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Pestome. C1-mHrn6outop ceprmHOBEIX TTpoteas (C1-INH) BBITOTHSICT peryassTOpHYo (PYHKIIUIO B CUCTEME
KOMIUIEMEHTA U IMpoHuaeMoct cocynoB. Jebunur C1-INH mpuBonuT K pa3anaHbeIM (hopMaM aHTHOOTE-
KOB, B TOM YMCJIe HacleACTBeHHOMY aHTMoHeBpoTruueckoMy oTeky (HAO). [Mpuunnoit HAO sBisieTcs: reHe-
THYecKu obyciosiaeHHoe HapyiieHue cuHre3a C1-INH. CHimkenue ypoBHst C1-INH mo 50% otHOCUTETBHO
HOPMBI MPUBOAUT K YBEJUYEHUIO MPOAYKIUY OpaduKUHUHA, YTO SIBJISIETCS OCHOBAHUEM ISl TMTOCTAaHOBKU
nuarHo3a «HAO». Pa3paboTka JOCTYITHBIX UMMYHOMEepMeHTHBIX TecT-crucTteM (MMDA) m1sT KOJTMIEeCTBEHHOTO
onpeneneHuss C1-INH sBasieTcss BocTpeboBaHHBIM HarpaBjieHUEM 11 KIMHULIMCTOB. B mpouecce paspa-
00TKM HOBOro Habopa st KoaundecTBeHHoro ornpeaeaeHust C1-INH Obu1u rojiydeHbl 1Ba MOHOKJIOHAbHBIX
aHtutena Mol (MAT), obiagaroliyx pa3HOM aNUTONHON crneluduyHocThio. Ha ux ocHoBe Oblia pa3pa-
6otana MDA Tect-cucrema 110 Tumy coHaBuY. CrieninduaHOCTh noydeHHbIX MAT Oblla TIoaTBepKIAeHa C
HMCIOIb30BaHNEM KOMMEPUYECKOTO Ipenapara «bepurept». st mpurotosieHns KaanopatopoB C1-INH 6611
addUHHOOUYMIIIEH 13 TIa3MbI KPOBH YeJIOBEKa C MCIOJIb30BaHMEM COpOeHTa ¢ MMMOMIN30BaHHBIMI MAT.
Wpentmanocts 0enky C1-INH monrsepsknanm mpu rmomolnn sinekrpodopesa B I[TAATL, nMMyHOOIOTTHHTA 1
macc-criekrpometpun Ha MALDI-TOF/TOF macc-cnekrpomerpe UltrafleXtreme. s olieHKU TToKa3aTe-
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Jiell kauyecTBa pa3paboTaHHOro Habopa peareHTOB ObLIM MPOBeIeHbI uccaeaoBaHus B cooTBeTcTBUU ¢ TOCT
P 51352-2013 u TY 21.20.23-041-01967164-2022. 3HaueHus1 moKazarejieil KauecTBa: TOYHOCTh (TTpaBUJIb-
HOCTb) — 93,53%; uHTepBaj JMHENHOCTH U3MepeHuit — 22,00-176,07 ur/mi. IpucyrctBue nHTEPDEPUPY-
IOLLMX areHTOB (reMOorjJo0uHa, OUIUpyOuHa, TPUINIMLEPUI0B) He BIUsI0 HAa 93(PEeKTUBHOCTb udMepeHuii. C
oMol paszpadoranHoii MDA TecT-crucTeMbl HAMU OBUTA MCCJIETOBAaHbBI 28 CHIBOPOTOK KPOBU 3I0POBBIX
JIOHOPOB U 7 CBIBOPOTOK KPOBH ITTAlIMEHTOB C MOATBEpXKAeHHbIM auarHo3oM «HAO». B atux e obpasmax
onpenensuiu coaepxkanvue C1-INH npu momomnu TypOMaANMETPUISCKOTO METOAA, MCITONb3ysI MEAULIMHCKOE
n3nenne «PeareHTbl muarHocTUYEeCKUE 1T MMMYHOXMMWYECKUX WMCCICIOBAHUI in Vitro ciel(UIeCKUX
6enkoB KpoBu. Mopenb: Cl-unruourop screpassl (C1 Esteraselnhibitor)» (Aptec, bensrust). Koadbdummenr
Koppestust coctaBui 0,94 (p < 0,05). Be10o ycTaHOBIEHO, YTO IMAaTHOCTUYECKAsT IyBCTBUTEIIBHOCTD M CITEII-
UPUYIHOCTh pa3paboTaHHOM TecT-cucteMmbl coctanisier 100%. B pesyibrate mpoBeAeHHOIO MCCIIEI0BAHUS
pa3paboTtana opurnHaiibHass MDA tect-cuctema st konnuectBeHHoro onpeneneHus C1-INH «Habop pea-
TEHTOB 11 UMMYHOMEPMEHTHOT0 KoJinuyecTBeHHOro onpeaenecHus: Cl-unruouropa yenoseka (Cl-inh PS)».

Knrouesvie cnosa: CI-uneubumop, MOHOKAOHAAbHOE AHMUMENO, UMMYHOGEPMEHMHbLI AHAAU3, Mypoudumempus, Kaiubpamop,
KOpensiyUOHHbLI AHAAU3

QUANTIFICATION OF C1 ESTERASE INHIBITOR IN HUMAN
SERUM BY ENZYME-LINKED IMMUNOSORBENT ASSAY:
CORRELATION WITH TURBIDIMETRIC IMMUNOASSAY

Gorbunov N.P.2 Zhakhov A.V.2 Gorbunova I.N.2, Milichkina A.M.3,
Drozd 1.V.2, Gubanova A.V.2, Danilova E.M.?, Kuznecova R.N.2,
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Abstract. C1 inhibitor of serine proteases (C1-INH) performs a regulatory function in the complement
system and vascular permeability. Deficiency of C1-INH leads to various forms of angioedema, including
hereditary angioedema (HAE). The cause of HAE is a genetically determined violation of the synthesis of
C1-INH. A decrease in the level of C1-INH to 50% relative to the norm leads to an increase in the production
of bradykinin, which is the basis for the diagnosis of HAE. The development of affordable ELISA for the
quantitative determination of C1-INH is a popular direction for clinicians. During the development of a
new Kkit for quantitative determination of C1-INH, two mouse monoclonal antibodies (mAb) with different
epitope specificities were obtained. On their basis, a sandwich-type ELISA was developed. The specificity
of the obtained mAb’s was confirmed using the medical device “Berinert”. To prepare calibrators, CI-INH
was affinity purified from human blood plasma using a sorbent with immobilized mAbs. The identity of
the C1-INH protein was confirmed by PAGE electrophoresis, immunoblotting, and mass spectrometry on
MALDI-TOF/TOF UltrafleXtreme mass spectrometer. To assess the quality indicators of developed reagents
kit, studies were carried out in accordance with GOST R 51352-2013 and TU 21.20.23-041-01967164-2022.
Values of quality indicators: accuracy — 93.53%; measurement linearity interval — 22.00-176.07 ng/mL. Using
the developed ELISA test system, we examined 28 blood sera from healthy donors and 7 blood sera from
patients with confirmed HAE. In the same samples, the content of C1-INH was determined by turbidimetric
method, using the "Diagnostic reagents for in vitro immunochemical studies of specific blood proteins. Model:
Cl-esterase inhibitor (C1 EsteraseInhibitor)" (Aptec, Belgium). The correlation coefficient was 0.94 (p < 0.05).
It was found that the diagnostic sensitivity and specificity of the developed ELISA is 100%. As a result of the
study, an original ELISA test system for the quantitative determination of C1-INH was developed "Reagent kit
for enzyme-linked immunosorbent assay of human C1-inhibitor (C1-inh PS)".

Keywords: C1 inhibitor, monoclonal antibody, enzyme immunoassay, turbidimetry, calibrator, correlation analysis
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Introduction

C1 esterase inhibitor (C1-INH) belongs to the
superfamily of serine protease inhibitors (serpins) and
is a single-chain highly glycosylated protein. The main
function of CI1-INH is to control the inflammatory
response by inhibiting spontaneous complement
activation via the classical and lectin pathways, as
well as regulate vascular permeability by inactivating
proteases of the fibrinolytic, coagulation, and kinin
pathways, preventing unregulated production of
bradykinin [2, 3].

Deficiency of the C1-INH inhibitor leads to in-
creased generation of complement anaphylatoxins,
which stimulate the release of vasoactive amines by
mast cells and eosinophils and cause a strong inflam-
matory response. The weakening of control over
the activation of contact systems leads to enhanced
production of the powerful vasodilator bradykinin. In
both cases, this leads to systemic inflammation, which
manifests in the form of angioedema (AE) [2, 4].

The most severe manifestation of AE is here-
ditary angioedema (HAE), which can occur in
presence or absence of urticaria, accompanied by
repeated, self-limiting relapses and not reversed by
antihistamines [1].

The cause of HAE disease is a rare dominant
mutation in the human autosome, which leads to
genetically determined defects in the genes encoding
CI1-INH synthesis. The incidence of HAE ranges
from 1:20,000 to 1:100,000 [1, 6].

The symptoms of AE are similar to those of other
diseases (allergies, asthma, inflammatory processes,
etc.), which causes difficulties in determining of its
cause, diagnostics and choosing a therapy strategy
by clinicians. A decrease in the level of C1-INH to
a value below 50% of normal (20-40 mg/L) is strictly
associated with the diagnosis of HAE, which makes it
relevant to determine its concentration in the blood of
patients [5, 6].

In this regard, the aim of the work was to develop
an available ELISA test system for the quantitative
determination of C1-INH, which can compete with
other registered more expensive test systems.

Materials and methods

Human serum samples

The panel of serum samples from healthy donors
and confirmed type I HAE patients was provided by
the Pasteur Institute Medical Center (St. Petersburg,
Russia).

Obtaining mouse monoclonal antibodies (mAbs)
against human C1-INH

Monoclonal Abs against human CI1-INH used
to develop human CI1-INH enzyme-linked im-

munosorbent assay (ELISA) test system were obtai-
ned according to Kohler and Milstein hybridoma
technology. To immunize animals (Balb/c mice),
commercial intravenous human CI1-INH «Berinert»
(Aptec) was used. Immunization was carried out in
three stages with 31 day interval. At the first stage,
20 pg of protein together with Freund’s complete
adjuvant (FCA) was administered subcutaneously
by footpad injection. Re-immunization was carried
out with the same dose of antigen with Incomplete
Freund’s Adjuvant (IFA), followed by booster dose of
100 mg protein in saline.

Six days after boosting, lymphocytes were harvested
and fused with SP 2/0 mouse myeloma cells. The cells
were cultured in RPMI-1640 (Sigma) supplemen-
ted with 10% fetal bovine serum (Sigma) and HAT
selection agent (Sigma) containing hypoxanthine,
aminopterin, thymidine. Thus obtained hybridoma
clones were screened by ELISA. The antigen was
immobilized on the plate well surface, then the
supernatants from hybridoma cells were added to
the wells, and the resulting immune complexes were
detected using commercial goat anti-mouse IgG
conjugated with horseradish peroxidase (A4416,
Sigma). mAbs were produced by intraperitoneal
injection of hybridoma cells into experimental
animals, followed by collecting of ascitic fluid once
ascites was developed. To purify the mAbs, ascitic
fluid was preliminarily precipitated with ammonium
sulfate and applied to a column filled with a protein
A resin (MabSelectXtra, GE), elution was carried out
according to the manufacturer’s instructions, having
regard to the antibody isotype, previously determined
using Mouse Monoclonal Antibody Isotyping Rea-
gents (ISO 2, Sigma).

Monoclonal antibodies labeling with horseradish
peroxidase

Monoclonal Ab conjugates with horseradish pe-
roxidase were obtained by the periodate-oxidation
method.

Development of an enzyme-linked immunosorbent
assay test system for determination of human C1-INH

To create a sandwich-type ELISA test system for
determination of human CI1-INH, a seclection of
mAbs with different epitope specificity was made. For
this purpose, each of the obtained mAbs was tested
as both a capturing (immobilized on the wells of the
plate) and detecting (conjugated with horseradish
peroxidase) antibody with respect to other mAbs
against CI-INH. Concentration of CI-INH in
the calibration samples was selected by successive
dilutions of the initial sample. The sample was diluted
until no saturation of capture antibodies with C1-INH
was observed. The titer of capturing antibodies was
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selected in order to ensure optimal characteristics of
the ELISA test system, i.e., the consistency of the
following parameters: low background values, the
calibration sample signal level providing a relatively
linear relationship between CI1-INH concentration
and optical density values on the calibration curve.
The titer of the conjugate was determined by ELISA.
The antigen was immobilized on the plate well surface,
then serial dilutions of the tested mAb HRP conjugate
were added into the wells, and the first dilution after
which a decrease in the signal level was observed
relative to the previous dilution was determined.

Preparation and characterization of human
C1-INH for calibration samples

Human CI1-INH was obtained by chromatogra-
phy purification from blood plasma using an affinity
sorbent with immobilized monoclonal antibodies.
Phosphate-buffered saline, pH 7.5 was used as an
equilibration buffer, and 3M MgCl, solution was
used as an eluent. The matrix for affinity sorbent
was BrCN-activated Sepharose 6B (GE), antibodies
were immobilized according to the manufacturer’s
instructions.

The physicochemical and immunological pro-
perties of the obtained human C1-INH were compared
with human C1-INH from “Berinert” drug (Aptec)
using such methods as SDS-PAGE, immunoblotting,
ELISA, and mass spectrometry on UltrafleXtreme
MALDI-TOF/TOF mass spectrometer.

Study of the analytical characteristics of an expe-
rimental test system for the quantitative determination
of human C1-inhibitor

Such parameters as the accuracy (correctness) of
measurements, assessment of control samples KI1*
and K27, precision under reproducibility conditions;
sensitivity, detection limit, linearity, analytical mea-
surement range; possible influence of interfering
substances in blood serum samples; concordance
with the reference medical device (MD), diagnostic
significance were determined.

To evaluate these parameters, the components of
the developed ELISA testsystem (calibration and cont-
rol samples) were used, as well as 2 panels of biological
samples: the first comprising 24 sera from healthy
donors, and 11 sera from patients with confirmed
HAE; the second comprising 28 sera from healthy
donors, and 7 sera from patients with confirmed type
I HAE. As a reference MD, a commercial C1 Esterase
Inhibitor assay kit (Aptec) was used, designed for the
analysis of C1-INH by the turbidimetric method on a
FURONO 270 Clinical Chemistry Analyzer.

To assess the possible influence of interfering
substances in blood serum samples, solutions of

hemoglobin 1000 mg/dL, bilirubin 60 mg/dL, tri-
glycerides 50 mg/dL were used.

Results and discussion

As a result, two mouse monoclonal antibodies,
C1-1i and C1-2i, against human CI1-INH were ob-
tained.

The antibodies were characterized by ELISA and
immunoblotting. The specificity of the obtained
antibodies was confirmed by detection in the above
assay of the immune complex of target antibodies with
the CI1-INH protein contained in the commercial
“Berinert” drug (control protein), a similar complex
was also detected in the presence of human blood
serum. One band was stained on the nitrocellulose
membrane, corresponding to the molecular weight of
C1-INH, 105 kDa, when analyzing a sample loaded
to the gel without addition of B-mercaptoethanol. It
was determined that the mAbs have different epitope
specificity, which made it possible to implement the
developed ELISA test system as a sandwich-type
assay, where one of the antibodies is capturing and
immobilized in the wells of the plate, and the second
one is detecting and conjugated with horseradish
peroxidase.

A combination of mAbs was determined for the
developed ELISA test system, where mAb C1-2i is
capturing, and mAb C1-1i is detecting.

A sample of human CI-INH was obtained and
characterized, intended for the preparation of ca-
libration samples. This sample was analyzed using
various analytical methods. According to SDS-
PAGE, the molecular weight of the protein was
105 kDa, which corresponded to the molecular
weight of the control protein. According to the
results of immunoblotting using a conjugate of
the obtained specific mAb against CI1-INH with
horseradish peroxidase (CIl-1i-HRP), one band
was observed on the nitrocellulose membrane,
corresponding to the molecular weight of the control
protein. MALDI-TOF/TOF mass spectrometric
analysis on UltrafleXtreme mass spectrometer
was also carried out. The processed spectra were
used to identify proteins by accessing the NCBI
or SwissProt databases using MASCOT. The
mass determination error was limited to 20 ppm.
According to the analysis, the studied protein was
reliably identified as "complement Cl-inh [Homo
sapiens]|" (NP_000055.2); the Score value was 491
with a threshold value of 68.

Studies of the developed original ELISA test system
for the quantitative determination of C1-INH were
carried out. In the study of the diagnostic significance,
sera from the first panel of biological samples were
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Figure 1. Results obtained when studying the diagnostic significance for the developed original ELISA test system for

the quantitative determination of C1-INH
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Figure 2. Results obtained when studying concordance with reference MD for the developed original ELISA test system for
the quantitative determination of C1-INH
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TABLE 1. CHARACTERISTICS OF THE DEVELOPED ORIGINAL ELISA TEST SYSTEM FOR THE QUANTITATIVE

DETERMINATION OF C1-INH, OBTAINED DURING THE STUDY

Parameter

Value

Accuracy

within 90-110%

Limit of detection

2.00+0.60 ng/mL

Analytical measuring range

22.00 to 175.00 ng/mL

Linearity

within 90% to 110%
in the range from 22.00 to 175.00 ng/mL

Repeatability and reproducibility

the coefficient of variation (CV) does not exceed 15%

Concordance with reference MD corresponds
Diagnostic specificity 100%
Diagnostic sensitivity 100%

analyzed. The value of diagnostic sensitivity and
diagnostic specificity was determined to be at the level
of 100%, which indicates the absence of both false
negative and false positive results. Based on the data,
a graph (Figure 1A) and a histogram (Figure 1B) were
plotted, reflecting statistically significant differences
between the studied groups of sera, and Figure 1C
shows the data used to plot the above graphs.

In the study of concordance with the reference
MD, a correlation graph was plotted reflecting the
relationship between the values of C1-INH, mg/dL,
determined using the developed test system, and the
values of CI-INH, mg/dL, determined using the
reference MD (Figure 2). For this study, a second
panel of biological samples was used. The coefficient
R was determined to be 0.940, p < 0.05. The value of
this coefficient indicates a strong positive correlation
of data on the level of C1-INH in the studied samples
analyzed using the two test systems. The graph of the
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