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Abstract

Hereditary angioedema (HAE) poses diagnostic challenges due to its episodic, non-specific symptoms and
overlapping conditions. This study focuses on the genetic basis of HAE, particularly focusing on unresolved
cases and those with normal C1-inhibitor levels (nC1-INH HAE). This study reveals that conventional testing
identified pathogenic variants in only 10 patients (n=32), emphasizing the necessity for an integrative approach
using genome, exome, and transcriptome sequencing. Despite extensive genetic analyses, the diagnostic yield
for nC1-INH HAE remains low in our study, the pathogenic variant for nC1-INH HAE was identified in only 1
patient (n=21). Investigation into candidate genes yielded no pathogenic variants, prompting a re-evaluation of
patients’ diagnoses. This study advocates for a nuanced approach to genetic testing, recognizing its limitations
and emphasizing the need for continuous clinical assessment. The complex genetic landscape of nC1-INH HAE
necessitates further research for a more comprehensive understanding. In conclusion, this study contributes
valuable insights into the genetic intricacies of HAE, highlighting the challenges in diagnosis and the evolving
nature of the disease. The findings underscore the importance of advanced sequencing techniques and an
integrated diagnostic strategy in unravelling the complexities of HAE, particularly in nC1-INH HAE cases.
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Introduction

Hereditary angioedema (HAE) is a rare [1] monogenic
disorder characterised by spontaneous or provoked
angioedema attacks affecting different body parts such
as the face, upper airways, limbs, genitals, and gastroin-
testinal tract. HAE can be life-threatening, especially if
oedema affects the upper airways leading to asphyxiation
[2, 3] In most of bradykinin causes blood vessel leakage,
leading to localised swelling and angioedema in various
body parts [4].

HAE is classified into three main types: HAE-I, HAE-
II, and HAE with normal Cl-inhibitor (nC1-INH HAE).
Each type is associated with specific genetic variations
and clinical manifestations. HAE-I is the most common
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form, accounting for approximately 80-85% of cases
[3, 5]. It is characterised by reduced levels of functional
and antigenic levels of a C1 inhibitor (C1-INH) in the
blood due to pathogenic variants in the SERPINGI gene.
HAE-II represents approximately 10-15% [1] of C1-INH
cases, is characterised by dysfunctional C1-INH produc-
tion with normal blood levels, and is caused by protein-
altering variants (e.g. missense) in the C1-INH protein’s
active centre. However, despite known monogenic aetiol-
ogy affecting a single gene, approximately 5-15% of the
HAE-I and II cases remain molecularly unsolved [6-9].
This is partially explained by limitations of current tech-
nologies, e.g. missing deep-intronic variants [10, 11]
structural variants, and partially in our limited ability to
interpret novel variants.

nCI1-INH HAE is the rarest form of HAE and accounts
for <5% of cases [12]. In recent years, extensive research
has been conducted to further elucidate the underlying
genetic mechanisms and pathophysiology of nC1-INH
HAE [13], though most cases remain unknown [14].
Multiple genes have been proposed such as coagula-
tion factor XII (F12), plasminogen (PLG), angiopoietin
1 (ANGPT1), kininogen 1 (KNGI), myoferlin (MYOF),
and heparan sulfate-glucosamine 3-sulfotransferase 6
(HS3ST6); however, except for FI12 and PLG, the reports
are usually limited to a single family [13, 15] without con-
firmation in unrelated families, thus limiting such candi-
date gene testing in diagnostic settings [16].

Diagnosing HAE can be challenging due to several
factors. First, symptoms are usually non-specific and
overlap with other acquired conditions. Phenocopies,
which are conditions that mimic HAE symptoms, are
common, leading to misdiagnosis and delayed treat-
ment. These phenocopies include acquired angioedema,
allergic angioedema, and idiopathic angioedema [15].
Distinguishing HAE from phenocopies will help to find
appropriate treatment for patients, thus avoiding unnec-
essary treatment. Establishing the correct diagnosis of
HAE helps to prevent complications and improve quality
of life for the patients [17], therefore, it is essential to dif-
ferentiate HAE from other conditions by applying a thor-
ough clinical evaluation and laboratory investigations.
Second, HAE symptoms are episodic and may not mani-
fest until later in life, making it challenging to identify the
condition in childhood. Finally, due to its rarity and com-
plexity, many healthcare professionals may have a limited
awareness of HAE or its diagnostics, which can lead to
misdiagnosis or delays in appropriate management [18].

Our study aimed to elucidate the genetic basis of
HAE, focusing on unsolved cases and cases with normal
C1-INH levels. Utilizing genome, exome, and transcrip-
tome sequencing, we identified previously unidentified
pathogenic variants, highlighted the limitations of tra-
ditional sequencing methods, clarified the classification
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of a previously-identified variant, and emphasised the
need for ongoing exploration and clinical re-evaluation in
nC1-INH HAE cases.

Results and discussion

In our study, a cohort of 32 patients were enrolled, com-
prising nine patients presenting with clinical indications
of HAE-I (both C1-INH and CI1-INH activity were sig-
nificantly low), one healthy relative of a proven HAE-I
patient, one patient suspected of HAE-II (C1-INH activ-
ity was low with typical clinical signs), and 21 patients
with suspected nC1-INH HAE. Employing conventional
genetic testing methodologies (Sanger sequencing of
SERPINGI, PLG, and FI2 genes) as described before
[19], (likely) pathogenic genetic variants were success-
fully identified in eight (in seven out of nine investigated
patients with diagnosed HAE-I and one out of 21 patients
with nC1-INH-HAE) out of the 32 patients. Addition-
ally, one patient with HAE-I had an intronic/splice region
variant of uncertain significance in the SERPINGI gene.
Patient 32, herein referred to as the relative of Patient
15, initially underwent testing as a healthy family mem-
ber; however, the analysis revealed the presence of a
pathogenic variant in the SERPINGI gene. Subsequent
assessments demonstrated diminished levels of CIN and
reduced C1 activity, leading to the asymptomatic diagno-
sis of HAE-L

Genome sequencing provides definitive diagnosis and
high confidence to re-evaluate clinical diagnosis
Interestingly, the initial genetic testing failed to identify
a pathogenic SERPINGI variant in three patients with
suspected HAE-I or HAE-II (patient no. 8 had low levels
of C1-INH ag, very low C1-INH activity, and low levels
of C4; patient no. 22 also had low levels of C1-INH ag,
low C1-INH activity, and low levels of C4; patient no. 11
had normal levels of C1-INH ag, but mildly decreased
levels of C1-INH activity, and low C4). All tests were per-
formed twice. Therefore, we performed genome sequenc-
ing for these three patients focusing first on coding SN'Vs
(single nucleotide variants) and CNVs (copy number
variations) in SERPINGI, following by analysis of other
SVs (structural variants) and non-coding SNVs. We were
able to detect a pathogenic deletion of exon 4 with exact
breakpoints at chr11[GRCh38]:g.57600729_57603011del
(Figure S1) in one patient (Patient no. 22), confirming the
diagnosis of HAE-I for this individual. The variant was
not identified previously because MLPA (Multiplex liga-
tion-dependent probe amplification) was not routinely
applied for such cases.

In contrast, no pathogenic variants were found in the
other two patients (patient no. 8 and 11) even after anal-
ysis of SVs and non-coding gene parts, prompting a re-
evaluation of their diagnoses. After a two-year follow-up,
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in one of these patients (Patient no. 8) that had no family
history of angioedema, paraproteins (monoclonal IgM)
were eventually detected in the blood test of this patient,
which were not present at the initial assessment two
years prior. This led to confirming an alternative aetiology
for the symptoms. Remarkably, the symptoms of another
patient (Patient no. 11) with suspected HAE-II and no
family history of angioedema resolved at follow-up, and
the function of C1 activity returned to normal (C1-INH
activity was mildly decreased twice), necessitating a revi-
sion of the diagnosis. These laboratory abnormalities
could be related to the fact that the samples were shipped
to another country for analysis, thus, longer shipping
times. The patient is now considered to have bradykinin-
related angioedema (antihistamine medications were
found ineffective and other potential causes of angio-
edema were ruled out). Therefore, we show that genome
sequencing can not only solve previously-unsolved cases,
but also provide high confidence of an alternative cause
for the “negative” cases.

Transcriptome sequencing provides intronic variant
re-classification

Furthermore, among the patients diagnosed with
HAE-I, one individual (Patient no. 9) was found
to have a novel intronic splice region variant in
the SERPINGI gene through Sanger sequencing
NM_000062.2:c.1249+4 A>G, p?. The variant was pre-
dicted to result in a loss of canonical donor site (-4 bp)
by Pangolin (splice loss=0.71), but had low prediction
confidence by spliceAl (donor loss=0.16). Given the con-
tradictory predictions and variant’s location in a non-
canonical splice region, the actual effects were unknown.
The segregation was limited to only one affected family
member, therefore, without confirmation of a splicing
defect, it was classified as a variant of uncertain signifi-
cance. To evaluate the possible effects on splicing and
assess the pathogenicity of this variant, whole transcrip-
tome analysis with rRNA and globin depletion on periph-
eral blood-extracted RNA was performed. It revealed full
intron retention on one allele in mRNA (with escaping
nonsense mediated decay) (Fig. 1), successfully confirm-
ing the presence of a splicing defect due to the variant,
allowing for the reclassification of the variant as patho-
genic. This defect could easily be missed by targeted RT-
PCR because the intron is ~ 2.5Kb large and could fail the
amplification.

Genetic testing of all currently known HAE (candidate)
genes has low yield for nC1-INH-HAE, but is necessary for
precise clinical diagnosis

To further investigate the genetic basis of nCI1-INH-
HAE in the remaining 20 patients, we performed exome
sequencing, focusing on the analysis of coding SNVs and
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CNVs in recently-described nC1-INH-HAE (candidate)
genes (F12, PLG, ANGPTI, KNG1, MYOF, and HS3S7T6),
as well other genes potentially involved in angioedema
pathogenesis published previously [20] (total n=55
genes; Table S1). However, no pathogenic or rare uncer-
tain significance variants were detected in the genes of
interest. Following these genetic analyses, all patients
underwent a comprehensive re-evaluation of their clini-
cal presentation, leading to a revision of their diagnoses.

Notably, none of the patients had a family history of
angioedema attacks. As a result of the clinical re-eval-
uation after the negative result, 16 patients were ulti-
mately diagnosed with bradykinin-related angioedema,
while four patients were identified as having histamin-
ergic angioedema since they reacted to treatment by
Omalizumab.

In our study involving 32 patients with suspected HAE,
encompassing various types and suspected nCIl-INH
HAE, conventional genetic testing identified pathogenic
alterations in 10 patients. Genome sequencing for three
unsolved patients revealed a previously-missed patho-
genic variant, illustrating genome sequencing’s capac-
ity to resolve challenging cases. Similarly Ren et al. [21]
was able to solve all cases with HAE-I or HAE-II using
genome sequencing for the initially-“negative” cases.
Notably, the absence of pathogenic variants in two
patients, despite extensive analysis, prompted a re-eval-
uation of their diagnoses; the emergence of paraproteins
in one patient led to a revised diagnosis of histaminer-
gic AE, while another patient’s symptoms resolved and
their C1 activity normalised. Similarly, we were not able
to identify a clinically-significant variant in 20 out of
21 nC1-INH HAE-suspected cases, even after exome
sequencing with analysis of currently-confirmed and
candidate HAE genes, which also resulted in a re-eval-
uation of their diagnosis (to different types of AE). This
highlights the complex nature, symptom evolution, and
variable clinical presentation of HAE and other angioede-
mas, and shows how even “negative” genetic results after
comprehensive genetic testing can aid in reinterpretation
of a clinical diagnosis. This dynamic nature of the disease
challenges the static nature of genetic testing and high-
lights the importance of an integrative and continuous
assessment of patient symptoms and genetic information.

Additionally, we highlight challenges in the interpreta-
tion of genetic results, particularly in the context of vari-
ants of uncertain significance. Functional validation of
the variants to ascertain their clinical relevance is crucial,
as exemplified by our reclassification of a novel SERP-
INGI1 splicing variant. Our findings show how application
of transcriptome sequencing can help the reclassification
of variants of uncertain significance that affect splicing.

Our findings indicate that the current diagnostic yield
of nC1-INH HAE remains low. While newly proposed
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Fig. 1 Retention of the last SERPINGT intron present due to the NM_000062.2:c.1249+4 A> G r.spl variant found in patient no. 9 using transcriptome
sequencing. (A) cDNA sequence alignment to the genome in control (top) and patient (bottom) samples. Note increased coverage of a single allele of
the last intron. (B) Sashimi plot of the splicing site usage in control (top) and patient (bottom) samples. Note low number reads covering the canonical
splice site between the last two exons

candidate genes have been reported as potentially
involved in the pathogenesis of nC1-INH-HAE, there is
no evident clinical justification for conducting genetic
testing of these genes. Except for a single case with a
pathogenic variant in the PLG gene, no pathogenic vari-
ants were identified among 20 patients in any of the

described genes. Moreover, even if such variants were
to be detected, they would likely be classified as variants
of uncertain significance due to the limited described
genotypic spectrum, providing limited assistance in
the clinical diagnosis of the patients. Recently, another
study sequenced 55 gene panels for 133 suspected-HAE
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individuals and failed to identify additional molecular
diagnoses [20]. Further research is necessary to vali-
date the association of these genes with nC1-INH HAE.
Therefore, based on our and previous study results,
sequencing of the described (candidate) genes has lim-
ited utility and should not be currently applied in diag-
nostic settings, except for F12 and PLG, which have a
proven association with nC1-INH HAE. This experience
underscores the complexity of the genetic landscape and
the need for a more comprehensive understanding of the
genetic factors contributing to nC1-INH HAE.

Concluding remarks

In conclusion, our study contributes to the growing
knowledge of HAE, particularly in nCI1-INH-HAE.
While genetic testing remains a valuable tool and can
aid genetic, as well as acquired angioedema diagnosis,
its application should be nuanced, recognizing its limita-
tions and the need for integrated diagnostic strategies.

Abbreviations
HAE Hereditary angioedema
MLPA  Multiplex ligation dependent probe amplification

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513223-024-00889-5.

[ Supplementary Material 1 ]

Acknowledgements
This study was funded by Latvian Council of Science project Izp-2020/1-0269.

Author contributions

Study conception and design: D.R,, N.K. Data collection: N.K, AK, S.P. Analysis
and interpretation of results: D.R., M.R. Draft manuscript preparation: D.R, M.R.
Genetic testing: N, L.G,, D.R. Supervision and editing of manuscript: D.R, N.K,
H.F. All authors reviewed the results and approved the final version of the
manuscript.

Data availability
The identified variants are provided in this manuscript. Raw sequencing data
are not publicly available due to institutional ethical restrictions.

Declarations

Ethics

All individuals consented for the participation in the study. This study was
performed in line with the principles of the Declaration of Helsinki. Approval
was granted by the Central Board of the Ethical Committee of the Health
Ministry of the Republic of Latvia (No. 01-29.1/2878).

Conflict of interest disclosure

All authors, with the exception of H.F, declare no conflicts of interest. H.F.
received research grants from CSL Behring, Takeda and Pharming and
served as an advisor for these companies and Kalvista, ONO Pharmaceutical,
Pharvaris, ASTRIA, Intellia and Biocryst, and has participated in clinical trials/
registries for BioCryst, CSL Behring, Pharming, Kalvista, Pharvaris, Takeda.

Received: 26 January 2024 / Accepted: 14 March 2024
Published online: 30 March 2024

(2024) 20:28

Page 5 of 6

References

1.

2.

Lumry WR, Settipane RA. Hereditary Angioedema: Epidemiology and burden
of disease. Allergy Asthma Proc. 2020,41(6):58-13.

Georgy MS, Pongracic JA. Chapter 22: Hereditary and acquired angioedema.
Allergy Asthma Proc [Internet]. 2012 May [cited 2023 Dec 22];33 Suppl
T1(SUPPL. 1). Available from: https://pubmed.ncbi.nim.nih.gov/22794695/.
Proper SP, Lavery WJ, Bernstein JA. Definition and classification of hereditary
angioedema. Allergy Asthma Proc. 2020;41(6):53-7.

Azmy V, Brooks JP, Hsu FI. Clinical presentation of hereditary angioedema.
Allergy Asthma Proc. 2020;41(6):518-21.

Atkinson JP, Liszewski MK, Java A, Kulkarni HS. Complement and comple-
ment disorders. Clinical immunology: principles and practice. Sixth Ed.
2023;506-24.

Loules G, Zamanakou M, Parsopoulou F, Vatsiou S, Psarros F, Csuka D et al. Tar-
geted next-generation sequencing for the molecular diagnosis of hereditary
angioedema due to C1-inhibitor deficiency. Gene [Internet]. 2018 Aug 15
[cited 2023 Dec 23];667:76-82. Available from: https://pubmed.ncbi.nlm.nih.
gov/29753808/.

GORwein T, Kocot A, Emmert G, Kreuz W, Martinez-Saguer |, Aygoren-Pirsin
E et al. Mutational spectrum of the CTINH (SERPINGT) gene in patients with
hereditary angioedema. Cytogenet Genome Res [Internet]. 2008 Aug [cited
2023 Dec 23];121(3-4):181-8. Available from: https://pubmed.ncbi.nlm.nih.
gov/18758157/.

Szabo E, Csuka D, Andrasi N, Varga L, Farkas H, Szilagyi A. Overview of SERP-
ING1 variations identified in Hungarian patients with Hereditary Angio-
edema. Front Allergy. 2022;3.

Obtulowicz K, Ksiazek T, Bogdali A, Dyga W, Czarnobilska E, Juchacz A.
Genetic variants of SERPING1 gene in Polish patients with hereditary angio-
edema due to C1 inhibitor deficiency. Cent Eur J Immunol [Internet]. 2020
[cited 2023 Dec 23];45(3):301-9. Available from: https://pubmed.ncbi.nlm.nih.
gov/33437182/.

Vatsiou S, Zamanakou M, Loules G, Psarros F, Parsopoulou F, Csuka D et al. A
novel deep intronic SERPING1 variant as a cause of hereditary angioedema
due to Cl-inhibitor deficiency. Allergol Int [Internet]. 2020 Jul 1 [cited

2023 Dec 231:69(3):443-9. Available from: https://pubmed.ncbi.nim.nih.
gov/31959500/.

Hujova P, Soucek P, Grodeckd L, Grombifikova H, Rav¢ukova B, Kuklinek P

et al. Deep Intronic Mutation in SERPINGT Caused Hereditary Angioedema
Through Pseudoexon Activation. J Clin Immunol [Internet]. 2020 Apr 1 [cited
2023 Dec 23];40(3):435-46. Available from: https://pubmed.ncbinim.nih.
gov/31982983/.

Bouillet L, Boccon-Gibod |, Launay D, Gompel A, Kanny G, Fabien V et al.
Hereditary angioedema with normal C1 inhibitor in a French cohort: Clinical
characteristics and response to treatment with icatibant. Immun Inflamm
Dis [Internet]. 2017 Mar 1 [cited 2023 Dec 23];5(1):29. Available from: /pmc/
articles/PMC5322159/.

Veronez CL, Csuka D, Sheikh FR, Zuraw BL, Farkas H, Bork K. The Expand-

ing Spectrum of Mutations in Hereditary Angioedema. Journal of Allergy
and Clinical Immunology: In Practice [Internet]. 2021 Jun 1 [cited 2023 Dec
231:9(6):2229-34. Available from: http://www.jaci-inpractice.org/article/
$2213219821003123/fulltext.

Germenis AE, Margaglione M, Pesquero JB, Farkas H, Cichon S, Csuka D, et

al. International Consensus on the Use of Genetics in the management of
Hereditary Angioedema. Journal of Allergy and Clinical Immunology: in
practice. Volume 8. American Academy of Allergy, Asthma and Immunology;
2020. pp. 901-11.

Santacroce R, D'andrea G, Maffione AB, Margaglione M, D’Apolito M. The
genetics of hereditary angioedema: a review. Volume 10. Journal of Clinical
Medicine. MDPI; 2021.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genetics in Medicine [Internet].
2015;17(5):405-23. https://doi.org/10.1038/gim.2015.30.

Bork K, Anderson JT, Caballero T, Craig T, Johnston DT, Li HH, et al. Assessment
and management of disease burden and quality of life in patients with
hereditary angioedema: a consensus report. Volume 17. Allergy, Asthma and
Clinical Immunology: BioMed Central Ltd; 2021.

Zanichelli A, Magerl M, Longhurst H, Fabien V, Maurer M. Hereditary Angio-
edema with C1 inhibitor deficiency: Delay in diagnosis in Europe. Allergy
Asthma Clin Immunol. 2013;9(1):1-4.


https://doi.org/10.1186/s13223-024-00889-5
https://doi.org/10.1186/s13223-024-00889-5
https://pubmed.ncbi.nlm.nih.gov/22794695/
https://pubmed.ncbi.nlm.nih.gov/29753808/
https://pubmed.ncbi.nlm.nih.gov/29753808/
https://pubmed.ncbi.nlm.nih.gov/18758157/
https://pubmed.ncbi.nlm.nih.gov/18758157/
https://pubmed.ncbi.nlm.nih.gov/33437182/
https://pubmed.ncbi.nlm.nih.gov/33437182/
https://pubmed.ncbi.nlm.nih.gov/31959500/
https://pubmed.ncbi.nlm.nih.gov/31959500/
https://pubmed.ncbi.nlm.nih.gov/31982983/
https://pubmed.ncbi.nlm.nih.gov/31982983/
http://www.jaci-inpractice.org/article/S2213219821003123/fulltext
http://www.jaci-inpractice.org/article/S2213219821003123/fulltext
https://doi.org/10.1038/gim.2015.30

Rozevska et al. Allergy, Asthma & Clinical Immunology (2024) 20:28 Page 6 of 6

19.  Kanepa A, Nartisa |, Rots D, Gailite L, Farkas H, Kurjane N. National survey on . ,
clinical and genetic characteristics of patients with hereditary angioedema in quHSher s Note ) ) ] ]
Latvia. Allergy Asthma Clin Immunol [Internet]. 2023 Dec 1 [cited 2023 Dec Springer Nature remains neutral with regard to jurisdictional claims in
23];19(1). Available from: https://pubmed.ncbi.nlm.nih.gov/37031173/. published maps and institutional affiliations.

20. Loules G, Parsopoulou F, Zamanakou M, Csuka D, Bova M, Gonzélez-Quevedo
T, et al. Deciphering the genetics of primary angioedema with normal levels
of C1 inhibitor. J Clin Med. 2020;9(11):1-8.

21. RenZ ZhaoS, LiT, Wedner HJ, Atkinson JP. Insights into the pathogenesis of
hereditary angioedema using genetic sequencing and recombinant protein
expression analyses. J Allergy Clin Immunol. 2023;151(4):1040-e10495.


https://pubmed.ncbi.nlm.nih.gov/37031173/

	﻿Hereditary or acquired? Comprehensive genetic testing assists in stratifying angioedema patients
	﻿Abstract
	﻿Introduction
	﻿Results and discussion
	﻿Genome sequencing provides definitive diagnosis and high confidence to re-evaluate clinical diagnosis
	﻿Transcriptome sequencing provides intronic variant re-classification
	﻿Genetic testing of all currently known HAE (candidate) genes has low yield for nC1-INH-HAE, but is necessary for precise clinical diagnosis

	﻿Concluding remarks
	﻿References


