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Abstract

Background: Hereditary angioedema due to C1 inhibitor deficiency (C1-INH-HAE) is an autosomal dominant
disease resulting in random and unpredictable attacks of swelling. The swelling in C1-INH-HAE is a result of impaired
regulation of bradykinin production. The fact that the array of tests needed to diagnose HAE is not always available to
the treating physicians is challenging for them and their patients.

Methods: The data for this article were extracted from two distinct surveys. The first survey was conducted among
HAE treating physicians and aimed to determine the availability and utilization of the various assays performed to
help the diagnosis of C1-INH-HAE. The second survey was conducted with the various laboratories across Canada that
performs the assays used in the diagnosis of HAE. The aim of this survey was to determine the availability and profile
of the various assays used in the diagnosis of C1-INH-HAE in Canada, thereby ultimately bringing a rational basis for
the biological testing.

Results: C1-INH functional assay was widely available in Canada (93%), but was only offered by a small numbers
of hospitals meaning that there could be longer delays in the analysis of these samples that may explain why the
physicians expressed a lower level of confidence in this assay (59%). Antigenic C1-INH was available to the vast
majority of the physicians treating C1-INH-HAE (93%) and was considered reliable by 96% of the respondents.
Antigenic C4 was found available to all Canadian physicians and, although with limited specificity, was considered
very reliable by all the participants. This study revealed that 81% of physicians were able to order the antigenic C1q
and the confidence in this assay was moderate (70%). Concerning genetic testing, the survey revealed that most of
the CHAEN members never had to or couldn't order this test.

Conclusion: This study highlights the need for improved education and knowledge exchange, about biological
assays available to Canadian physicians and their performance in proper diagnosis of C1-INH-HAE to improve
confidence and access to relevant tests.
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Background

Hereditary angioedema (HAE) manifests itself by
subcutaneous and submucous edemas mediated by
bradykinin (BK), which is responsible for physiological
vasopermeability [1-3]. HAE, like other BK related AEs,
is characterized by recurrent episodes of oedema, lasting
on average over 24 h that can affect the face, tongue,
uvula, lips, upper and lower limbs and the genitourinary
tract, which can seriously impact intimate relationships.
The oedema can also involve the upper respiratory tract;
there is therefore a major life-threatening risk in the
event of laryngeal involvement. Abdominal attacks are
very painful and are accompanied by nausea, vomiting
and diarrhoea. Despite the chronic, debilitating and
potentially life-threatening nature of the disease, HAE
is often misdiagnosed. A European study has reported
8.5 years delay in diagnosis of HAE across eight European
countries [4].

HAE associated with a Cl-inhibitor deficiency
(C1-INH-HAE) constitutes a complex syndrome, which
causes a situation of functional gain of the contact phase
with subsequent uncontrolled BK production. C1-INH
is a serpin (serine protease inhibitor), which controls
both activation and activity of many proteolytic systems,
including contact phase representing the system that
generates BK, also called Kallikrein—Kinin System (KKS)
[5-7]. It consists of a group of 3 plasma proteins: factor
XII (FXII, Hageman factor), prekallikrein (PK) and
high-molecular-weight kininogen (HMWK) to which
PK is combined (approx. 80%) [7]. In the absence of
activation, the proteolytic system exclusively consists of
inactive zymogens (proenzymes;<0.15% active enzymes
[8]). Cicardi et al. have proposed a classification which
can distinguish in one part, the AEs due to CI1-INH
deficiency, of hereditary or acquired origin, and in
another part, the AEs with normal C1-INH function, and
an important group of unknown biological diagnosis [9].

Clinical diagnosis of HAE and other BK related AEs
is based on the clinical description, the identification
of triggers for the attacks, the response to medications
during attacks, and possible familial history. In case of
suspected HAE, the exploration of C1-INH remains
the first-line test to distinguish between C1-INH-HAE
from those with normal functioning CI1-INH. This
investigation includes the CI1-INH serpin function,
the antigenic C1-INH, and the distribution of C1-INH
molecular species by plasma anti-C1-INH immunoblot.
Obsolete recommendations have considered screening
with antigenic C4 useful in an initial investigation of HAE,
however this strategy has been found of low specificity
because antigenic C4 is still normal in 27% (50/187)
of individuals presenting with established C1-INH-
HAE [10]. A familial diagnosis may be confirmed with
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genetic testing of SERPINGI1 gene (OMIM 106100),
with subsequent allele segregation of symptomatic and
asymptomatic individuals. In most cases, the molecular
abnormality affects allele expression, leading to a
decrease in both antigenic C1-INH and C1-INH function
(hereditary angioedema type I, HAE-I). In 15% of
families, the variants affect allele product function, with
a reduction of the plasma C1-INH function (HAE-II). A
transient and partial decrease of C1-INH function can be
observed in female individuals with AE under the effect
of a trigger, such as the administration of estrogen [11].
In these situations, investigating SERPINGI gene is not
appropriate, but testing F12, PLG, ANGPT1 or other
genes is highly recommended.

Acquired angioedema due to CI-INH deficiency
(C1-INH-AAE) can occur in conditions of acquired
deficiencies of C1-INH that are not familial and inherited.
A quantitative or functional C1-INH deficiency with
negative family history, and sometimes low antigenic
Clq and/or associated with anti-C1-INH antibodies of
significant titres, contribute to a diagnosis of C1-INH-
AAE. The screening for anti-C1-INH antibodies must
be performed in patients above 50 years, with a recent
appearance of attacks. C1-INH-AAE is caused (i) by a
hyperactivation of the classical convertase combined
with the presence of anti-C1-INH antibodies or (ii)
secondary to a tumour proliferation, dysglobulinemia or
an autoimmune disease, with a hypothesized proteolytic
consumption of C1-INH; AAE symptoms can precede
proliferation diagnoses by many years.

Despite  well-detailed  clinical and biological
documentation, many BK related AEs remain to be
classified [12]. Moreover, the array of tests required to
confirm the diagnosis of HAE in the suspected cases is
not always available to the practicing physician treating
BK related AEs and HAE, because of a variety of reasons,
thus posing challenges for them and their patients. The
goal of our study was to survey practice patterns of
Canadian physicians treating HAE patients and various
laboratories conducting tests for the diagnosis of HAE.

Methods

The data for this article were extracted from two distinct
surveys carried out between May 2014 and November
2015. Missing or incomplete answers in both surveys
were obtained through direct e-mails and phone
calls. Both surveys were conducted by the Canadian
Hereditary Angioedema Network (CHAEN), which is a
non-profit organization that unites physicians committed
to ensuring all HAE patients in Canada have access to
excellent care that reflects current management and
treatment guidelines, and works to promote research and
education.
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The first survey was conducted among CHAEN
members. The aim of this survey was to determine the
availability and utilization of the various assays usually
performed to help in the diagnosis of C1-INH-HAE
across Canada. Respondents were asked about the four
main assays used in the diagnosis of Cl-INH-HAE:
C1-INH function using chromogenic assay based on the
residual C1 s peptidase activity (Dade Behring GmbH,
Liederbach Germany) or the ELISA test based on
complex formation (Quidel Corp, San Diego CA USA),
antigenic C1-INH, antigenic C4 and antigenic Clq. We
also asked about genetic testing in C1-INH-HAE, which
can confirm the diagnosis. Respondents were asked
where the assays were performed, about the availability
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of the assays and how coverage was provided for the
different assays. Finally, they were asked about their level
of confidence in the various tests. Seventy-four percent
of CHAEN members (29/39) were reached through
this survey. The province of practice of the respondents
is shown in Fig. la. Forty two percent of respondents
practiced in Ontario.

The second survey was conducted with the various
laboratories across Canada that performed one or many
of the 4 assays listed above. Similarly, the aim of this
survey was to determine the availability and profile of
the various assays used in the diagnosis of C1-INH-
HAE across Canada. The responding laboratories were
inquired about the four main assays. The survey asked

Ontario

British Columbia
Alberta

Quebec

Nova Scotia
Manitoba
Saskatchewan 3%

Newfoundland and Labrador 3%

a Practice location of the responding CHAEN
members

45%

0% 5% 10% 15%

New Brunswick

Ontario

Manitoba

British Colombia

USA

Quebec

Alberta

20% 25% 30% 35% 40% 45% 50%

b Province of origin of the responding laboratories

0 1 2

Fig. 1 Practice location of the responding CHAEN members and province of origin of the laboratories that took either the MD survey or the Lab
survey. CHAEN members who took the MD survey a or laboratories that took the Lab surveys b were distributed according to their province of
origin to allow a better comparison between the results from both surveys

3 4 5 6
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the following questions: which assays were used, the type
of blood sample required to run the assays, the reference
values for each assay and the costs associated with
performing the assays. If the responding laboratories did
not perform one or more of the assays, they were asked
if the samples were referred to a different laboratory
(private or public).

Replies to the survey were received from 16 of the
40 laboratories contacted across Canada and they are
located in 6 provinces: Alberta (3), Ontario (5), Quebec
(5), New Brunswick (1), Manitoba (2) and British
Columbia (1; Fig. 1b). Information was also collected
from three institutions outside the Canadian hospital
networks where samples were sent by some physicians,
one in Canada (In-Common Laboratories (ICL, North
York, ON Canada), acting as a broker for hospital-based
testing in Ontario) and two in the United States (National
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Jewish Health (Denver, CO USA) and Mayo Clinic
(Rochester, MN USA)). Data were obtained from their
respective websites or directly through e-mail contacts.

Results

C1-INH function

The C1-INH functional assay is commonly used when a
physician suspects that a patient may have C1-INH-HAE.
The CHAEN member’s survey showed that this assay is
available to 93% of the responding CHAEN members.
However, the laboratory survey showed that the assay
is performed at very few locations (Fig. 2). According
to results from both surveys, Manitoba and New-
Brunswick do not offer this test and always send samples
out to either other hospital-based or out of country
laboratories (Fig. 2b). The CHU Sainte-Justine, CHU de
Québec-Université Laval, University of Alberta Hospital,

Laboratories not

List of laboratories performing the C1-INH functional assay

Institution Province Town LU
Assay range Type of sample Cost
Vancouver
Island Health Chromogenic
Authority BC Victoria Assay 0.7-1.29 U/ml Plasma 18.00$
Chromogenic  69-142% of Serum or
CHUQ Qc Quebec Assay normal Plasma 38.00$
CHU Sainte- Chromogenic 70-140% of
Justine Qc Montreal Assay normal Plasma 39.00 $
In-Common Radial Qualitative e
Laboratories* ON North York  Immunodiffusion assay Plasma
National Jewish Chromogenic
Health* USA Denver Assay = e Blood = -
Mayo Medical >67% of
Laboratories* USA Rochester EIA normal Serum 74.00 USS

Institution Province processed
Calgary Lab Services AB University of Alberta-Edmonton
North Zone Lab Services AB University of Alberta-Edmonton
Saint-Boniface Hospital mMB* Mayo Medical Laboratories*
Winnipeg Health Science Centre mB* Mayo Medical Laboratories*
The Moncton Hospital NB In-Common Laboratories*
London Health Science Centre ON National Jewish Health*
University Health Network ON In-Common Laboratories*
St-Michael's Hospital ON CHU Sainte-Justine
The Ottawa Hospital ON In-Common Laboratories*
CHUM-Hopital Notre Dame Qc CHU Sainte-Justine
CSSS Drumondville Qc CHU de Québec
Hopital de Granby Qc CHU de Québec

the C1-INH functional assa

Location where the assay is

Fig. 2 Availability of the C1-INH functional assay in Canada. a Laboratories that offered C1-INH functional testing at the time of the survey. When
available, complementary information such as the type of assay, the reference range, the type of sample and the cost of this assay are available in
this table. b List of laboratories that did not process locally the samples for the evaluation of the C1-INH function and location where this sample
was processed
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Vancouver Island Health Authority and the Vancouver
General hospital were the investigative institutions
(Fig. 2a). Ontario offered this test through In-Common
Laboratories based at McMaster’s University. The
most common assay used for the evaluation of C1-INH
function was the chromogenic assay using Cls
protease as target (Fig. 3). All the Canadian hospital-
based laboratories performing this assay used a
chromogenic assay, except for In-Common Laboratories
at MacMaster’s University, which used a radial
immunodiffusion assay when the responses from both
surveys were collected. A chromogenic assay (National
Jewish Health), or an ELISA assay (Mayo Clinic) were
used in non-Canadian hospital-based laboratories. The
reference ranges reported by the laboratories performing
a chromogenic assay were all very uniform (min: 60—70%
of normal; max: 140-145% of normal), in line with the
use of a common commercial kit. As already reported
[13], markedly disparate normal reference values were
found when the complex ELISA has been used. The costs
of the assays performed outside of the Canadian hospital
systems were significantly higher than the cost of the
chromogenic assay offered in non-Canadian laboratories.
Provincial governments, in 93% of the cases, covered
the cost of this assay. There was a surprisingly low level
of confidence in this assay; with 41% of the respondents
answering they did not trust the results. Many expressed
concerns about the handling, storage and shipping of
the samples. Also, they expressed concerns about the
sensitivity and specificity of this assay. A new functional

Page 5 of 12

test using KKS proteases as targets has been developed
with the highest specificity and the advantage of a linear
dose-response in the readout [14]. Whatever the testing
of C1-INH function used, the biological decision will be
taken after retesting with an independent blood sample.

Antigenic C1-INH

The CHAEN member’s survey demonstrated that 93%
of the responding members were able to order the
assay. This assay was performed in a large number of
hospital-based laboratories across Canada. Hospitals
in Alberta (University of Alberta Hospital), Manitoba
(Saint-Boniface Hospital and Winnipeg Health Science
Center), Ontario (London Health Science Center) and
Quebec (CHU de Québec-Université Laval and CHUM)
all offer the assay (Fig. 4a). However, many hospitals in
Ontario and one hospital in New Brunswick subcontract
their samples to In-Common Laboratories (Fig. 4b). In all
Canadian laboratories, antigenic C1-INH is assayed by
nephelometry on serum samples (Fig. 4). The reference
ranges reported by the laboratories across Canada
varied only slightly (min: 0.15-0.26 g/L; max: 0.34—
0.39 g/L). However, some laboratories chose to only
offer the functional assay and cancel the measurement
of antigenic C1-INH in the cases where the functional
assay yielded normal results. Contrasting with the low
level of confidence in the CI1-INH functional assay,
there was a very high level of confidence in the antigenic
C1-INH assay among the surveyed physicians. A total of

Assays used for the evaluation of the C1-INH function
EIA/ELISA 21.1%
Radial immunodiffusion 21.1%
Chromogenic assay 57.9%
0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0%
Fig. 3 Use of C1-INH function assays by the CHAEN members. Data from both surveys were compiled and combined to determine frequency of
use by Canadian physicians in the diagnosis of HAE
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Laboratories not

List of laboratories performing the antigenic C1-INH assay

Institution Province Town e
Assay range Type of sample Cost
Saint-Boniface
Hospital MB Winnipeg Unknown 0.15-0.35 g/L Serum e
Winnipeg
Health Science
Centre MB Winnipeg Nephelometry 0.22-0.38 g/L Serum 9.95$
London Health
Science Centre ON London Nephelometry 0.21-0.39 g/L Serum e
CHUQ Qc Quebec Nephelometry 0.26-0.34 g/L Serum 7.60$
CHUM-Hépital
Notre Dame Qc Montreal Nephelometry 0.21-0.37 g/L Serum 20.00$
In-Common
Laboratories* ON North York  Nephelometry 0.22-0.38 g/L Serum 10.00 S

Institution Province processed
University Health Network ON In-Common Laboratories
St-Michael' Hospital ON In-Common Laboratories
The Ottawa Hospital ON In-Common Laboratories
CSSS Drumondville Qc CHU de Québec
Hopital de Granby Qc CHU de Québec
Calgary Lab Services AB University of Alberta-Edmonton
The Moncton Hospital NB In-Common Laboratories
CHU Sainte-Justine Qc CHUM-Hopital Notre Dame
North Zone Lab Services AB University of Alberta-Edmonton
Vancouver Island Health Authority BC Not performed, only functional

Fig. 4 Availability of the antigenic C1-INH assay in Canada. a List of laboratories offering antigenic C1-INH testing at the time of the survey. When
available, complementary information such as the type of assay, the reference values, the type of sample and the cost of this assay are available in
this table. All samples were tested by nephelometry in relatively similar references ranges using serum samples. b List of laboratories that did not
process locally the samples for the evaluation of antigenic C1-INH and location where this sample was processed

Location where the assay is

96% of the responding CHAEN members said they were
confident in the results of this assay.

Antigenic C4

The CHAEN member’s survey indicated that this
assay is available to 100% of the responding CHAEN
members. According to the data from the laboratory
survey, all the samples were processed either on-site or
at a laboratory within the local hospital network. Results
from the laboratory survey suggested that the evaluation
of antigenic C4 was done solely by nephelometry on
serum samples. The reference ranges for this assay
varied only slightly across Canada (min: 0.08-0.16 g/L;
max: 0.30-0.65 g/L), suggesting the use of validated
and standardized commercial reagents. The results
from the CHAEN member’s survey showed that this
assay was completely covered by the various provincial

governments. The cost of this assay ranged from 4$ to
15% which makes the measurement of antigenic C4 an
affordable for HAE biological diagnostic. Physicians
ordering the C4 antigenic level were 100% confident in
the assay used to generate the results.

AntigenicClq

The CHAEN member’s survey reported that 81% of
the responding CHAEN members were able to order
this assay. Still, this assay is significantly less available
than the other assays considered in the survey. The
vast majority of physicians who answered they could
not order this assay mostly worked in private practice.
The CHU de Québec-Université Laval was the only
participating Canadian hospital laboratory that offered
this assay (Fig. 5a). The In-Common Laboratories and
the two US laboratories also offered this assay. The
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List of laboratories performin

Institution Province Town S
Assay range Type of sample Cost
Radial
CHU de Quebec Qc Quebec immunodiffusion 197-277 mg/L Serum $26
In-Common Radial
Laboratories* ON North York  Immunodiffusion 83-125 mg/L Plasma = -
National Jewish Radial
Health* USA Denver Immunodiffusion 83-125 mg/L Plasma = -
Mayo Medical
Laboratories* USA Rochester Nephelometry 120-220 mg/L Serum e

Laboratories not

Location where the assay is

Institution Province processed
Calgary Lab Services AB University of Alberta-Edmonton
North Zone Lab Services AB University of Alberta-Edmonton
Vancouver Island Health Autorithy BC Not Available
Saint-Boniface Hospital MB Mayo Medical Laboratories
Winipeg Health Science Centre MB Mayo Medical Laboratories
The Moncton Hospital NB In-Common Laboratories
London Health Science Centre ON National Jewish Health
St-Michael' Hospital ON In-common Laboratories
The Ottawa Hospital ON Not Available
University Health Network ON In-common Laboratories
CHUM-Hopital Notre Dame Qc CHU de Québec
CHU Sainte-Justine Qc CHU de Québec
CSSS Drumondville Qc CHU de Québec
Hopital de Granby Qc CHU de Québec

Fig. 5 Availability of the antigenic C1q testing in Canada. a List of laboratories offering antigenic C1q at the time of the survey. When available,
complementary information such as the type of assay, the reference range, the type of sample and the cost of this assay are available in this table.
Samples collected by CHAEN members were processed either by radial immunodiffusion (70%) or nephelometry (30%). b List of laboratories that
did not process locally the samples for the evaluation of the antigenic C1q and location where this sample was processed

majority of antigenic Clq testing was performed in
laboratories outside of the Canadian hospital-based
system (Fig. 5b). The quantification of antigenic Clq
is carried out either by radial immunodiffusion or by
nephelometry (Fig. 5). The most common technique was
the radial immunodiffusion. This technique is used in 3
out of 4 laboratories whereas nephelometry is used in
one US laboratory. For the radial immunodiffusion assay,
the reference values varied substantially between two
laboratories (83-125 mg/L) and the Canadian laboratory
(197-227 mg/L). This assay was covered in 80% of cases
by the provincial governments. However, this assay may
require special authorization before it can be sent to an
out-of-province laboratory. When asked whether they
were confident in the results of this assay, the responding
CHAEN members had a moderate level of confidence
in this assay with 52% being confident in the reported

results while 24% were not. The remaining respondents
could not answer this question because they never had to
or could not order the test.

Genetic testing

According to the answers provided by the CHAEN
members, only 35% of them were able to order genetic
testing for their patients. Testing for C1-INH gene
(SERPING1) variants is not available in Canada and
requests are being referred to some US laboratories,
such as GeneDx (Baltimore MD USA). However, genetic
testing covering genes encoding molecules involved
in angioedema without C1-INH deficiency (FXII) or
enzymes involved in kinin catabolism are available
(Fig. 6). The CHU Sainte-Justine offers sequencing for the
FXII gene (F12) and can detect two variants (c.1032C>A
and ¢.1032C>@). The same center also offers sequencing
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List of institutions offering genetic testing relevant to HAE

Institution Gene Polymorphisms
Factor XII ¢.1032C>A and ¢.1032C>G
CHU Sainte-Justine APP g.2953-3127 del; SNP 2399C>A

Insertion/deletion

C1-INH Deletion/duplication
GeneDx
Factor XII Tyr328Lys
National Jewish Hospital Factor XII Tyr328Lys

Fig. 6 List of institutions offering genetic testing relevant to HAE. This table shows the different institutions providing genetic testing
recommended in the diagnosis of HAE. The different variants investigated are also presented in this table

for two kinin catabolism enzymes, aminopeptidase
P (XPNPEP2 gene), with g.2953-3127del and SNP
c.2399C>A  (dbSNP: rs3788853) and angiotensin-
converting enzyme (ACE gene), with the insertion/
deletion polymorphism (I/D, rs4646994). The GeneDx
and the National Jewish Health laboratories also offer
sequencing services for the FI12 gene. While being an
expensive assay, genetic testing of FXII was significantly
less expensive if performed at CHU Sainte-Justine.
According to the respondents of the survey, genetic
testing was covered in 88% of the cases but physicians
generally must obtain governmental approval to have
genetic testing performed out of province and covered.
Not enough use of this service has been reported in the
survey to draw any conclusion on the physicians’ level of
confidence in this type of assays.

Discussion
In this study, two distinct surveys were generated to
investigate the use of assays in the diagnosis of C1-INH-
HAE in Canada. The first survey was sent to CHAEN
members i.e. physicians treating HAE patients, while
the second survey was sent to Canadian laboratories
performing assays developed in the diagnosis of C1-INH-
HAE. Both these surveys revealed important information
on the availability of the main assays as well as other
crucial factors to consider when establishing a diagnosis
such as confidence in the assays, reference ranges and the
type of assays used. In the following lines, the assays are
discussed in the order of their relevance for the disease.
C1-INH assays correspond to the disease target.
In Canada, both antigenic C1-INH and function are
available to the physicians in charge of treating HAE
patients. Although the CI1-INH functional assay is
widely available to physicians, it is only offered by a

small number of hospitals in Canada. The low number
of facilities offering the C1-INH functional assay might
imply that a longer storage period may be experienced
before processing samples and running the assay. This
may be a reason why almost half of the physicians
surveyed expressed distrust in the results of this assay.
Special care should always be given to the samples
used for the measurement of the C1-INH function. It
is important that the citrate or EDTA blood samples
collected from the patients must be centrifuged within
maximum 2 days of blood collection, then decanted
and frozen at —70 °C or below [15, 16]. A European-
Canadian investigation stated that CI1-INH function
was stable in healthy individual samples both in whole
blood and citrate plasma. In HAE patient whole blood,
C1-INH was stable for up to 3 days in contrast with
the shorter stability in isolated plasma [13]. Also, blood
collection tubes must properly be filled to respect the
optimal blood: anticoagulant ratio, thereby respecting
the assay procedure and avoiding any dilution effect.
This assay was performed mainly using a chromogenic
assay outside of Ontario, although some laboratories
used either an ELISA assay or a radial immunodiffusion
assay. A published retrospective study of samples
aimed at CI1-INH function determination revealed
that the use of the radial immunodiffusion assay may
provide false negative results and that C1-INH-HAE
or C1-INH-AAE may be misdiagnosed using radial
immunodiffusion only [17, 18]. A comparative study
performed in 2015 stated that both the ELISA and the
chromogenic assay were accurate and efficient when
the samples had been appropriately handled despite
some discrepancies between the results from the two
assays [19]. However, a previous study recommended
the use of the chromogenic assay over the ELISA [13].
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A new ClInh function chromogenic assay has been
developed providing an enzymatic readout, with the
advantage of targeting all KKS proteases responsible
for HK cleavage and BK production, as opposed to C1 s
protease, in the chromogenic assay commonly used in
clinical laboratories [14]. Another approach for C1-INH
function was recently proposed in which the ability of
this protein to form complexes with or to control either
EXII or plasma kallikrein, [20]. The assays that used KKs
as target are more relevant to C1-INH-HAE in line with
the regulatory effect of C1-INH on BK generation via the
KKS involved in angioedema attacks.

Identifying C1-INH species by immunoblot is a crucial
step to differentiate between C1-INH-HAE-I and -IL
HAE-I differs from HAE-II in that a pathological allele
is not detectable in HAE-I whereas a defect in C1-INH
function with expression of the wrong allele, i.e. without
alteration in antigenic levels, is seen in HAE-II. Besides
this type of analytical investigation is very useful to
demonstrate a cleaved circulating C1-INH, which is a
valuable contribution for diagnostic of AAE or a transient
CI1-INH cleavage in nlC1-INH-HAE. As mentioned, the
C1-INH antigenic level assay was available to physicians
in Canada and they had a very high level of confidence
in this assay. Perhaps, the fact that this assay is mainly
processed locally contributes to the higher confidence
levels since this reduces the time between collection,
sampling and laboratory analysis. Also, as opposed to the
C1-INH functional assay, antigenic levels are less subject
to sample degradation. The laboratory survey revealed
that all the C1-INH antigenic level assays were performed
using nephelometry, which is consistent with recent
literature [21-23] whereas the radial immunodiffusion
assay was more common in older literature [10, 24, 25].
More recently, an ELISA assay was also described to
quantify the levels of C1-INH in citrated plasma [20].

These surveys revealed that measurement of antigenic
C4 was widely available and considered reliable by
physicians. However by its offside position considering
the pathophysiological process, it is a real risk that
this parameter will be relegated to a low priority [26].
Antigenic C4 was exclusively measured by nephelometry.
Low C1-INH function leads to an uncontrolled activation
of the classical complement pathway, with a subsequent
reduction in circulating antigenic C4 [27]. It is important
to keep in mind that a low antigenic C4 is only indicative
of C1-INH-HAE, but it is not always conclusive because
of the presence of C4AQo or C4BQo null alleles in
healthy individuals, with allele frequency values in Anglo-
Saxons of 0.169 and 0.185, respectively. Evidence suggests
that normal antigenic C4 can be seen in patients with
C1-INH-HAE [10, 26, 28]. However, measuring antigenic
C4 during an HAE attack might improve sensitivity of
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the diagnostic in cases where normal antigenic C4 were
noted in between attacks. While antigenic C4 has been
considered as an initial step in supporting diagnosis,
antigenic C1-INH and function must be measured even
in the presence of normal antigenic C4 if C1-INH-HAE
is suspected. According to a multicenter evaluation, the
combined use of antigenic C4 and C1-INH function has
98% specificity for C1-INH-HAE with a 96% negative
predictive value [10]. Recently it has been demonstrated
that the kininogenase activity or kallikrein-like activity,
a parameter associated with an uncontrolled KKS,
displayed the highest sensitivity and sensibility for HAE
diagnostic when associated to C1-INH function [29].

In C1-INH-HAE patients, antigenic Clq is normal,
but in C1-INH-AAE, they are frequently low whenever
anti-C1-INH antibody is identified [30]. The CHAEN
member’s survey revealed that 81% of physicians were
able to order the assay and the confidence in this assay
was moderate. Being a disease with a significantly
lower prevalence than C1-INH-HAE, it is normal for
Canadian physicians to have less experience with this
assay. This assay was processed at a very small number
of facilities and only one of them was a Canadian
hospital-based laboratory (CHU de Québec-Université
Laval). In Canada, this assay is performed using radial
immunodiffusion. One laboratory outside Canada
reported using nephelometry, which is coherent with
the literature [31, 32]. It has been demonstrated that
both techniques offer the same sensitivity, but the results
from nephelometry assay are obtained much faster
since the radial immunodiffusion assay requires a longer
incubation times [33]. There are also reported uses of
ELISAs to determine antigenic Clq [34].

Genetic testing offers a complementary tool in the
diagnosis of C1-INH-HAE or other forms of hereditary
angioedema, especially in the case of nlCl1-INH-
HAE, with the knowledge of the segregation of the
mutated allele(s) within family, including asymptomatic
individuals. Genetic analysis of SERPING1 gene is helpful
to confirm familial diagnosis or, very rarely, when results
from the classical assays are still inconclusive after
using samples of poor quality. It is required for patients
younger than 1-year of age, where C1-INH expression
is still immature, compared to the adult. However, it is
not available in Canada. Recently, Loules et al. reported
a next-generation sequencing (NGS) platform that
targets the entire SERPINGI gene, offering a powerful
approach for genetic analysis of patients with respect
to C1-INH-HAE [35]. A real advantage given by NGS
platform, when associated with copy number variation
analysis, is to provide information about the size and
localization of recombination fragments. Identification
of family-specific variants is subsequently made possible
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by detecting the exact length and position of the deletion
or insertion fragments after recombination between Alu
repeated sequences. More than 500 SERPINGI variants
have been reported in the on-line Human Gene Mutation
database HMGD®. Every new SERPINGI variant
needs to be validated for its association with decreased
CI1-INH function and clinical phenotype. De novo
mutations within SERPINGI gene are not uncommon,
requiring further attention to family segregation. In
proven C1-INH-HAE, genetic testing of APP and ACE
deficiencies could potentially help in identifying patients
with more frequent or more severe angioedema attacks
[36, 37]. Variants within the FI2, PLG and ANGPTI
genes are described in nlC1-INH-HAE and are important
to seek when C1-INH-HAE or C1-INH-AAE are ruled
out. The CHAEN member’s survey revealed that most of
the CHAEN members never had to or couldn’t order this
test. Perhaps with the decreasing costs of genetic testing,
this may become a much more common procedure in the
future.

According to the CHAEN member’s survey, the main
concerns expressed by physicians treating patients with
HAE in Canada were: sample shipping and handling,
having to wait a long time to get results, lack of
recognized laboratories for genetic testing, diagnosis of
nlC1-INH-HAE, testing of F12 and other susceptibility
genes (cost and availability) and ability to develop a
reliable functional C1-INH assay, the basic testing for
HAE diagnostic. The latter has since been addressed,
at least for Ontario, as the In-Common Laboratories at
MacMaster’s University now conduct measurement of
C1-INH function via a chromogenic assay.

Conclusion

The results of both surveys indicate the need for better
education and information exchange amongst physicians
treating HAE, about various assays available in Canada,
their performance and relevance in proper diagnosis of
HAE, creation of local laboratory expertise to eliminate
sample processing issues and, overall, improve confidence
and access to various tests. CHAEN could represent
an important resource for its members to enhance
collaboration and knowledge exchange amongst HAE
consultants, laboratories and researchers within Canada
and internationally. Such collaboration and knowledge
exchange become more pertinent nowadays when new
innovative laboratory technologies are used outside of
Canada to aid the diagnosis of related AEs and HAEs.
Evaluation of CI1-INH function using contact-phase
proteases as target, assessment of kinin formation during
attacks through spontaneous kininogenase (amidase)
activity, activation of kinin-forming zymogens, and HMWK
plasma kininogen immunoblot and kinin catabolism have
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had a positive impact on the better understanding of
pathophysiological mechanisms of BK-related AEs which
serve as an umbrella for HAEs [8, 14, 38—40].

Abbreviations

HAE: hereditary angioedema; BK: bradykinin; C1-INH-HAE: hereditary
angioedema with C1 inhibitor deficiency; PK: prekallikrein; HMWK: high
molecular weight kininogen; AAE: acquired angioedema; CHAEN: Canadian
Hereditary Angioedema Network; ICL: In-Common Laboratories; nlC1-INH-
HAE: hereditary angioedema with normal C1 inhibitor; KKS: Kallikrein—kinin
system.

Authors’ contributions

RBM designed the surveys. XCM and RBM conducted the surveys. XCM, RBM,
SB, EW, GER, SW and CD were all major contributor in writing the manuscript.
All authors read and approved the final manuscript.

Author details

' Department of Microbiology-Infectious Disease and Immunology,

Laval University, Quebec, QC, Canada. % Division of Clinical Immunology

and Allergy, St. Michael's Hospital, University of Toronto, Toronto, ON,

Canada. ? Division of Allergy and Immunology, Department of Medicine,
Queen's University, Kingston, Canada. * Division of Allergy and Immunology,
Department of Medicine, University of British Columbia, Vancouver, BC,
Canada.” Department of Medicine, Dalhousie University, Halifax, NS, Canada.
5 Hematology/Oncology, Centre Hospitalier Universitaire Sainte-Justine,
Montreal, QC, Canada. ” Immunology and Histocompatibility Laboratory, CHU
de Quebec, Laval University, Quebec, QC, Canada. ® Department of Medicine,
McMaster University, Hamilton, ON, Canada. o University of Ottawa Medical
School, Ottawa, ON, Canada. '® GREPI EA7408, University Grenoble Alpes,
Grenoble, France. ' Filiere de santé Maladies Rares Immuno-Hématologiques
(MaRIH), CHU Grenoble Alpes, Grenoble, France. '? Present Address: INSERM
U1016, Institut Cochin and Laboratoire d'Immunologie, Hopital Cochin, AP-HP,
Université Paris-Descartes, Paris, France.

Acknowledgements

The authors would like to thank Peter Waite and Dr. Frangois Marceau for their
help. The authors would also like to thank all the responding CHAEN members
and all the responding laboratories for answering the surveys.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used during the current study are available from the
corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
Supported by a grant from Viropharma, CSL Behring and Shire through
CHAEN.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 22 May 2018 Accepted: 10 November 2018
Published online: 21 November 2018



Charest-Morin et al. Allergy Asthma Clin Immunol

(2018) 14:83

References

1.

Charignon D, Spath P, Martin L, Drouet C. Icatibant, the bradykinin B2
receptor antagonist with target to the interconnected kinin systems.
Expert Opin Pharmacother. 2012;13:2233-47.

Longhurst H, Cicardi M. Hereditary angio-oedema. Lancet.
2012;379:474-81.

Hofman ZL, Relan A, Zeerleder S, Drouet C, Zuraw B, Hack CE.
Angioedema attacks in patients with hereditary angioedema: local
manifestations of a systemic activation process. J Allergy Clin Immunol.
2016;138:359-66.

Zanichelli A, Magerl M, Longhurst H, Fabien V, Maurer M. Hereditary
angioedema with C1 inhibitor deficiency: delay in diagnosis in

Europe. Allergy Asthma. Clin Immunol. 2013;9(1):29. https://doi.
org/10.1186/1710-1492-9-29.

Schmaier AH. The contact activation and kallikrein/kinin systems:
pathophysiologic and physiologic activities. J Thromb Haemost.
2016;14:28-39.

Schmaier AH. Plasma Prekallikrein: its role in hereditary angioedema
and health and disease. Front Med. 2018;5:3. https://doi.org/10.3389/
fmed.2018.00003.

Weidmann H, Heikaus L, Long AT, Naudin C, Schitter H, Renné T. The
plasma contact system, a protease cascade at the nexus of inflammation,
coagulation and immunity. Biochim Biophys Acta. 2017;1864(11 Pt
B):2118-27. https://doi.org/10.3389/fmed.2018.00003.

Defendi F, Charignon D, Ghannam A, Baroso R, Csopaki F, Allegret-Cadet
M, Ponard D, Favier B, Cichon S, Nicolie B, Fain O, Martin L, Drouet C,
National Reference Centre for Angioedema CREAK. Enzymatic assays
for the diagnosis of bradykinin-dependent angioedema. PLoS ONE.
2013;8:70140.

Cicardi M, Aberer W, Banerji A, Bas M, Bernstein JA, Bork K, Caballero

T, Farkas H, Grumach A, Kaplan AP, Riedl MA, Triggiani M, Zanichelli A,
Zuraw B, HAWK under the patronage of EAACI (European Academy of
Allergy and Clinical Immunology). Classification, diagnosis, and approach
to treatment for angioedema: consensus report from the Hereditary
Angioedema International Working Group. Allergy. 2014,69:602-16.
Gompels MM, Lock RJ, Morgan JE, Osborne J, Brown A, Virfo PF. A
multicentre evaluation of the diagnostic efficency of serological
investigations for c1 inhibitor deficiency. J Clin Pathol. 2002;55(2):145-7.

. Giard C, Nicolie B, Drouet M, Lefebvre-Lacoeuille C, Le Sellin J, Bonneau

JC, Maillard H, Rénier G, Cichon S, Ponard D, Martin L, Drouet C. Angio-
oedema induced by oestrogen contraceptives is mediated by bradykinin
and is frequently associated with urticaria. Dermatology. 2012;225:62-9.
Dessart P, Defendi F, Humeau H, Nicolie B, Sarre ME, Charignon D, Ponard
D, Cichon S, Drouet C, Martin L. Distinct conditions support a novel
classification for bradykinin-mediated angio-oedema. Dermatology.
2015;230:324-31.

Wagenaar-Bos |G, Drouet C, Aygdren-Pursun E, Bork K, Bucher C,

Bygum A, Farkas H, Fust G, Gregorek H, Hack CE, Hickey A, Joller-
Jemelka HI, Kapusta M, Kreuz W, Longhurst H, Lopez-Trascasa M,
Madalinski K, Naskalski J, Nieuwenhuys E, Ponard D, Truedsson L, Varga

L, Nielsen EW, Wagner E, Zingale L, Cicardi M, van Ham SM. Functional
Cl-inhibitor diagnostics in hereditary angioedema: assay evaluation and
recommendations. J Immunol Methods. 2008;338(1-2):14-20. https://doi.
0rg/10.1016/}jim.2008.06.004.

Ghannam A, Sellier P, Defendi F, Favier B, Charignon D, Lépez-Lera A,
Lopez-Trascasa M, Ponard D, Drouet C. C1 inhibitor function using
contact-phase proteases as target: evaluation of an innovative assay.
Allergy. 2015;70:1103-11.

Nielsen EW, Johansem HT, Straume B, Mollnes TE. Effect of time,
temperature and additives on a functional assay of C1 inhibitor. J
Immunol Methods. 1994;173:245-53.

Craig T, Ayg6ren-Pursin E, Bork K, Bowen T, Boysen H, Farkas H, Grumach
A, Katelaris CH, Lockey R, Longhurst H, Lumry W, Magerl M, Martinez-
Saguer |, Ritchie B, Nast A, Pawankar R, Zuraw B, Maurer M. WAQ Guideline
for the Management of Hereditary Angioedema. World Allergy Organ J.
2012;5(12):182-99. https://doi.org/10.1097/wox.00013e318279%affa.

Kay E, Pratt R, Waserman S, Waliul K, Hudecki P. Radial immunodiffusion
method for evaluation of C1-esterase inhibitor function. J Allergy Clin
Immunol. 2016;137(2):AB253. https://doi.org/10.1016/jjaci.2015.12.911.
Wagner E, Sussman GD, Rivard GE. Personal communication; 2008
(unpublished).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Page 11 of 12

Li HH, Busse P, Lumry WR, Frazer-Abel A, Levy H, Steele T, Dayno J, Ried|
M. Comparison of chromogenic and ELISA functional C1-inhibitor tests
in diagnosing hereditary angioedema. J Allergy Clin Immunol Pract.
2015;3(2):200-5. https://doi.org/10.1016/}jaip.2014.08.002.

Joseph K, Bains S, Tholanikunnel BG, Bygum A, Aabom A, Koch C,

Farkas H, Varga L, Ghebrehiwet B, Kaplan AP. A novel assay to diagnose
hereditary angioedema utilizing inhibition of bradykinin-forming
enzymes. Allergy. 2015;70(1):115-9. https://doi.org/10.1111/all.12520.
Riedl MA, Lumry WR, Busse P, Levy H, Steele T, Dayno J, Li HH. Prevalence
of hereditary angioedema in untested first-degree blood relatives of
known subjects with hereditary angioedema. Allergy Asthma Proc.
2015;36(3):205-12. https://doi.org/10.2500/aap.2015.36.3833.

Zanichelli A, Arcoleo F, Barca MP, Borelli P, Bova M, Cancian M, Cicardi

M, Cilliari E, De Carolis C, De Pasquale T, Del Corso |, Di Rocco PC,
Guarino MD, Massaro |, Minale P, Rossi V, Triggiani M, Zanierato G,

Zoli A. A nationwide survey of hereditary angioedema due to C1
inhibitor deficiency in Italy. Orphanet J Rare Dis. 2015;10:11. https://doi.
0rg/10.1186/513023-015-0233-x.

Martinez-Saguer I, Cicardi M, Suffritti C, Rusicke E, Aygéren-Pursun E,
Stoll H, Rossmanith T, Feussner A, Kalina U, Kreuz W. Pharmacokinetics
of plasma-derived C1 esterase inhibitor after subcutaneous
versusintravenous administration in subjects with mild or moderate
hereditary angioedema: the PASSION study. Transfusion. 2014;54(6):1552-
61. https://doi.org/10.1111/trf12501.

Nielsen EW, Johansen HT, Holt J, Mollnes TE. C1 inhibitor and diagnosis of
hereditary angioedema in newborns. Pediatr Res. 1994;35(2):184-7.
Coppola L, Guastafierro S, Verrazzo G, Coppola A, De Lucia D, Tirelli A. C1
inhibitor infusion modifies platelet activity in hereditary angioedema
patients. Arch Pathol Lab Med. 2002;126(7):842-5.

Tarzi M, Hickey A, Forster T, Mohammadi M, Longhurst HJ. An evaluation
of tests used for the diagnosis and monitoring of C1 inhibitor
deficiency: normal serum C4 does not exclude hereditary angioedema.
J Clin Exp Immunol. 2007;149(3):513-6. https://doi.org/10.111
1/].1365-2249.2007.03438.x.

Davis AE. C1 inhibitor and hereditary angioneurotic edema. Ann Rev
Immuol. 1988;6:595-628.

Karim Y, Griffiths H, Deacock. Normal complement C4 values do not
exclude hereditary angioedema. J Clin Pathol. 2004;57(2):213—4. https://
doi.org/10.1136/jcp.2003.12021.

Charignon D, Ghannam A, Ponard D, Drouet C. Hereditary C1 inhibitor
deficiency is associated with high spontaneous amidase activity. Mol
Immunol. 2017;85:120-2. https://doi.org/10.1016/j.molimm.2017.01.028
Epub 2017 Feb 20.

Cicardi M, Zanichelli A. Acquired angioedema. Allergy Asthma. Clin
Immunol. 2010;6(1):14. https://doi.org/10.1186/1710-1492-6-14.

Jesus AA, Campos LM, Liphaus BL, Carneiro-Sampaio M, Mangueira

CL, Rosseto EA, Silva CA, Scheinberg M. Anti-C1q, anti-chromatin/
nucleosome, and anti-dsDNA antibodies in juvenile systemic lupus
erythematosus patients. Rev Bras Reumatol. 2012;52(6):.976-81.

Nilsson B, Ekdahl KN. Complement diagnostics: concepts, indications and
practical guidelines. Clin Dev Immunol. 2012;2012:962702. https://doi.
0rg/10.1155/2012/962702.

Alexander RL. Comparisons of radial immunodiffusion and

laser nephelometry for quantitating serum proteins. Clin Chem.
1980,26(2):314-7.

Roumenina LT, Séne D, Radanova M, Blouin J, Halbwachs-Mecarelli

L, Dragon-Durey MA, Fridman WH, Fremeaux-Bacchi V. Functional
complement C1q abnormality leads to impaired immune complexes and
apoptotic cell clearance. J Immunol. 2011;187(8):4369-73. https://doi.
0rg/10.4049/jimmunol.1101749.

Loules G, Zamanakou M, Parsopoulou F, Vatsiou S, Psarros F, Csuka D,
Porebski G, Obtulowicz K, Valrieva A, Staevska M, Lopez-Lera A, Lopez-
Trascasa M, Moldovan D, Magerl M, Maurer M, Speletas M, Farkas H,
Germenis AE. Targeted next-generation sequencing for the molecular
diagnosis of hereditary angioedema due to Cl-inhibitor deficiency. Gene.
2018;667:76-82. https://doi.org/10.1016/j.gene.2018.05.029.

Drouet C, Desormeaux A, Robillard J, Ponard D, Bouillet L, Martin L, Kanny
G, Moneret-Vautrin D-A, Bosson J-L, Quesada J-L, Lopez-Trascasa M,
Adam A. Metallopeptidase activities in hereditary angioedema: effect
of androgen prophylaxis on plasma aminopeptidase P. J Allergy Clin
Immunol. 2008;121(2):429-33.


https://doi.org/10.1186/1710-1492-9-29
https://doi.org/10.1186/1710-1492-9-29
https://doi.org/10.3389/fmed.2018.00003
https://doi.org/10.3389/fmed.2018.00003
https://doi.org/10.3389/fmed.2018.00003
https://doi.org/10.1016/j.jim.2008.06.004
https://doi.org/10.1016/j.jim.2008.06.004
https://doi.org/10.1097/wox.0b013e318279affa
https://doi.org/10.1016/j.jaci.2015.12.911
https://doi.org/10.1016/j.jaip.2014.08.002
https://doi.org/10.1111/all.12520
https://doi.org/10.2500/aap.2015.36.3833
https://doi.org/10.1186/s13023-015-0233-x
https://doi.org/10.1186/s13023-015-0233-x
https://doi.org/10.1111/trf.12501
https://doi.org/10.1111/j.1365-2249.2007.03438.x
https://doi.org/10.1111/j.1365-2249.2007.03438.x
https://doi.org/10.1136/jcp.2003.12021
https://doi.org/10.1136/jcp.2003.12021
https://doi.org/10.1016/j.molimm.2017.01.028
https://doi.org/10.1186/1710-1492-6-14
https://doi.org/10.1155/2012/962702
https://doi.org/10.1155/2012/962702
https://doi.org/10.4049/jimmunol.1101749
https://doi.org/10.4049/jimmunol.1101749
https://doi.org/10.1016/j.gene.2018.05.029

Charest-Morin et al. Allergy Asthma Clin Immunol (2018) 14:83

37.

38.

Charignon D, Ghannam A, Defendi F, Ponard D, Monnier N, Lopez
Trascasa M, Launay D, Caballero T, Djenouhat K, Fain O, Cichon S, Martin L,
Drouet C. Hereditary angioedema with F12 mutation: factors modifying
the clinical phenotype. Allergy. 2014,69:1659-65.

Baroso R, Sellier B, Defendi F, Charignon D, Ghannam A, Habib M, Drouet
C, Favier B. Kininogen cleavage assay: diagnostic assistance for kinin-
mediated angioedema conditions. PLoS ONE. 2016;11:e0163958.

39.

40.

Page 12 of 12

Robillard J, Gauvin F, Molinaro G, Leduc L, Adam A, Rivard GE. The
syndrome of amniotic fluid embolism: a potential contribution of
bradykinin. Am J Obstet Gynecol. 2005;193:1508-12.

Beaudouin E, Defendi F, Picaud J, Drouet C, Ponard D, Moneret-Vautrin
DA. latrogenic angioedema associated with ACEi, sitagliptin, and
deficiency of 3 enzymes catabolizing bradykinin. Eur Ann Allergy Clin
Immunol. 2014;46:119-22.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	The diagnosis of hereditary angioedema with C1 inhibitor deficiency: a survey of Canadian physicians and laboratories
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Results
	C1-INH function
	Antigenic C1-INH
	Antigenic C4
	Antigenic C1q
	Genetic testing

	Discussion
	Conclusion
	Authors’ contributions
	References




