nephrotic syndrome. Medication
effects, such as oestrogen preparations as oral contraceptives or hormone replacement therapy,
can influence C1-INH synthesis; similarly, ACEls (e. g. enalapril, ramipril, etc.) can cause
angioedema even if C1-INH level and function are only mildly reduced (Durmaz & Sevimli,
2025; Maurer et al., 2022; Sinnathamby et al., 2023). The patient’s current confirmed diagnosis
is angioedema of unknown cause.

For patient No 15 suspected of HAE type II, in whom Sanger sequencing failed to
identify pathogenic variants, the newly diagnosed HIV is considered one of the reasons for
moderately reduced CI1-INH activity. Likewise, ACEIs in the currently used combined

antihypertensive therapy may serve as a cause or provoking factor for recurrent oedema.
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Of 24 genetically tested patients with clinical suspicion of nC1-INH HAE (including
recurrent oedema unresponsive to antihistamines and glucocorticoids, abdominal oedema
and/or positive family history), pathogenic variants were detected in one patient (No 12).
The pathogenic PLG gene variant identified in this patient matches changes described in
scientific sources associated with nC1-INH HAE. One of the most common variants,
NM 000301.5(PLG):c.988A>G (p.Lys330Glu), also identified in our study patient, causes
functional changes in plasminogen leading to enhanced bradykinin formation and,
consequently, characteristic HAE symptoms. According to available literature, pathogenic PLG
gene variants are detected in approximately 3—5 % of patients with nC1-INH HAE, indicating
their relatively rare occurrence. This discovery is significant for planning the patient’s further
diagnostic and treatment strategy (Bork et al., 2018; Farkas et al., 2021; Hintze et al., 2022).

For patients in whom no pathogenic variants were identified, diagnoses are reviewed
not only by long-term monitoring and symptom correction where possible but also by repeating
tests that might indicate an alternative cause of angioedema.

Our study involved a relatively small number of patients, and conclusions are based on
this limited sample group. To obtain a broader and more detailed perspective, it is necessary to
expand the study and include a larger number of patients to gain deeper insight into the genetic

causes of HAE.

3.3  Identification of metabolic biomarkers

Specific metabolites were selected for the study based on their roles in various
biochemical processes and potential association with angioedema, including HAE.
The metabolites included in the analysis were primarily amino acids, acylcarnitines, and
biogenic amines, as these molecules play key roles in metabolism, antioxidant systems, and
immune response pathways — critical factors in angioedema pathogenesis (Jans et al., 2022;
Mordaunt et al., 2020). Furthermore, the metabolite panel used in the study is a standard tool
for newborn screening, ensuring its broad availability and applicability in other laboratories and
medical institutions (Jans et al., 2022; Mordaunt et al., 2020; Schonig et al., 2013).

The study identified a statistically significant reduction in cystine levels (p < 0.01) in
the HAE patient group compared with the control group, suggesting the importance of this
metabolite in HAE pathogenesis. The reduced cystine level may be associated with several
pathophysiological mechanisms. First, elevated oxidative stress in HAE may lead to increased
cysteine consumption for glutathione synthesis. Second, cystine deficiency could be linked to
excessive activation of the complement system and bradykinin pathway, characteristic of HAE.

Third, alterations in cystine metabolism may arise from endothelial dysfunction manifesting as
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dysregulation of disulphide bonds. Future studies should focus on cystine level changes during
attacks and its association with C1-inhibitor activity (McBean & Flynn, 2001; Yu & Long, 2016).

The statistically significant reduction in isovalerylcarnitine (C5) levels (p < 0.01) in
the HAE patient group compared with the healthy control group confirms C5 as a potential
HAE biomarker. Our study’s results align with those obtained by Xue Wang and co-authors in
urine metabolome studies, affirming C5’s potential role as an HAE biomarker (Wang & Zhi,
2022). Pathophysiological mechanisms potentially explaining the C5 level reduction in HAE
include accelerated leucine metabolism associated with plasmin activation and increased
proteolysis due to Cl-inhibitor deficiency, as well as mitochondrial dysfunction induced by
elevated bradykinin concentrations causing f-oxidation impairment (Smith-Byrne et al., 2022;
Wang & Zhi, 2022; J. Wu et al., 2024). In a diagnostic context, the combination of C5 with
other metabolites, particularly hydroxyproline and cystine, demonstrated high diagnostic
accuracy, suggesting potential use as an HAE diagnostic biomarker. Future studies should
explore broader correlations between C5 levels and kallikrein-kinin system activity.

Analysis of blood plasma samples from HAE patients revealed a statistically significant
elevation in hydroxyproline levels (p < 0.05) compared with the healthy control group.
The hydroxyproline level changes observed in our study may be linked to several
pathophysiological mechanisms. First, elevated bradykinin concentrations in HAE may
stimulate collagen breakdown, releasing hydroxyproline. Second, oxidative stress characteristic
of HAE may impair collagen structural integrity, promoting its degradation. In a diagnostic
context, hydroxyproline level changes in combination with other metabolites (particularly
cystine) demonstrated high diagnostic accuracy. Notably, the OH-Pro/creatinine ratio shows
potential as an HAE diagnostic biomarker. These results suggest that collagen metabolism
disturbances represent one aspect of HAE pathogenesis, opening new avenues for both disease
diagnosis and therapy efficacy assessment (Hu et al., 2022; Langrock & Hoffmann, 2019;
Z. Wuetal., 2019).

The study identified a significantly elevated aspartic acid level (p < 0.01) in HAE
patients compared with idiopathic angioedema patients. Our research suggests that aspartic acid
may aid in differentiating HAE from idiopathic angioedema. These differences may be
associated with several pathophysiological mechanisms. First, elevated aspartic acid levels may
reflect accelerated protein catabolism triggered by activation of proteolytic processes linked to
Cl-inhibitor deficiency. Second, it may indicate disruptions in nitrogen metabolism associated
with increased nitric oxide production in endothelial cells in HAE. In clinical practice, these
findings offer several opportunities. First, aspartic acid level changes could serve as a new

diagnostic indicator in HAE differential diagnosis. Second, they could be used for monitoring
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therapy efficacy and selecting personalised therapy. Future studies could focus on aspartic
acid’s association with bradykinin pathway activity and its role in regulating endothelial
function in HAE (Holecek, 2023a; Yang & Zubarev, 2010).

To evaluate the diagnostic value of individual metabolites, ROC curve analysis was
performed, revealing that combined metabolite indices achieve substantially higher diagnostic
accuracy compared with single biomarker use. Among 11 analysed metabolites with AUC
values above 0.7, two metabolite combinations showed particularly promising results for
HAE diagnostics. The first significant combination — (hydroxyproline x cystine)/(creatinine x
isovalerylcarnitine) — exhibited outstanding diagnostic accuracy with 100 % sensitivity and
90 % specificity.

The second significant combination — the glycine/asparagine ratio (Gly/Asn) —
demonstrated substantial diagnostic value, manifesting as 90 % sensitivity and 85.7 %
specificity for distinguishing HAE from idiopathic angioedema.

Use of biomarker combinations provides a more comprehensive view of disease
pathogenesis and opens new opportunities in differential diagnosis. These indicators are
particularly valuable in severe HAE forms or when clinical manifestations are nonspecific, as
well as in situations requiring rapid differential diagnosis among various angioedema types.
Future studies could focus on exploring the dynamics of this metabolite profile during attacks,
along with its association with Cl-inhibitor activity and kallikrein-kinin system activation.
Such an approach could create new opportunities for early disease diagnosis and therapy
efficacy monitoring (Holecek, 2023a; Hyung et al., 2004; Kikuchi et al., 2008; Yang &
Zubarev, 2010).

The obtained results indicate that metabolic alterations in HAE are complex and affect
multiple interconnected metabolic pathways. Joint analysis of several metabolites offers
considerable diagnostic advantages, enabling not only more accurate disease identification but
also more objective assessment of its progression dynamics and prediction of therapy efficacy.
This approach is particularly relevant in clinical practice, where standard diagnostic methods
are often insufficiently sensitive. Future studies should prioritise validation of the obtained data
in larger and more diverse patient populations to ensure result reliability. Equally important
would be investigating metabolite level dynamics across different disease stages, particularly
during attacks, which could uncover new pathogenetic mechanisms. Another promising avenue
is detailed correlation analysis between specific metabolites and Cl-inhibitor activity,
potentially fostering development of novel therapeutic approaches. This study demonstrates
that the metabolomics approach, especially combined analysis of multiple metabolites, creates

new opportunities for HAE diagnosis and differential diagnosis. The identified metabolic
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differences not only enhance early diagnostic capabilities but also provide a foundation for
personalised treatment strategies tailored to each patient’s unique metabolic profile. Moreover,
the findings substantially enrich our understanding of HAE pathogenesis, opening new research
avenues aimed at improving diagnostic precision and therapy efficacy, thereby enhancing

patient quality of life.

36



Conclusions

. The prevalence of HAE in Latvia is lower than reported in the literature and in comparison,

with epidemiological studies from other countries.

. Clinical manifestations of HAE in Latvia, encompassing angioedema distribution,

prodromal symptoms, and triggering factors, aligned with previously described literature

findings; conversely, the diagnostic delay — defined by the time elapsed from initial
presentation to confirmed diagnosis — was substantially longer in the Latvian cohort
compared to international comparative studies.

. Causal variants in the SERPINGI gene were detected in patients with HAE types I and 11

using standard genetic analysis. Among the nC1-INH HAE patient group, molecular

diagnosis was confirmed in one individual through identification of a pathogenic variant in
the PLG gene.

. Genome and exome sequencing performed as part of advanced genetic analysis did not yield

additional pathogenic variants in the HAE patient group. Upon clinical diagnosis review

following negative genetic results in HAE type I/Il patients, alternative actiologies
accounting for the clinical presentation were identified.

. Metabolomic analysis revealed characteristic alterations in the metabolite profiles of HAE

patients compared with control groups, highlighting the diagnostic utility of metabolomic

analysis for identifying this rare disorder:

a) altered levels of isovalerylcarnitine, hydroxyproline, and cysteine distinguish HAE
patients from healthy controls and patients with idiopathic angioedema, indicating their
potential utility as diagnostic biomarkers for HAE;

b) metabolite ratio combinations, particularly the (hydroxyproline x cystine) / (creatinine X
isovalerylcarnitine) ratio (OH-Pro x Cystine)/(Cr x IVC), may provide adjunctive

diagnostic criteria for enhanced HAE diagnosis.
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Proposals

1. To promote the recognition of HAE and facilitate timely diagnostic establishment,
comprehensive and recurring educational initiatives targeting both multidisciplinary
healthcare professionals and the general public must be implemented, encompassing HAE
clinical manifestations, diagnostic approaches, and available therapeutic options.

2. The establishment of screening protocols targeting patients presenting with angioedema of
undetermined origin and relatives of HAE-affected individuals would constitute a valuable
tool for enhancing HAE diagnostic recognition.

3. Further investigation is warranted to elucidate mechanisms underlying genetically negative
HAE cases. Research strategies should include:

a) expanding patient cohorts through international collaboration with specialised hereditary
angioedema centres;

b) implementing longitudinal clinical reassessment with extended follow-up to monitor
diagnostic stability and disease evolution;

c) investigating epigenetic modifications, microRNA-mediated regulation, and
environmental factors contributing to HAE pathogenesis;

d) the underlying disease aetiology in genetic-negative HAE patients may involve
dysregulated gene expression or gene-gene interactions not directly attributable to
detected noncoding or structural variants. Consequently, investigation of transcriptional
regulatory mechanisms and protein-protein interaction networks would be valuable for
elucidating disease pathogenesis.

4. To confirm the specificity and sensitivity of the metabolomic findings and ensure their
diagnostic accuracy, validation in an independent prospective cohort is recommended.
Furthermore, metabolomic analysis of HAE patients should be compared not only with
patients presenting idiopathic angioedema, but also with distinct angioedema phenotypes,
particularly those mediated by bradykinin and mast cell-derived mediators. Additionally,
metabolite level alterations should be compared between acute disease exacerbations and
remission periods to characterise dynamic metabolomic signatures associated with disease
activity.

5. To substantiate the clinical significance of these findings, enrolment of larger patient cohorts
through multi-centre collaboration with specialised HAE centres is recommended. This
expanded multi-centre approach would enable investigation of metabolomic associations
with HAE clinical classification, pathogenic variant characteristics, and disease severity
status, thereby advancing understanding of disease pathogenesis and supporting

implementation of precision medicine strategies in HAE management.

38



List of publications, reports and patents on the topic of the Thesis

Publications:

1.

Kanepa, A., Nartisa, 1., Rots, D., Gailite, L., Farkas, H., Kurjane, N. 2023. National survey on
clinical and genetic characteristics of patients with hereditary angioedema in Latvia. Allergy Asthma
Clin Immunol. 19, 28 (2023). DOI:10.1186/s13223-023-00783-6.

Rozevska, M., Kanepa, A., Purina, S., Gailite, L., Nartisa, I., Farkas, H., Rots, D., Kurjane, N. 2024.
Hereditary or acquired? Comprehensive genetic testing assists in stratifying angioedema patients.
Allergy Asthma Clin Immunol. 2024 Mar 30;20(1):28. doi: 10.1186/s13223-024-00889-5.

Kanepa, A., Fan, J., Rots, D., Vaska, A., Ansone, L., Briviba, M., Klovins, J., Kurjane, N.*, Klavins,
K.*. 2024. Exploring disease-specific metabolite signatures in hereditary angioedema patients.
Front Immunol. 2024 Apr 25;15:1324671. doi: 10.3389/fimmu.2024.1324671.

Lapina, L., Kanepa, A., Zolovs, M., Buttgereit, T., Kurjane, N. 2025. Adaptation and Linguistic
Validation of Angioedema PROMs in Latvian for Assessing Recurrent Angioedema. J Clin Med.
2025 Feb 19;14(4):1375. doi: 10.3390/jcm14041375.

Kurjane, N., Kanepa, A., Purina, S., Lapina, L., Ress, K., Savisaar, M., Gasiuniene, E., Bajoriuniene,
I., Linauskiene, K., Chomiciene, A., Gradauskiene, B., Malinauskiene, L. Epidemiological and
clinical characteristics of hereditary angioedema in the Baltic states. Front Immunol. 2026 Feb
25;17:1696479. doi: 10.3389/fimmu.2026.1696479. PMID: 41822472.

Reports and theses at international congresses and conferences:

1.

Kanepa, A., Purina, S., Rots, D., Nartisa, 1., Gailite, L., Kurjane, N. 2021. Abdominal attacks as
a first manifestation of hereditary angioedema: case report. Riga Stradin$ University International
Research Conference on Medical and Health Care Sciences “Knowledge for Use in Practice”.
24.-26.03.2021.

Kanepa, A., Malinauskiene, L., Sitkauskiene, B., Bajoriuniene, 1., Purina, S., Lozovskis, V., Milta,
S., Kurjane, N. 2021. Hereditary angioedema in Latvia and Lithuania. 79th Scientific Conference
of the University of Latvia. The International Scientific Conference on Medicine. 23.-24.04.2021.,
Medicina (Kaunas) 2021; 57(Supplement 1):82.

Kanepa, A., Gailite, L., Nartisa, I., Isakova, J., Rots, D., Kurjane, N. 2021. Clinical and genetic
diversity of hereditary angioedema in Latvia. 12th Cl-inhibitor Deficiency & Angioedema Online
Workshop. 3.-6.06.2021.

Kanepa, A., Malinauskiene, L., Sitkauskiene, B., Bajoriuniene, 1., Ress, K., Savisaar, M., Purina,
S., Milta, S., Kurjane, N. 2021. Hereditary angioedema in the Baltic states. The European Academy
of Allergy and Clinical Immunology (EAACI) hybrid congress. 10.—12.07.2021.

Kurjane, N., Kanepa, A., Nartisa, ., Gailite, L.. 2022. Hereditary angioedema: complicated diagnosis
even in the era of genomic testing. The European Academy of Allergy and Clinical Immunology
(EAACI) hybrid congress 2022. 1.-3.07.2022.

Kanepa, A., Kurjane, N., Ansone, L., Jingzhi, F., Klovins, J., Klavins, K. 2023. Altered Blood
Metabolome in Hereditary Angioedema Patients. Riga Stradin$ University International Research
Conference on Medical and Health Care Sciences “Knowledge for Use in Practice”. 29.—31.03.2023.

Kanepa, A., Kurjane, N. Quality of life in patients with hereditary angioedema in Latvia. 2023. 13th
C1-Inhibitor Deficiency and Angioedema Workshop. Abstracts, 4.—7.05.2023., 158.

Purina, S., Kanepa, A., Ziedone, G., Rots, D., Gailite, L., Kurjane, N. 2023. Case report from
Latvia — Hereditary angioedema with a mutation in the plasminogen gene 2023. 13th C1-Inhibitor
Deficiency and Angioedema Workshop. Abstracts, 4.—7.05.2023., 193.

Kanepa, A., Purina, S., Kurjane, N. 2025. Comorbidities in Hereditary Angioedema (HAE) Patients
in Latvia: A Clinical and Epidemiological Assessment. Riga Stradin$ University International
Research Conference on Medical and Health Care Sciences “Knowledge for Use in Practice”.
24.-28.03.2025.

39



10.

11.

12.

13.

14.

References

Alonso, M. L. O., Valle, S. O. R., Tértora, R. P., Grumach, A. S., Franga, A. T., & Ribeiro, M. G.
(2020). Hereditary angioedema: a prospective study of a Brazilian single-center cohort.
International Journal of Dermatology, 59(3), 341-344. https://doi.org/10.1111/ijd. 14676

Alseekh, S., Aharoni, A., Brotman, Y., Contrepois, K., D’Auria, J., Ewald, J., C. Ewald, J., Fraser,
P. D., Giavalisco, P., Hall, R. D., Heinemann, M., Link, H., Luo, J., Neumann, S., Nielsen, J., Perez
de Souza, L., Saito, K., Sauer, U., Schroeder, F. C., ... Fernie, A. R. (2021). Mass
spectrometry-based metabolomics: a guide for annotation, quantification and best reporting practices.
Nature Methods 2021 18:7, 18(7), 747-756. https://doi.org/10.1038/s41592-021-01197-1

Ariano, A., D’ Apolito, M., Bova, M., Bellanti, F., Loffredo, S., D’ Andrea, G., Intrieri, M., Petraroli,
A., Maffione, A. B., Spadaro, G., Santacroce, R., & Margaglione, M. (2020). A myoferlin gain-of-
function variant associates with a new type of hereditary angioedema. Allergy, 75(11), 2989-2992.
https://doi.org/10.1111/ALL.14454

Aygoren-Piirstin, E., Magerl, M., Maetzel, A., & Maurer, M. (2018). Epidemiology of
Bradykinin-mediated angioedema: A systematic investigation of epidemiological studies.
Orphanet Journal of Rare Diseases, 13(1). https://doi.org/10.1186/s13023-018-0815-5

Azmy, V., Brooks, J. P., & Hsu, F. I. (2020). Clinical presentation of hereditary angioedema.
Allergy and Asthma Proceedings, 41(6), S18—S21. https://doi.org/10.2500/AAP.2020.41.200065

Bagger, F. O., Borgwardt, L., Jespersen, A. S., Hansen, A. R., Bertelsen, B., Kodama, M., &
Nielsen, F. C. (2024). Whole genome sequencing in clinical practice. BMC Medical Genomics,
17(1). https://doi.org/10.1186/S12920-024-01795-W

Batlle-Maso, L., Perurena-Prieto, J., Vifias-Giménez, L., Aguilo-Cucurull, A., Fernandez-Alvarez,
P., Gil-Serrano, J., Guilarte, M., & Colobran, R. (2025). De Novo or inherited: gonosomal
mosaicism in hereditary angioedema due to C1 inhibitor deficiency. Frontiers in Immunology, 16,
1550380. https://doi.org/10.3389/FIMMU.2025.1550380

Bellanti, J. A., & Settipane, R. A. (2021). Hereditary angioedema again revisited. Allergy and
Asthma Proceedings, 42(2), 105-107. https://doi.org/10.2500/AAP.2021.42.210009

Bellanti, J. A., & Settipane, R. A. (2025). From burden to breakthrough: Advances in hereditary
angioedema, drug allergy, and allergic disease prevention. Allergy and Asthma Proceedings, 46(3),
161-164. https://doi.org/10.2500/AAP.2025.46.250030

Betschel, S. D., Banerji, A., Busse, P. J.,, Cohn, D. M., & Magerl, M. (2023). Hereditary
Angioedema: A Review of the Current and Evolving Treatment Landscape. Journal of Allergy and
Clinical Immunology: In Practice, 11(8), 2315-2325. https://doi.org/10.1016/j.jaip.2023.04.017

Bocquet, A., Pagnier, A., Boccon-Gibod, 1., Defendi, F., Dumestre-Perard, C., Hardy, G., &
Bouillet, L. (2025). Early diagnosis of hereditary angioedema in children: genetic testing should be
prioritized. Allergy, Asthma, and Clinical Immunology : Official Journal of the Canadian Society
of Allergy and Clinical Immunology, 21(1). https://doi.org/10.1186/S13223-025-00950-X

Bork, K., Anderson, J. T., Caballero, T., Craig, T., Johnston, D. T., Li, H. H., Longhurst, H. J.,
Radojicic, C., & Riedl, M. A. (2021). Assessment and management of disease burden and quality
of life in patients with hereditary angioedema: a consensus report. Allergy, Asthma, and Clinical
Immunology : Official Journal of the Canadian Society of Allergy and Clinical Immunology, 17(1).
https://doi.org/10.1186/S13223-021-00537-2

Bork, K., Machnig, T., Wulff, K., Witzke, G., Prusty, S., & Hardt, J. (2020). Clinical features of
genetically characterized types of hereditary angioedema with normal C1 inhibitor: a systematic
review of qualitative evidence. Orphanet Journal of Rare Diseases, 15(1). https://doi.org/10.1186/
s13023-020-01570-x

Bork, K., Wulff, K., Mohl, B. S., Steinmiiller-Magin, L., Witzke, G., Hardt, J., & Meinke, P. (2021).
Novel hereditary angioedema linked with a heparan sulfate 3-O-sulfotransferase 6 gene mutation.
The Journal of Allergy and Clinical Immunology, 148(4), 1041-1048. https://doi.org/10.1016/
JJACIL.2021.01.011

40



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

Bork, K., Wulff, K., Rossmann, H., Steinmiiller-Magin, L., Brenne, 1., Witzke, G., & Hardt, J.
(2019). Hereditary angioedema cosegregating with a novel kininogen 1 gene mutation changing
the N-terminal cleavage site of bradykinin. Allergy, 74(12), 2479-2481. https://doi.org/10.1111/
ALL.13869

Bork, K., Wulff, K., Steinmiiller-Magin, L., Branne, 1., Staubach-Renz, P., Witzke, G., & Hardt,
J. (2018). Hereditary angioedema with a mutation in the plasminogen gene. Allergy, 73(2),
442-450. https://doi.org/10.1111/ALL.13270

Bork, K., Wulff, K., Witzke, G., Machnig, T., & Hardt, J. (2020). Treatment of patients with
hereditary angioedema with the ¢.988A>G (p.Lys330Glu) variant in the plasminogen gene.
Orphanet Journal of Rare Diseases, 15(1), 52. https://doi.org/10.1186/S13023-020-1334-8

Bouillet, L., & Gompel, A. (2013). Hereditary Angioedema in Women. Specific Challenges.
In Immunology and Allergy Clinics of North America (Vol. 33, Issue 4, pp. 505-511).
https://doi.org/10.1016/j.iac.2013.07.006

Broderick, L., Foster, A., Waldman, L. T., Bordone, L., & Yarlas, A. (2025). The adolescent
experience of hereditary angioedema: a qualitative study of disease burden and treatment
experience. Orphanet Journal of Rare Diseases, 20(1), 16. https://doi.org/10.1186/S13023-025-
03539-0

Bygum, A. (2009). Hereditary angio-oedema in Denmark: A nationwide survey. British Journal of
Dermatology, 161(5), 1153—1158. https://doi.org/10.1111/j.1365-2133.2009.09366.x

Caballero, T. (2021). Treatment of hereditary angioedema. Journal of Investigational Allergology
and Clinical Immunology, 31(1), 1-16. https://doi.org/10.18176/jiaci.0653

Caballero, T., Aberer, W., Longhurst, H. J., Maurer, M., Zanichelli, A., Perrin, A., Bouillet, L.,
Andresen, 1., Arcoleo, F., Bova, M., Cicardi, M., Cillari, E., Montinaro, V., Marone, G., Blanchard
Delauny, C., Boccon-Gibod, I., Coppere, B., Dzviga, C., Fain, O., ... Lorenzo, L. (2017).
The Icatibant Outcome Survey: experience of hereditary angioedema management from six
European countries. Journal of the European Academy of Dermatology and Venereology, 31(7),
1214. https://doi.org/10.1111/JDV.14251

Castaldo, A. J., Jervelund, C., Corcoran, D., Boysen, H. B., Christiansen, S. C., & Zuraw, B. L.
(2021). Assessing the cost and quality-of-life impact of on-demand—only medications for adults
with hereditary angioedema. Allergy and Asthma Proceedings, 42(2), 108. https://doi.org/10.2500/
AAP.2021.42.200127

Centrala statistikas parvalde. (n.d.). Retrieved August 3, 2024, from https://www.csp.gov.lv/lv

Chen, J., Wang, R., Zhang, S., Wang, Y., Chen, Y., Zhang, X., & Lyu, C. (2025). Four patients
with hereditary angioedema with different initial symptoms and clinical features. World Journal of
Emergency Medicine, 16(3), 283-285. https://doi.org/10.5847/WJEM.J.1920-8642.2025.060

Cheng, X., Yang, L., Huang, G., Jin, Y., Hao, X., & Wang, M. (2016). Genetic analysis of
a hereditary factor XII deficiency pedigree of a consanguineous marriage due to a homozygous
F12 gene mutation: Gly341Arg. https://doi.org/10.1080/10245332.2016.1265210

Christiansen, S. C., Banerji, A., Bernstein, J. A., Busse, P. J., Craig, T., Li, H. H., Davis-Lorton,
M., Lumry, W. R., Riedl, M. A., & Zuraw, B. L. (2025). Hereditary Angioedema With Normal C1
Inhibitor: A Quarter Century of Forward Progress and Persisting Obstacles. Journal of Allergy and
Clinical Immunology: In Practice. https://doi.org/10.1016/j.jaip.2025.02.036

Christiansen, S. C., & Zuraw, B. L. (2020). Hereditary angioedema: On-demand treatment of
angioedema attacks. Allergy and Asthma Proceedings, 41(6), S26—S29. https://doi.org/10.2500/
AAP.2020.41.200066

Christiansen, S. C., & Zuraw, B. L. (2023). Hereditary Angioedema: A Test of Our Progress.
Journal of Allergy and Clinical Immunology: In Practice, 11(10), 3211-3212. https://doi.org/
10.1016/j.jaip.2023.07.036

41



30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chularojanamontri, L., Kulthanan, K., Tuchinda, P., Rujitharanawong, C., Munprom, K.,
Pochanapan, O., Panjapakkul, W., Maurer, M., & Weller, K. (2023). The validity and reliability of
a Thai version of the Angioedema Control Test: Which recall period is preferable? Asian Pacific
Journal of Allergy and Immunology. https://doi.org/10.12932/AP-270822-1442

Cicardi, M., Aberer, W., Banerji, A., Bas, M., Bernstein, J. A., Bork, K., Caballero, T., Farkas, H.,
Grumach, A., Kaplan, A. P., Riedl, M. A., Triggiani, M., Zanichelli, A., & Zuraw, B. (2014).
Classification, diagnosis, and approach to treatment for angioedema: Consensus report from
the Hereditary Angioedema International Working Group. Allergy: European Journal of Allergy
and Clinical Immunology, 69(5), 602—616. https://doi.org/10.1111/all.12380

ClinVar. (n.d.). Retrieved June 20, 2025, from https://www.ncbi.nlm.nih.gov/clinvar/

Costanzo, G., Sambugaro, G., & Firinu, D. (2024). Hereditary angioedema due to Cl-inhibitor
deficiency: Current therapeutic approaches. Current Opinion in Allergy and Clinical Immunology.
https://doi.org/10.1097/ACI.0000000000001042

D’Apolito, M., Santacroce, R., Vazquez, D. O., Cordisco, G., Fantini, C. A., D’Andrea, G.,
Leccese, A., Colia, A. L., Martinez, P., Zanichelli, A., Josviack, D., & Margaglione, M. (2024).
DAB2IP associates with hereditary angioedema: Insights into the role of VEGF signaling in HAE
pathophysiology. The Journal of Allergy and Clinical Immunology, 154(3), 698-706.
https://doi.org/10.1016/J.JACIL.2024.05.017

Demir, S., Eyice-Karabacak, D., Kocatiirk, E., Unal, D., Toprak, I. D., Korkmaz, P., Aslan, A. F.,
Imren, I. G., Dikicier, B., Kahveci, N., Oztop, N., Kara, R. O, Issever, H., Maurer, M., Weller, K.,
& Gelincik, A. (2024). Monitoring recurrent angioedema: Findings from the Turkish angioedema
control test validation study. Clinical and Translational Allergy, 14(3). https://doi.org/10.1002/
CLT2.12342

Demir, S., Olgag, M., Yegit, O. O., Toprak, I. D., Cakmak, M. E., Hormet, M. 1., Oztop, N,
Korkmaz, P., Celik, S. K., Karabacak, D. E., Kahveci, N., Imren, I. G., Erden, B., Coskun, R.,
Karadag, P., Unal, D., & Gelincik, A. (2025). Prediction of hereditary angioedema during attacks
in patients with recurrent angioedema: Awareness at a glance with the hereditary angioedema
prediction score. Clinical and Translational Allergy, 15(4). https://doi.org/10.1002/CLT2.70040

Dias de Castro, E., Pinhal, A. L., Braganga, M., Parente Freixo, J., & Martinho, A. (2024).
Hereditary angioedema with normal Cl-inhibitor: Clinical and genetic characterization of 15
Portuguese unrelated families. Annals of Allergy, Asthma & Immunology : Olfficial Publication of
the American College of Allergy, Asthma, & Immunology. https://doi.org/10.1016/J.ANAL
2024.01.027

Dickeson, S. K., Kumar, S., Sun, M. fu, Litvak, M., He, T. Z., Phillips, D. R., Roberts, E. T., Feener,
E. P., Law, R. H. P., & Gailani, D. (2024). A mechanism for hereditary angioedema caused by
a methionine-379-to-lysine substitution in kininogens. Blood, 143(7), 641-650. https://doi.org/
10.1182/BLOOD.2023022254

Duan, Q. L., Binkley, K., & Rouleau, G. A. (2009). Genetic analysis of Factor XII and bradykinin
catabolic enzymes in a family with estrogen-dependent inherited angioedema. Journal of Allergy
and Clinical Immunology, 123(4), 906-910. https://doi.org/10.1016/j.jaci.2008.12.010

Durmaz, M. S. B., & Sevimli, N. (2025). Attack frequency and associated factors in hereditary
angioedema patients: a single-centre experience. Postepy Dermatologii i Alergologii, 42(1), 75-82.
https://doi.org/10.5114/ADA.2024.144488

Farkas, H., Déczy, A., Szabo, E., Varga, L., & Csuka, D. (2021). Screening for Plasminogen
Mutations in Hereditary Angioedema Patients. Genes, 12(3). https://doi.org/10.3390/
GENES12030402

Fijen, L. M., Vera, C., Buttgereit, T., Bonnekoh, H., Maurer, M., Magerl, M., & Weller, K. (2023).
Sensitivity to change and minimal clinically important difference of the angioedema control test.
https://doi.org/10.1002/clt2.12295

42



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

Fisch, S. A., Rundle, A. G., Neugut, A. 1., & Freedberg, D. E. (2025). Worldwide Prevalence of
Hereditary Angioedema: A Systematic Review and Meta-Analysis. International Archives of
Allergy and Immunology. https://doi.org/10.1159/000543321

Greve, J., Kinaciyan, T., Maurer, M., Dillenburger, B., Recke, A., Schoffl, C., Greve, J., Maurer,
M., Recke, A., & Schoffl, C. (2022). Expert consensus on prophylactic treatment of hereditary
angioedema The authors. Allergo J Int, 31, 233-242. https://doi.org/10.1007/s40629-022-00223-8

GrivCeva-Panovska, V., Kosnik, M., Korosec, P., Andrejevié, S., Karadza-Lapi¢, L., & Rijavec, M.
(2018). Hereditary angioedema due to Cl-inhibitor deficiency in Macedonia: clinical
characteristics, novel SERPING1 mutations and genetic factors modifying the clinical phenotype.
Annals of Medicine, 50(3), 269-276. https://doi.org/10.1080/07853890.2018.1449959

Grombirikova, H., Bily, V., Soucek, P., Kramarek, M., Hakl, R., Ballonova, L., Ravcukova, B.,
Ricna, D., Kozena, K., Kratochvilova, L., Sobotkova, M., Zachova, R., Kuklinek, P., Kralickova,
P., Krecmova, 1., Hanzlikova, J., Vachova, M., Krystufkova, O., Dankova, E., ... Freiberger, T.
(2023). Systematic Approach Revealed SERPING1 Splicing-Affecting Variants to be Highly
Represented in the Czech National HAE Cohort. Journal of Clinical Immunology, 43(8), 1974.
https://doi.org/10.1007/S10875-023-01565-W

Grumach, A. S., Riedl, M. A., Cheng, L., Jain, S., Nova Estepan, D., & Zanichelli, A. (2025).
Hereditary angioedema diagnosis: Reflecting on the past, envisioning the future. The World Allergy
Organization Journal, 18(6), 101060. https://doi.org/10.1016/j.waojou.2025.101060

Grumach, A. S., Veronez, C. L., Csuka, D., & Farkas, H. (n.d.). Angioedema Without Wheals:
Challenges in Laboratorial Diagnosis. Front Immunol. 2021 Dec 8;12:785736. https://doi.org/
10.3389/fimmu.2021.785736

Guan, X., Sheng, Y., Liu, S., He, M., Chen, T., & Zhi, Y. (2024). Epidemiology, economic, and
humanistic burden of hereditary angioedema: a systematic review. Orphanet Journal of Rare
Diseases, 19(1), 1-20. https://doi.org/10.1186/S13023-024-03265-Z/TABLES/4

Guasch-Ferré, M., Zheng, Y., Ruiz-Canela, M., Hruby, A., Martinez-Gonzalez, M. A., Clish, C.
B., Corella, D., Estruch, R., Ros, E., Fito, M., Dennis, C., Morales-Gil, I. M., Aroés, F., Fiol, M.,
Lapetra, J., Serra-Majem, L., Hu, F. B., & Salas-Salvad¢, J. (2016). Plasma acylcarnitines and risk
of cardiovascular disease: effect of Mediterranean diet interventions. The American Journal of
Clinical Nutrition, 103(6), 1408. https://doi.org/10.3945/AJCN.116.130492

HAE. (n.d.). Retrieved March 3, 2022, from http://angioedema.lv
HAE International. (n.d.). Retrieved August 3, 2024, from https://haei.org/

Hashimura, C., Kiyohara, C., Fukushi, J. I., Hirose, T., Ohsawa, 1., Tahira, T., & Horiuchi, T.
(2021). Clinical and genetic features of hereditary angioedema with and without Cl-inhibitor
(C1-INH) deficiency in Japan. In Allergy: European Journal of Allergy and Clinical Immunology
(Vol. 76, Issue 11, pp. 3529-3534). John Wiley and Sons Inc. https://doi.org/10.1111/all.15034

Hintze, S., Mohl, B. S., Beyerl, J., Wulff, K., Wieser, A., Bork, K., & Meinke, P. (2022). Mutant
plasminogen in hereditary angioedema is bypassing FXIl/kallikrein to generate bradykinin.
Frontiers in Physiology, 13, 1090732. https://doi.org/10.3389/fphys.2022.1090732

Holecek, M. (2023a). Aspartate-glutamate carrier 2 (citrin): a role in glucose and amino acid metabolism
in the liver. BMB Reports, 56(7), 385-391. https://doi.org/10.5483/BMBRep.2023-0052

Hole¢ek, M. (2023b). Aspartic Acid in Health and Disease. Nutrients, 15(18), 4023.
https://doi.org/10.3390/NU15184023

Honda, D., Li, P. H., Jindal, A. K., Katelaris, C. H., Zhi, Y. X., Thong, B. Y. H., & Longhurst, H.
J. (2024). Uncovering the true burden of hereditary angioedema due to Cl-inhibitor deficiency:
A focus on the Asia-Pacific region. Journal of Allergy and Clinical Immunology, 153(1), 42-54.
https://doi.org/10.1016/j.jaci.2023.09.039

Honda, D., Ohsawa, 1., Mano, S., Rinno, H., Tomino, Y., & Suzuki, Y. (2021). Cut-off value of
Cl-inhibitor function for the diagnosis of hereditary angioedema due to Cl-inhibitor deficiency.
Intractable and Rare Diseases Research, 10(1), 42—47. https://doi.org/10.5582/IRDR.2020.03099

43



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Hu, S., He, W., & Wu, G. (2022). Hydroxyproline in animal metabolism, nutrition, and cell
signaling. Amino Acids, 54(4), 513-528. https://doi.org/10.1007/s00726-021-03056-x

Hyung, H. L., Do, J. K., Hyung, J. A., Jun, Y. H., & Se, W. S. (2004). Crystal structure of T-protein
of the glycine cleavage system: Cofactor binding, insights into H-protein recognition, and
molecular basis for understanding nonketotic hyperglycinemia. Journal of Biological Chemistry,
279(48), 50514-50523. https://doi.org/10.1074/jbc.M409672200

Iwamoto, H., Okihara, M., Akashi, 1., Kihara, Y., Konno, O., Kawachi, S., Sunamura, M., &
Sugimoto, M. (2022). Metabolomic Profiling of Plasma, Urine, and Saliva of Kidney
Transplantation Recipients. International Journal of Molecular Sciences, 23(22). https://doi.org/
10.3390/1JMS232213938

Jacobs, J., & Neeno, T. (2021). The importance of recognising and managing a rare form of
angioedema: hereditary angioedema due to Cl-inhibitor deficiency. Postgraduate Medicine,
133(6), 639-650. https://doi.org/10.1080/00325481.2021.1905364

Jans, J. J., Broeks, M. H., & Verhoeven-Duif, N. M. (2022). Metabolomics in diagnostics of inborn
metabolic disorders. Current Opinion in Systems Biology. 2022;29:100409. https://doi.org/
10.1016/j.coisb.2021.100409

Jiang, L., Dai, C., Duan, S., Wang, T., Xie, C., Zhang, L., Ye, Z., Ma, X., & Shi, Y. (2025).
Correction To: Uncovering a novel SERPING1 pathogenic variant: insights into the aggregation of
CI1-INH in hereditary angioedema. Orphanet Journal of Rare Diseases, 20(1), 52. https://doi.org/
10.1186/S13023-025-03572-Z

Kanepa, A., Fan, J., Rots, D., Vaska, A., Ansone, L., Briviba, M., Klovins, J., Kurjane, N., &
Klavins, K. (2024). Exploring disease-specific metabolite signatures in hereditary angioedema
patients. Frontiers in Immunology, 15. https://doi.org/10.3389/FIMMU.2024.1324671

Kaplan, A. P.,, & Maas, C. (2017). The search for biomarkers in hereditary angioedema.
In Frontiers in Medicine (Vol. 4, Issue NOV). Frontiers Media S.A. https://doi.org/
10.3389/fmed.2017.00206

Kertz, S., Bigda-Peyton, J., & Bjorgvinsson, T. (2013). Validity of the generalized anxiety
disorder-7 scale in an acute psychiatric sample. Clinical Psychology and Psychotherapy, 20(5),
456-464. https://doi.org/10.1002/cpp.1802

Kikuchi, G., Motokawa, Y., Yoshida, T., & Hiraga, K. (2008). Glycine cleavage system: reaction
mechanism, physiological significance, and hyperglycinemia. Proceedings of the Japan Academy.
Series B, Physical and Biological Sciences, 8§4(7), 246—263. https://doi.org/10.2183/PJAB.84.246

Kulthanan, K., Chularojanamontri, L., Rujitharanawong, C., Weerasubpong, P., Maurer, M., &
Weller, K. (2019). Angioedema quality of life questionnaire (AE-QoL) - interpretability and
sensitivity to change. Health and Quality of Life Outcomes, 17(1). https://doi.org/10.1186/S12955-
019-1229-3

Kyrle, P. A., & Eichinger, S. (2024). Hereditary angioedema: beyond swelling. Blood, 144(4),
354-355. https://doi.org/10.1182/blood.2024024958

Langrock, T., & Hoffmann, R. (2019). Analysis of Hydroxyproline in Collagen Hydrolysates.
Methods in Molecular Biology (Clifton, N.J.), 2030, 47-56. https://doi.org/10.1007/978-1-4939-
9639-1 5

Launay, D., Bouillet, L., Boccon-Gibod, 1., Trumbic, B., Gobert, D., & Fain, O. (2023). Hereditary
angioedema and its new treatments: An update. Revue de Medecine Interne, 44(7), 344-353.
https://doi.org/10.1016/j.revmed.2023.01.020

Leibovich-Nassi, 1., & Reshef, A. (2021). The Enigma of Prodromes in Hereditary Angioedema
(HAE). In Clinical Reviews in Allergy and Immunology (Vol. 61, Issue 1, pp. 15-28). Springer.
https://doi.org/10.1007/s12016-021-08839-4

Leiherer, A., Muendlein, A., Saely, C. H., Laaksonen, R., Fraunberger, P., & Drexel, H. (2024).
Ceramides improve cardiovascular risk prediction beyond low-density lipoprotein cholesterol.
European Heart Journal Open, 4(1), oeae001. https://doi.org/10.1093/EHJOPEN/OEAEQ01

44



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Lewerenz, J., Hewett, S. J., Huang, Y., Lambros, M., Gout, P. W., Kalivas, P. W., Massie, A.,
Smolders, 1., Methner, A., Pergande, M., Smith, S. B., Ganapathy, V., & Maher, P. (2013).
The Cystine/Glutamate Antiporter System xc— in Health and Disease: From Molecular
Mechanisms to Novel Therapeutic Opportunities. Antioxidants & Redox Signaling, 18(5), 522.
https://doi.org/10.1089/ARS.2011.4391

Li, H. H. (2020). Hereditary angioedema: Long-term prophylactic treatment. Allergy and Asthma
Proceedings, 41, S35-S37. https://doi.org/10.2500/AAP.2020.41.200092

Lindstrom, H. (2024). Metabolomics: Open Access Commentary Metabolomics as a Tool for
Identifying Novel Biomarkers in Neurodegenerative Diseases. https://doi.org/10.37421/2153-
0769.2024.14.396

Longhurst, H., & Cicardi, M. (2012). Hereditary angio-oedema. In The Lancet (Vol. 379, Issue
9814, pp. 474-481). Elsevier B.V. https://doi.org/10.1016/S0140-6736(11)60935-5

Longhurst, H. J., Tarzi, M. D., Ashworth, F., Bethune, C., Cale, C., Dempster, J., Gompels, M.,
Jolles, S., Seneviratne, S., Symons, C., Price, A., & Edgar, D. (2015). C1 inhibitor deficiency: 2014
United Kingdom consensus document. Clinical and Experimental Immunology, 180(3), 475—483.
https://doi.org/10.1111/CEIL. 12584

Lopez Lera, A. (2021). Pathophysiology and underlying mechanisms in hereditary angioedema.
Balkan Medical Journal, 38(2), 82—88. https://doi.org/10.4274/BALKANMEDJ.GALENOS.
2020.2020.10.166

Lumry, W. R., & Settipane, R. A. (2020). Hereditary angioedema: Epidemiology and burden of
disease. Allergy and Asthma Proceedings, 41(6), S8-S13. https://doi.org/10.2500/AAP.
2020.41.200050

Lyons, J. J., Farkas, H., Germenis, A. E., Rijavec, M., Smith, T. D., & Valent, P. (2023). Genetic
Variants Leading to Urticaria and Angioedema and Associated Biomarkers. Journal of Allergy and
Clinical Immunology: In Practice, 11(8), 2286-2301. https://doi.org/10.1016/j.jaip.2023.05.031

Magerl, M., Doumoulakis, G., Kalkounou, 1., Weller, K., Church, M. K., Kreuz, W., & Maurer, M.
(2014). Characterization of prodromal symptoms in a large population of patients with hereditary
angio-oedema. Clinical and Experimental Dermatology, 39(3), 298-303. https://doi.org/10.1111/
ced.12285

Magerl, M., Martinez-Saguer, 1., Schauf, L., Pohl, S., & Brendel, K. (2023). The current situation
of hereditary angioedema patients in Germany: results of an online survey. Frontiers in Medicine,
10. https://doi.org/10.3389/FMED.2023.1274397/FULL

Magerl, M., Riedl, M. A., Arruda, L. K., Bauer, A., Berardi, A., Bernstein, J. A., Bouillet, L.,
Buckland, M., Buttgereit, T., Cohn, D. M., Craig, T., Criado, R. F., Du-Thanh, A., Fain, O.,
Gongalo, M., Greve, J., Grumach, A. S., Guilarte, M., Katelaris, C., ... Maurer, M. (2025). Global
frequency, diagnosis, and treatment of hereditary angioedema with normal C1 inhibitor.
The Journal of Allergy and Clinical Immunology. Global, 4(3). https://doi.org/10.1016/
J.JACIG.2025.100446

Mak, H. W. F., Wong, J. C. Y., So, S. W. M., Lam, D. L. Y., Weller, K., Maurer, M., & Li, P. H.
(2024). Validation and correlations of the Angioedema Activity Score (AAS), Angioedema Quality
of Life (AE-QoL) questionnaire, and Angioedema Control Test (AECT) in Chinese patients with
angioedema. The Journal of Allergy and Clinical Immunology. Global, 3(4), 100295.
https://doi.org/10.1016/j.jacig.2024.100295

Manning, M. E. (2020). Hereditary angioedema: Differential diagnosis, diagnostic tests, and family
screening. Allergy and Asthma Proceedings, 41(6), S22-S25. https://doi.org/10.2500/
AAP.2020.41.200062

Mathur, D., Liao, C., Lin, W., La Ferlita, A., Alaimo, S., Taylor, S., Zhong, Y., lacobuzio-Donahue,
C., Ferro, A., & Xavier, J. B. (2023). The Ratio of Key Metabolic Transcripts Is a Predictive
Biomarker of Breast Cancer Metastasis to the Lung. Cancer Research, 83(20), 3478-3491.
https://doi.org/10.1158/0008-5472.CAN-23-0153

45



89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

Maurer, M., Magerl, M., Betschel, S., Aberer, W., Ansotegui, 1. J., Aygoren-Piirsiin, E., Banerji,
A., Bara, N. A., Boccon-Gibod, 1., Bork, K., Bouillet, L., Boysen, H. B., Brodszki, N., Busse, P. J.,
Bygum, A., Caballero, T., Cancian, M., Castaldo, A., Cohn, D. M., ... Craig, T. (2022).
The international WAO/EAACI guideline for the management of hereditary angioedema —
The 2021 revision and update. Allergy: European Journal of Allergy and Clinical Immunology,
77(7), 1961-1990. https://doi.org/10.1111/all.15214

McBean, G. J., & Flynn, J. (2001). Molecular mechanisms of cystine transport. Biochemical Society
Transactions, 29(Pt 6), 717. https://doi.org/10.1042/0300-5127:0290717

Mendivil, J., Murphy, R., de la Cruz, M., Janssen, E., Boysen, H. B., Jain, G., Aygoéren-Piirsiin, E.,
Hirji, 1., & Devercelli, G. (2021). Clinical characteristics and burden of illness in patients with
hereditary angioedema: findings from a multinational patient survey. Orphanet Journal of Rare
Diseases, 16(1). https://doi.org/10.1186/S13023-021-01717-4

Mordaunt, D., Cox, D., & Fuller, M. (2020). Metabolomics to Improve the Diagnostic Efficiency
of Inborn Errors of Metabolism. Int J Mol Sci. 2020 Feb 11;21(4):1195. https://doi.org/
10.3390/ijms21041195

Mormile, 1., Suffritti, C., & Bova, M. (2025). Exploring the management of recurrent angioedema
caused by different mechanisms. Current Opinion in Allergy and Clinical Immunology, 25(1).
https://doi.org/10.1097/ACI.0000000000001047

MOXIE. (n.d.). Retrieved June 3, 2022, from https://moxie-gmbh.de

Muna, N. D., Ahmed, T. A., Madaka, S. K., Nimer, T. Z., Hamdan, S. 1., Ghaith, S. N., Alshaer, T.
J., & Naqib, M. (2024). Hereditary Angioedema With a Normal Complement Level. Cureus, 16(1).
https://doi.org/10.7759/CUREUS.52291

Nordenfelt, P., Nilsson, M., Bjorkander, J., Mallbris, L., Lindfors, A., & Wahlgren, C. F. (2016).
Hereditary angioedema in swedish adults: Report from the national cohort. Acta
Dermato-Venereologica, 96(4), 540-545. https://doi.org/10.2340/00015555-2274

Obtulowicz, K., Ksigzek, T., Bogdali, A., Dyga, W., Czarnobilska, E., & Juchacz, A. (2021).
Genetic variants of SERPING1 gene in Polish patients with hereditary angioedema due to C1

inhibitor deficiency. Central European Journal of Immunology, 45(3), 301-309. https://doi.org/
10.5114/CEJI1.2020.101252

Pagnier, A., Dermesropian, A., Kevorkian-Verguet, C., Bourgoin-Heck, M., Hoarau, C., Reumaux,
H., Nugues, F., Audouin-Pajot, C., Blanc, S., Carbasse, A., Jurquet, A. L., Voidey, M., Villedieu,
M., Bouillet, L., & Boccon-Gibod, I. (2024). Hereditary angioedema in children: Review and
practical perspective for clinical management. Pediatric Allergy and Immunology : Official
Publication of the European Society of Pediatric Allergy and Immunology, 35(12).
https://doi.org/10.1111/PAIL.14268

Parsopoulou, F., Loules, G., Zamanakou, M., Csuka, D., Szilagyi, A., Kompoti, M., Porebski, G.,
Psarros, F., Magerl, M., Valerieva, A., Staevska, M., Obtulowicz, K., Maurer, M., Speletas, M.,
Farkas, H., & Germenis, A. E. (2022). Searching for Genetic Biomarkers for Hereditary
Angioedema Due to Cl-Inhibitor Deficiency (CI1-INH-HAE). Frontiers in Allergy, 3.
https://doi.org/10.3389/FALGY.2022.868185

100. Patel, G., & Pongracic, J. A. (2019). Hereditary and acquired angioedema. Allergy and Asthma

Proceedings, 40(6), 441-445. https://doi.org/10.2500/aap.2019.40.4267

101. Polai, Z., Kajdacsi, E., Cervenak, L., Balla, Z., Benedek, S., Varga, L., & Farkas, H. (2023).

Cl-inhibitor/Cl-inhibitor antibody complexes in acquired angioedema due to Cl-inhibitor
deficiency. Orphanet Journal of Rare Diseases, 18(1), 1-9. https://doi.org/10.1186/S13023-023-
02625-5/FIGURES/2

102. Proper, S. P., Lavery, W. J., & Bernstein, J. A. (2020). Definition and classification of hereditary

angioedema. Allergy and Asthma Proceedings, 41(6), S3—S7. https://doi.org/10.2500/AAP.2020.
41.200040

46



103.Qiu, S., Cai, Y., Yao, H., Lin, C., Xie, Y., Tang, S., & Zhang, A. (2023). Small molecule
metabolites: discovery of biomarkers and therapeutic targets. Signal Transduction and Targeted
Therapy 2023 8:1, 8(1), 1-37. https://doi.org/10.1038/s41392-023-01399-3

104. Radojicic, C., & Anderson, J. (2024). Hereditary angioedema with normal C1 esterase inhibitor:
Current paradigms and clinical dilemmas. Allergy and Asthma Proceedings, 45(3), 147-157.
https://doi.org/10.2500/aap.2024.45.240010

105. Razak, M. A., Begum, P. S., Viswanath, B., & Rajagopal, S. (2017). Multifarious Beneficial Effect
of Nonessential Amino Acid, Glycine: A Review. Oxidative Medicine and Cellular Longevity,
2017, 1716701. https://doi.org/10.1155/2017/1716701

106.Ren, Z., Zhao, S., Li, T., Wedner, H. J., & Atkinson, J. P. (2023). Insights into the pathogenesis of
hereditary angioedema using genetic sequencing and recombinant protein expression analyses.
The Journal of Allergy and Clinical Immunology, 151(4), 1040-1049.¢e5. https://doi.org/10.1016/
JJACL2022.11.027

107. Reshef, A., Buttgereit, T., Betschel, S. D., Caballero, T., Farkas, H., Grumach, A. S., Hide, M.,
Jindal, A. K., Longhurst, H., Peter, J., Riedl, M. A., Zhi, Y., Aberer, W., Abuzakouk, M., Al Farsi,
T., Al Sukaiti, N., Al-Ahmad, M., Altrichter, S., Aygoren-Piirsiin, E., ... Maurer, M. (2024).
Definition, acronyms, nomenclature, and classification of angioedema (DANCE): AAAAIL
ACAAI, ACARE, and APAAACI DANCE consensus. Journal of Allergy and Clinical
Immunology, 154(2), 398-411.el. https://doi.org/10.1016/J.JACIL.2024.03.024

108. Reshef, A., Prematta, M. J., & Craig, T. J. (2013). Signs and symptoms preceding acute attacks of
hereditary angioedema: Results of three recent surveys. Allergy and Asthma Proceedings, 34(3),
261-266. https://doi.org/10.2500/aap.2013.34.3663

109. Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., Grody, W. W., Hegde, M.,
Lyon, E., Spector, E., Voelkerding, K., & Rehm, H. L. (2015). Standards and guidelines for
the interpretation of sequence variants: A joint consensus recommendation of the American College

of Medical Genetics and Genomics and the Association for Molecular Pathology. Genetics in
Medicine, 17(5), 405—424. https://doi.org/10.1038/gim.2015.30

110. Ritter, A. M. V., Silva, S., de Paula, R., Senra, J., Carvalho, F., Ribeiro, T., & Valle, S. O. R. (2024).
A real-world study of hereditary angioedema patients due to C1 inhibitor deficiency treated with
danazol in the Brazilian Public Health System. Frontiers in Medicine, 11, 1343547. https://doi.org/
10.3389/FMED.2024.1343547/FULL

111.Roche, O., Blanch, A., Caballero, T., Sastre, N., Callejo, D., & Loépez-Trascasa, M. (2005).
Hereditary angioedema due to C1 inhibitor deficiency: Patient registry and approach to
the prevalence in Spain. Annals of Allergy, Asthma and Immunology, 94(4), 498-503.
https://doi.org/10.1016/S1081-1206(10)61121-0

112. Rozevska, M., Kanepa, A., Purina, S., Gailite, L., Nartisa, 1., Farkas, H., Rots, D., & Kurjane, N.
(2024). Hereditary or acquired? Comprehensive genetic testing assists in stratifying angioedema
patients. Allergy, Asthma and Clinical Immunology, 20(1). https://doi.org/10.1186/s13223-024-
00889-5

113. Samec, N., Krapez, G., Skubic, C., JovCevska, 1., & Videti¢ Paska, A. (2025). From Biomarker
Discovery to Clinical Applications of Metabolomics in Glioblastoma. Metabolites, 15(5), 295.
https://doi.org/10.3390/METABO15050295

114. Santacroce, R., D’Andrea, G., Maffione, A. B., Margaglione, M., & d’Apolito, M. (2021).
The Genetics of Hereditary Angioedema: A Review. Journal of Clinical Medicine, 10(9).
https://doi.org/10.3390/jcm10092023

115. Sarkar, A., Nwagwu, C., & Craig, T. (2023). Hereditary Angioedema: A Disease Often
Misdiagnosed and Mistreated. Primary Care - Clinics in Office Practice, 50(2), 295-303.
https://doi.org/10.1016/j.pop.2022.11.005

116. Schmaier, A. H., McCarty, O., Maurer, M., Bygum, A., Busse, P., & Caballero, T. (2017). Disease
Severity, Activity, impact, and Control and How to Assess Them in Patients with Hereditary
Angioedema. Article, 4, 1. https://doi.org/10.3389/fmed.2017.00212

47



117. Schoffl, C., Haas, A., Herrmann, M., & Aberer, W. (2021). The crux of C1-INH testing in everyday
lab work. Journal of Immunological Methods, 497. https://doi.org/10.1016/j.jim.2021.113109

118. Schoffl, C., Wiednig, M., Koch, L., Blagojevic, D., Duschet, P., Hawranek, T., Kinaciyan, T.,
Ollinger, A., & Aberer, W. (2019). Hereditary angioedema in Austria: prevalence and regional
peculiarities. JDDG - Journal of the German Society of Dermatology, 17(4), 416-423.
https://doi.org/10.1111/ddg.13815

119. Schoénig, S., Recke, A., Hirose, M., Ludwig, R. J., & Seeger, K. (2013). Metabolite analysis
distinguishes between mice with epidermolysis bullosa acquisita and healthy mice. Orphanet
Journal of Rare Diseases, 8(1). https://doi.org/10.1186/1750-1172-8-93

120. Sharma, J., Jindal, A. K., Banday, A. Z., Kaur, A., Rawat, A., Singh, S., & Longhurst, H. (2021).
Pathophysiology of Hereditary Angioedema (HAE) Beyond the SERPING1 Gene. Clinical
Reviews in Allergy & Immunology, 60(3), 305-315. https://doi.org/10.1007/S12016-021-08835-8

121. Sharma, R., Basu, S., Tyagi, R., Siniah, S., Barman, P., Sil, A., Machhua, S., Chawla, S.,
Pandiarajan, V., Pilania, R. K., Sharma, S., Dhaliwal, M., Suri, D., Rawat, A., Kumaran, S. M.,
Dogra, S., Singh, S., & Jindal, A. K. (2025). Quality of life in patients with hereditary angioedema
correlates with angioedema control: Our experience at Chandigarh, India. Asia Pacific Allergy,
15(1), 1-6. https://doi.org/10.5415/APALLERGY.0000000000000172

122. Singh, U., & Bernstein, J. A. (2022). Determining biomarkers for evaluation and diagnosis of
hereditary angioedema. Clinical and Translational Allergy, 12(10). https://doi.org/10.1002/
clt2.12202

123. Sinnathamby, E. S., Issa, P. P., Roberts, L., Norwood, H., Malone, K., Vemulapalli, H.,
Ahmadzadeh, S., Cornett, E. M., Shekoohi, S., & Kaye, A. D. (2023). Hereditary Angioedema:
Diagnosis, Clinical Implications, and Pathophysiology. Advances in Therapy, 40(3), 814-827.
https://doi.org/10.1007/s12325-022-02401-0

124. Smith-Byrne, K., Cerani, A., Guida, F., Zhou, S., Agudo, A., Aleksandrova, K., Barricarte, A.,
Barranco, M. R., Bochers, C. H., Gram, I. T., Han, J., Amos, C. 1., Hung, R. J., Grankvist, K., Ngst,
T. H., Imaz, L., Chirlaque-Lopez, M. D., Johansson, M., Kaaks, R., Richards, J. B. (2022).
Circulating Isovalerylcarnitine and Lung Cancer Risk: Evidence from Mendelian Randomization
and Prediagnostic Blood Measurements. Cancer Epidemiology, Biomarkers & Prevention :
A Publication of the American Association for Cancer Research, Cosponsored by the American
Society of Preventive Oncology, 31(10), 1966—1974. https://doi.org/10.1158/1055-9965.EPI-21-
1033

125. Speletas, M., Boukas, K., Papadopoulou-Alataki, E., Tsitsami, E., & Germenis, A. E. (2009).
Hereditary angioedema in Greek families caused by novel and recurrent mutations. Human
Immunology, 70(11), 925-929. https://doi.org/10.1016/j.humimm.2009.08.010

126. Szabo, E., Csuka, D., Andrasi, N., Varga, L., Farkas, H., & Szilagyi, A. (2022). Overview of
SERPING1 Variations Identified in Hungarian Patients With Hereditary Angioedema. Frontiers in
Allergy, 3, 836465. https://doi.org/10.3389/falgy.2022.836465

127. Trifonova, O. P., Maslov, D. L., Balashova, E. E., & Lokhov, P. G. (2023). Current State and Future
Perspectives on Personalized Metabolomics. Metabolites, 13(1), 67. https://doi.org/10.3390/
METABO13010067

128. Ulmer, C. Z., Maus, A., Hines, J., & Singh, R. (2021). Challenges in Translating Clinical
Metabolomics Data Sets from the Bench to the Bedside. Clinical Chemistry, 67(12), 1581.
https://doi.org/10.1093/CLINCHEM/HVAB210

129. Uminski, K., Betschel, S., & Goodyear, D. (2025). Hereditary angioedema. CMAJ : Canadian
Medical Association Journal = Journal de [’Association Medicale Canadienne, 197(15),
E417-E418. https://doi.org/10.1503/CMAJ.241815

130. Vanya, M., Watt, M., Shahraz, S., Kosmas, C. E., Rhoten, S., Costa-Cabral, S., Menauthoril, J.,
Devercelli, G., & Weller, K. (2023). Content validation and psychometric evaluation of
the Angioedema Quality of Life Questionnaire for hereditary angioedema. Journal of
Patient-Reported Outcomes, 7(1). https://doi.org/10.1186/S41687-023-00576-W

48



131. Vatsiou, S., Zamanakou, M., Loules, G., Psarros, F., Parsopoulou, F., Csuka, D., Valerieva, A.,
Staevska, M., Porebski, G., Obtulowicz, K., Magerl, M., Maurer, M., Speletas, M., Farkas, H., &
Germenis, A. E. (2020). A novel deep intronic SERPINGI1 variant as a cause of hereditary
angioedema due to Cl-inhibitor deficiency. Allergology International, 69(3), 443-449.
https://doi.org/10.1016/j.alit.2019.12.009

132. Veronez, C. L., Csuka, D., Sheikh, F. R., Zuraw, B. L., Farkas, H.,, & Bork, K. (2021).
The Expanding Spectrum of Mutations in Hereditary Angioedema. The Journal of Allergy and
Clinical Immunology. In Practice, 9(6), 2229-2234. https://doi.org/10.1016/J.JAIP.2021.03.008

133. Wang, & Zhi. (2022). Altered Urinary Metabolomics in Hereditary Angioedema. Metabolites,
12(11). https://doi.org/10.3390/METABO12111140

134. Weller, K., Donoso, T., Magerl, M., Aygoren-Piirsiin, E., Staubach, P., Martinez-Saguer, 1., Hawro,
T., Altrichter, S., Krause, K., Siebenhaar, F., Metz, M., Zuberbier, T., Freier, D., & Maurer, M.
(2020). Validation of the Angioedema Control Test (AECT)-A Patient-Reported Outcome
Instrument for Assessing Angioedema Control. The Journal of Allergy and Clinical Immunology.
In Practice, 8(6), 2050-2057.e4. https://doi.org/10.1016/J.JAIP.2020.02.038

135. Wentzel, N., Panieri, A., Ayazi, M., Ntshalintshali, S. D., Pourpak, Z., Hawarden, D., Potter, P.,
Levin, M. E., Fazlollahi, M. R., & Peter, J. (2019). Fresh frozen plasma for on-demand hereditary
angioedema treatment in South Africa and Iran. The World Allergy Organization Journal, 12(9).
https://doi.org/10.1016/J. WAOJOU.2019.100049

136. Wilkerson, R. G., & Moellman, J. J. (2022). Hereditary Angioedema. Emergency Medicine Clinics
of North America, 40(1), 99—118. https://doi.org/10.1016/j.emc.2021.09.002

137. Wilkerson, R. G., & Moellman, J. J. (2023). Hereditary Angioedema. Immunology and Allergy
Clinics of North America, 43(3), 533-552. https://doi.org/10.1016/j.iac.2022.10.012

138. Wood, J., Smith, S. J., Castellanos-Uribe, M., Lourdusamy, A., May, S. T., Barrett, D. A., Grundy,
R. G., Kim, D. H., & Rahman, R. (2024). Metabolomic characterisation of the glioblastoma
invasive margin reveals a region-specific signature. Heliyon, 11(1). https://doi.org/10.1016/
J.HELIYON.2024.E41309

139. Wu, G., Bazer, F. W., Burghardt, R. C., Johnson, G. A., Kim, S. W., Knabe, D. A, Li, P, Li, X,
McKnight, J. R., Satterfield, M. C., & Spencer, T. E. (2011). Proline and hydroxyproline
metabolism: Implications for animal and human nutrition. Amino Acids, 40(4), 1053-1063.
https://doi.org/10.1007/s00726-010-0715-z

140. Wu, J., Tang, X., Zhou, N., Wang, X., Liu, P., Zhang, Z., Zhang, S., & Zhi, Y. (2024). Study of
Urinary Protein Biomarkers in Hereditary Angioedema. Journal of Investigational Allergology &
Clinical Immunology, 35(5), 0. https://doi.org/10.18176/jiaci.1032

141. Wu, Z., Hou, Y., Dai, Z., Hu, C. A. A., & Wu, G. (2019). Metabolism, Nutrition, and Redox
Signaling of Hydroxyproline. Antioxidants & Redox Signaling, 30(4), 674—682. https://doi.org/
10.1089/ARS.2017.7338

142. Yamamoto, B., Honda, D., Ohsawa, 1., Iwamoto, K., Horiuchi, T., Fukunaga, A., Maehara, J.,
Yamashita, K., & Hide, M. (2023). Burden of illness seen in hereditary angioedema in Japanese
patients: Results from a patient reported outcome survey. Intractable & Rare Diseases Research,
12(1), 35. https://doi.org/10.5582/IRDR.2022.01130

143. Yang, H., & Zubarev, R. A. (2010). Mass spectrometric analysis of asparagine deamidation and
aspartate isomerization in polypeptides. Electrophoresis, 31(11), 1764—1772. https://doi.org/
10.1002/ELPS.201000027

144.Yu, X., & Long, Y. C. (2016). Crosstalk between cystine and glutathione is critical for
the regulation of amino acid signaling pathways and ferroptosis. Scientific Reports, 6.
https://doi.org/10.1038/srep30033

145. Zafra, H. (2022). Hereditary Angioedema: A Review. Wisconsin Medical Journal, 121(1), 48-53.

49



146. Zanichelli, A., Arcoleo, F., Barca, M. P., Borrelli, P., Bova, M., Cancian, M., Cicardi, M., Cillari,
E., De Carolis, C., De Pasquale, T., Del Corso, 1., Di Rocco, P. C., Guarino, M. D., Massaro, 1.,
Minale, P., Montinaro, V., Neri, S., Perricone, R., Pucci, S., ... Zoli, A. (2015). A nationwide
survey of hereditary angioedema due to C1 inhibitor deficiency in Italy. In Orphanet Journal of
Rare Diseases (Vol. 10, Issue 1). BioMed Central Ltd. https://doi.org/10.1186/s13023-015-0233-x

147. Zanichelli, A., Magerl, M., Longhurst, H., Fabien, V., & Maurer, M. (2013). Hereditary
angioedema with CI1 inhibitor deficiency: delay in diagnosis in Europe. http://www.aaci
journal.com/content/9/1/29

148. Zanichelli, A., Magerl, M., Longhurst, H. J., Aberer, W., Caballero, T., Bouillet, L., Bygum, A.,
Grumach, A. S., Botha, J., Andresen, 1., & Maurer, M. (2018). Improvement in diagnostic delays
over time in patients with hereditary angioedema: Findings from the Icatibant Outcome Survey.
Clinical and Translational Allergy, 8(1). https://doi.org/10.1186/s13601-018-0229-4

149. Zhang, H., Liu, S., Lin, C., Luo, S., Yang, L., Jin, Y., Zhu, L., & Wang, M. (2019). Compound
heterozygous mutations Glu502Lys and Met527Thr of the FXII gene in a patient with factor XII
deficiency. Hematology (United Kingdom), 24(1), 420-425. https://doi.org/10.1080/1607
8454.2019.1598679

150. Zuraw, B. L., Bork, K., Bouillet, L., Christiansen, S. C., Farkas, H., Germenis, A. E., Grumach, A.
S., Kaplan, A., Lopez-Lera, A., Magerl, M., Riedl, M. A., Adatia, A., Banerji, A., Betschel, S.,
Boccon-Gibod, 1., Bova, M., Boysen, H. B., Caballero, T., Cancian, M., ... Maurer, M. (2025).
Hereditary Angioedema with Normal C1 Inhibitor: an Updated International Consensus Paper on
Diagnosis, Pathophysiology, and Treatment. Clinical Reviews in Allergy & Immunology, 68(1).
https://doi.org/10.1007/S12016-025-09027-4

50



	Abbreviations used in the Thesis
	Introduction
	Aim of the Thesis
	Objectives of the Thesis
	Hypotheses of the Thesis
	Novelty of the Thesis

	1 Materials and Methods
	1.1 Study participants
	1.2 Clinical data collection
	1.3 Evaluation of treatment effectiveness
	1.4 Laboratory sample collection and analysis
	1.5 Quality of life, disease activity, and control questionnaires
	1.6 Comorbidity assessment in hereditary angioedema patients
	1.7 Diagnosis and classification of hereditary angioedema
	1.8 Control groups
	1.9 Latvian population
	1.10 Genetic testing
	1.11 Metabolomic analysis
	1.12 Statistical analysis

	2 Results
	2.1 Prevalence of hereditary angioedema in Latvia
	2.2 Types of hereditary angioedema
	2.3 Demographic and clinical data of hereditary angioedema patients
	2.4 Clinical presentation and trigger factors of hereditary angioedema
	2.5 Treatment and prophylaxis
	2.6 Quality of life
	2.7 Angioedema control
	2.8 Angioedema activity
	2.9 Comorbidities in hereditary angioedema patients
	2.10 Genetic testing
	2.11 Genetic testing in patients with hereditary angioedema types I/II
	2.11.1 Genetic Testing in Patients with nC1-INH HAE
	2.11.2 Genetic testing in relatives of hereditary angioedema patients
	2.11.3 Association of pathogenic variants with disease course

	2.12 Metabolome analysis results

	3 Discussion
	3.1 Prevalence and clinical heterogeneity of hereditary angioedema
	3.2 Research on genetic causes of hereditary angioedema
	3.3 Identification of metabolic biomarkers

	Conclusions
	Proposals
	List of publications, reports and patents on the topic of the Thesis
	References



