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ABSTRACT

Introduction: Hereditary angioedema (HAE) is a rare disease
characterized by edema in the subcutaneous tissue, gastrointestinal
tract, and upper airways. C1 inhibitor deficiency is caused by a
SERPING1 mutation (HAE-C1-INH) that results in bradykinin
accumulation and increased endothelial permeability. HAE may
also present with normal C1-INH. Functional assessment of
C1-INH allows the detection of both forms of HAE-C1-INH. This
study aimed to evaluate patient screening using dried blood spots
(DBS) on filter paper compared with the current technique using
chromogenic assays. Methods: A multicenter prospective study
of patients with HAE divided into: G1 — HAE-C1-INH (n = 53;
types 1 = 48 and 2 = 5); G2 — HAE with FXII mutation (HAE-
FXIl) (n = 30); G3 — HAE with unknown mutation (HAE-UNK)
(n =10); and G4 — Control (n = 10). C4 and C1-INH levels were
measured (radial immunodiffusion); functional C1-INH levels were
assessed using chromogenic assay and DBS. Statistical analysis
used GraphPad Prism. The protocol was approved by the Ethics
Committee (CAAE:41812720010010082). Results: The median
C4 and C1-INHq levels were, respectively, 9.14 and 8.9 mg/dL for
G1;33.2 and 34.2 mg/dL for G2; 35.3 and 29.4 mg/dL for G3; and
32.2 and 35.3 mg/dL for G4. The median fC1-INH levels obtained
by chromogenic assay and by DBS were, respectively, 35% and
0% for G1; 120% and 81% for G2; 120% and 91% for G3; and

‘ RESUMO

Introducgao: O angioedema hereditario (AEH) é raro, caracteriza-
do por edema em subcutaneo, trato gastrointestinal e vias aéreas
superiores. A deficiéncia do inibidor de C1 decorre da mutagao
em SERPING1 (AEH-C1-INH) que resulta em acumulo de bradi-
cinina e maior permeabilidade endotelial. O AEH também pode
apresentar-se com C1-INH normal. A avaliacéo funcional do C1-
INH permite detectar as duas formas de AEH-C1-INH. O objetivo
do estudo foi avaliar a triagem de pacientes usando amostras de
gota de sangue seca (DBS - Dried blood spot) em papel filtro com-
parada a técnica atual por ensaio cromogénico. Métodos: Estudo
multicéntrico, prospectivo, em pacientes com AEH subdivididos
em: G1 - AEH-C1-INH (n = 53; tipos 1 =48 e 2 = 5); G2-AEH com
mutagao de FXII (AEH-FXII) (n = 30) e G3—AEH sem mutagéao co-
nhecida (AEH-UNK) (n = 10) e G4 - Controle (n = 10). Realizadas
dosagens de C4 e C1-INH (imunodifuséo radial); C1-INH funcional
(ensaio cromogénico e DBS). A avaliacdo estatistica utilizou o
programa GraphPad Prism. O protocolo foi aprovado pelo Comité
de Etica (CAAE:41812720010010082). Resultados: Valores de
C4 e C1-INHq resultaram em mediana de 9,14 e 8,9 mg/dL para
G1;G2de 33,2 e 34,2 mg/dL; G3 de 35,3 € 29,4 mg/dL e G4 32,2
mg/dL e 35,3 mg/dL respectivamente. Valores de fC1-INH pelo
ensaio cromogénico e por DBS resultaram em mediana de 35%
e 0% em G1; G2 de 120% e 81%; G3 de 120% e 91%; e em G4
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32.2% and 35.3% for G4. G1 had 42/53 samples (79.2%) and
53/53 (100%) with reduced fC1-INH, respectively. In G2, 30/30
(100%) and 28/30 (93.7%) had fC1-INH above 50%, respectively.
In G3 and G4, fC1-INH was normal with both techniques.
Conclusion: The fC1-INH measured in DBS samples allows a
more precise identification of patients with HAE-C1-INH than using
the chromogenic assay. DBS samples are simple to collect and
easy to transport, facilitating the diagnosis of HAE-C1-INH.

Keywords: Hereditary angioedema, C1 inhibitor, factor XIlI, C1-
INH, complement C4, biomarker, diagnosis.

de 32,2% e 35,3%, respectivamente. G1 com 42/53 amostras
(79,2%) e 53/53 (100%) com fC1-INH reduzida respectivamente.
Em G2 30/30 (100%) e 28/30 (93,7%) com fC1-INH acima de 50%
respectivamente. Para G3 e para G4 a fC1-INH estava normal
em ambas as técnicas. Conclusdo: O fC1-INH pela técnica em
DBS permite identificar os pacientes com AEH-C1-INH com maior
precisao que o ensaio cromogénico. Trata-se de coleta simples, de
facil transporte, facilitando o diagnéstico de AEH-C1-INH.

Descritores: Angioedema hereditario, inibidor de C1, fator XII,
C1-INH, Complemento C4, biomarcador, diagndstico.

Introduction

Hereditary angioedema (HAE) is a term used
to describe isolated and/or recurrent episodes of
angioedema in subcutaneous and submucosal
tissues. It often involves the face, extremities,
gastrointestinal tract, genitalia, and upper airways,
but is not associated with urticarial-type skin lesions.
It often affects multiple family members due to its
autosomal dominant inheritance, with 75% of patients
having a family history and 25% a de novo mutation.!
There are different types of HAE; the most common
subtype is HAE with C1 inhibitor (C1-INH) deficiency
(HAE-C1-INH), which is caused by more than 800
mutations affecting the SERPING1 gene.23

Most mutations in SERPING1 lead to a quantitative
deficiency in the synthesis and secretion of C1-INH
(HAE-C1-INH type 1), with diagnosis based on low
plasma levels of C1-INH (C1-INHq). In approximately
15% of HAE-C1-INH cases, the mutation results in
an abnormal protein, detected by functional C1-INH
assay (fC1-INH), which is characterized as HAE-
C1-INH type 2.4 In these patients, quantitative C1-
INH levels are normal or high, while C4 levels and
functional C1-INH activity are low.":45

C1-INH is a protease inhibitor that inhibits
the complement, fibrinolytic, coagulation, and
kinin-kallikrein pathways; its deficiency results in
uncontrolled release of bradykinin. Bradykinin binds
to the B2 receptor on endothelial cells, leading to
vasodilation and a release of nitric oxide.®:” However,
some patients have normal C1-INH in both value and
function (HAE-nC1-INH), which has to date been
associated with 8 different mutations. The identified

gene mutations affect coagulation factor XlIl gene
(HAE-FXII)8, plasminogen?, angiopoietin-119, kininogen
111, myoferlin'2, heparan sulfate-glucosamine 3-O-
sulfotransferase 613, carboxypeptidase N subunit
114 and disabled homolog 2-interacting protein'.16.
Despite the variety of diagnostic tools, the difficulty lies
in accessing the tests and appropriately collecting and
handling the samples, given that complement system
proteins are thermolabile, i.e., they must be collected
quickly and aliquoted at -80 °C for subsequent
laboratory assessment.’-5:17.18 Moreover, few clinical
laboratories in Brazil can determine quantitative
and functional C1-INH levels.'9:20 |t is costly to ship
samples to distant locations, since they must be
packaged in dry ice and delivered quickly. Providing
a way to send samples without compromising the
functional evaluation of C1-INH would be essential to
improving access to HAE-C1-INH diagnosis. In light
of the above, the present study aimed to compare
functional C1-INH (fC1-INH) levels using filter paper
samples (dried blood spot - DBS) to chromogenic
assay for HAE-C1-INH diagnosis.

Methods

This multicenter, prospective study included
patients > 1 year of age with a confirmed diagnosis
of HAE based on clinical presentation, positive family
history, and confirmatory biochemical tests for patients
with C1-INH deficiency and/or genetic tests for HAE
with normal C1 inhibitor. After initial screening, 93
patients were divided into 4 groups: (G1) HAE-C1-INH
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(type 1 [n = 48] and type 2 [n = 5]); (G2) HAE-FXII
(n = 30); (G3) HAE with normal C1 inhibitor with an
unknown mutation (HAE-UNK) (n = 10), because
exome sequencing revealed no mutations currently
described in the literature; and finally (G4), controls
(n = 10). Patients unable to provide informed consent
or who were diagnosed with acquired angioedema
and/or diseases that could result in complement
system dysfunction, such as nephropathies and
hepatopathies, were excluded.

The samples were separated by centrifuging
freshly collected blood at 3000 rpm for 10 minutes
at 4 °C. They were immediately aliquoted and stored
at -80 °C to determine plasma levels of C1-INH
(C1-INHq), C4, and functional C1-INH (fC1-INH)
by the chromogenic method. C4 and C1-INHq were
measured by radial immunodiffusion, while fC1-INH
was assessed by chromogenic assay and DBS. A
commercial Technochrom C1-INH kit was used to
determine the functional activity of C1-INH by the
chromogenic method. In this technique, synthetic C1
esterase (C1s) substrate is incorporated in the plasma
sample to measure the inhibitory activity of C1-INH
protein. Through the chromogenic method, fC1-INH
is measured by the reaction between C1s and its
artificial substrate, Z-Lys-SBzleHCI, to produce Cbz-
Lys and thiomethyl-benzene. Thiomethyl-benzene is
measured by chromogenic assay, after derivatization
with 5,5'-dithiobis-(2-nitrobenzoic acid). Less intense
color indicates greater C1 inhibitor activity due to
lower production of thiomethyl-benzene, which is
a product of the reaction of C1s and the substrate.
Hence, more intense color suggests reduced C1
inhibitor function.

Blood was also collected in EDTA Vacutainer tubes.
After collection, the tubes were inverted to resuspend
the blood cells, and 60 pL aliquots were placed on
the filter paper, which was dried for > 3 hours at room
temperature, stored at -20 °C for up to 180 days, and
sent to PerkinElmer Genetics for fC1-INH testing via
DBS.

Standardized material provided by PerkinElmer
Genetics was used for the DBS sampling procedure,
in which liquid chromatography/mass spectrometry
was used to measure fC1-INH. In this assay, C1-INH
is first extracted from the DBS cards and bound to the
excess C1s. After that, a reaction is performed with
the C1s that was not bound with its substrate in the
previous steps. This produces Cbz-Lys and thiomethyl-
benzene. The Cbz-Lys product is analyzed directly by
liquid chromatography/mass spectrometry. Thus, this

method measures the inhibitory activity of C1s through
the C1-INH present in the samples.?"

We considered normal C4 values to be 16.7-38.5
mg/dL for women and 16.2-44.5 mg/dL for men.
Normal C1-INHq values were 19.5-34.5 mg/dL.
Normal fC1-INH values were > 69% according to the
Technochrom kit and > 62.8% for DBS, according
to PerkinElmer Genetics. However, in the literature,
values > 50% are used for diagnosis.317:22

The study was approved by the Centro Universitario
FMABC Research Ethics Committee (decision
41812720010010082). Patients and volunteers
provided written informed consent prior to inclusion.

Results

All groups were predominantly female. In G1, the
mean age was 40 (SD, 17.7) years for HAE-C1-INH
type 1, and 27 (SD, 13.4) years for HAE-C1-INH type
2. In G2, the mean age was 38 (SD, 18.6) years,
while in G3 it was 40 (SD, 14.4) years. The majority of
patients in all groups were symptomatic at diagnosis,
with the mean age at symptom onset ranging from 10
to 26 years (Table 1).

The median serum C4 and C1-INHq levels were
9.14 and 8.9 mg/dL, respectively, in G1; 33.2 and
34.2 mg/dL, respectively, in G2; and 35.3 and 29.4
mg/dL, respectively, in G3 (Table 2). Two patients with
HAE-C1-INH type 1 had above normal C4 values (a
4-year-old child and a 27-year-old adult). All patients
with HAE-C1-INH type 2 had low C4 values. All values
in G2, G3, and G4 were normal (Figure 1).

C1-INHq values were low in 100% of the HAE-
C1-INH type 1 patients and high in the 5 patients with
HAE-C1-INH type 2, as well as in the G2, G3, and G4
groups (Figure 2).

For fC1-INH by chromogenic assay, the median
values were 35% for G1 and 120% for G2 and G3.
For fC1-INH by DBS, the median values were 0% for
G1 81% for G2, and 91% for G3 (Table 2).

For chromogenic fC1-INH, the G1 values were
< 50% in 42 of the 53 patients (79.2%), with 10 HAE-
C1-INH type 1 patients and 4 HAE-C1-INH type 2
patients having values > 50%. fC1-INH was > 50%
in G2, G3, and G4, (Table 2 and Figure 3). For DBS
fC1-INH, the G1 values were < 50% in 100% of the
patients. In G2, 2 pregnant women had low values
and 28 patients had normal values. In G3 and G4, all
values were > 50% (Table 2 and Figure 4).
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Table 1
Distribution and characteristics of patients with HAE according to group

G1 G2 G3 G4
HAE-C1-INH HAE-C1-INH HAE-FXII HAE-UNK Control
type 1 type 2
Distribution 48 5 30 10 10
Women n (%) 35 (72.9%) 4 (80 %) 20 (66.6%) 10 (100%) 4 (40%)
Mean age (years) (SD) 40 (x17.6) 28 (x13.4) 38 (+18.6) 40 (x14.1) 23 (+25.8)
Mean age at symptom onset (years) (SD) 15 (x11.2) 10 (x4.5) 20 (x10.2) 26 (x10.2) -
Symptomatic 44 (91.6%) 5 (100%) 23 (76.6%) 10 (100%) -
Asymptomatic 4 (8.4%) 0 7 (23.4%) 0 10 (100%)
Total 53 30 10 10

HAE = hereditary angioedema, FXII = coagulation factor XII mutation, UNK = unknown mutation, C1-INH = C1 esterase inhibitor.

Table 2
Distribution of biochemical values according to group among patients with HAE

G1 G2 G3 G4
HAE-C1-INH HAE-C1-INH  HAE-FXII HAE-UNK Control
type 1 type 2
Median C4 (mg/dL) 9.14 33.2 35.3 32.20
Median C1-INHg (mg/dL) 8.9 34.2 32.25 35.30
Chromogenic fC1-INH n (%)
<50% 38 (79.1%) 4 (71.5%) - -
>50 % 10 (20.9%) 1(28.5%) 30 (100%) - 10 (100%)
Median chromogenic fC1-INH (%) 35 120 120 119.80
DBS fC1-INH n (%)
<50% 48 (100%) 5 (100%) 22 (6.6%) - -
>50 % - - 28 (93.4%) 10 (100%) 10 (100%)
Median DBS fC1-INH (%) 0 81.8 109.63 101.20
Total patients 48 5 30 10 10

a Pregnant.

HAE = hereditary angioedema, FXII = coagulation factor XII mutation, UNK = unknown mutation, C1-INHg = amount of C1 esterase inhibitor,
fC1-INH = function of C1 esterase inhibitor.
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Discussion

When not diagnosed or properly treated, HAE
is potentially fatal, with a mortality rate of 25% to
40% due to glottis edema and asphyxia. (23, 24) An
HAE mortality study found a mortality rate of around
17.5%, with only 13% being diagnosed before death.25
This reflects a myriad of factors, such as the ability
to recognize the disease, a lack of specialists, and
difficulty accessing treatment and diagnostic tests.20.26
For example, in Brazil’s Unified Health System, only
two laboratories are capable of performing all the
diagnostic tests?’, i.e., C4, C1-INHg, and fC1-INH
measurement. When evaluating these components,
the blood samples must be processed as quickly as
possible in serum and/or EDTA plasma. If the analysis
is not performed immediately, the samples must be
frozen at -80 °C until they are analyzed or must be
shipped in dry ice to specialized laboratories. Another
point is that repeated freezing and thawing can lead
to in vitro activation of the complement.18

Currently, to diagnose patients with suspected
HAE, the investigation can begin by requesting
C4 screening, which several laboratories provide.
However, this strategy has low specificity, since C4
can still be normal in 27% of those with HAE-C1-
INH.28.29 Another relevant test is C1-INHg, which will
only be reduced in patients with HAE-C1-INH type 1.
Thus, measuring fC1-INH is important for diagnostic
purposes due to its potential to diagnose both HAE-
C1-INH type 1 and 2.

Given this difficult scenario, in which samples must
be shipped to distant locations, it became evident that
the collection method and climatic conditions can
affect HAE diagnosis. Eleven patients from G1 (HAE-
C1-INH) in our study had normal fC1-INH values in
the chromogenic assay. With DBS (filter paper), all 53
patients in G1 had C1-INHf values < 50% (HAE-C1-
INH), despite sending the samples to another country
long after collection. The samples were kept at -20 °C
(common freezer) and processed within 180 days (6
months), which did not compromise the results.
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Figure 1

C4 values according to group among patients with HAE
HAE-1 = hereditary angioedema type 1, HAE-2 = hereditary angioedema type 2, HAE-FXII = hereditary angioedema
with coagulation factor XII mutation, UNK = hereditary angioedema with unknown mutation.
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Figure 2

C1-INH values according to group among patients with hypertension

HAE-C1-INH type 1 = hereditary angioedema type |, HAE-C1-INH type 2 = hereditary angioedema type 2, HAE-
FXII = hereditary angioedema with coagulation factor XII mutation, UNK = hereditary angioedema with unknown
mutation, fC1-INH = amount of C1 esterase inhibitor.
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Figure 3

C1-INH function values in patients with HAE according to chromogenic assay

HAE-C1-INH type 1 = hereditary angioedema type I, HAE-C1-INH type 2 = hereditary angioedema type 2, HAE-
FXII = hereditary angioedema with coagulation factor XII mutation, UNK = hereditary angioedema with unknown
mutation, fC1-INH = C1 esterase inhibitor function.
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Figure 4

C1-INH function values in patients with HAE according to DBS assay
HAE-C1-INH type 1 = hereditary angioedema type |, HAE-C1-INH type 2 = hereditary angioedema type 2, HAE-
FXII = hereditary angioedema with coagulation factor XII mutation, UNK = hereditary angioedema with unknown

mutation, f{C1-INH = C1 esterase inhibitor function.

From a methodological point of view, the
chromogenic assay is based on 2 reaction steps, while
the liquid chromatography/mass spectrometry assay
measures the direct product of the C1s reaction, i.e.,
the assay variation may be smaller.2

Two patients with HAE-C1-INH type 1 had above-
normal C4 values, i.e., 4% of patients with HAE-C1-
INH type 1 could remain undiagnosed if only this
screening method were used. It is worth noting that
after DBS sample standardization, fC1-INH in whole
blood remained stable for 7 days at 4 °C, for up to
3 days at 45 °C, and for 134 days when stored at
room temperature?!, which could facilitate the testing
process by reducing shipping costs.

It is also worth mentioning that the DBS technique
was applied to patients with normal C1 inhibitor levels,
since its validation study only involved patients with

C1-INH deficit. Interestingly, in the DBS results for the
group with HAE-nC1-INH and FXII mutation, pregnant
women had reduced (< 50%) fC1-INH.

Conclusions

The study demonstrated that, in comparison with
the chromogenic test, assessing fC1-INH with the
DBS technique is a reliable method of HAE-C1-INH
diagnosis. It has superior reproducibility and greater
diagnostic accuracy due to its simple, easy-to-
transport, and thermostable samples.
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