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Complement components and their cascade of reactions are important defense mechanisms within both innate
and adaptive immunity. Many complement deficient patients still remain undiagnosed because of a lack of high
throughput screening tools. Aiming towards neonatal proteome screening for immunodeficiencies, we used a
multiplex profiling approach with antibody bead arrays to measure 9 complement proteins in serum and dried
blood spots. Several complement components have been described as heat sensitive, thus their heat-
dependent detectabilitywas investigated. Using sera from 16 patientswith complement deficiencies and 23 con-
trols, we confirmed that the proteins C1q, C2, C3, C6, C9 and factor Hwere positively affected by heating, thus the
identification of deficient patients was improvedwhen preheating samples. Measurements of C7, C8 and factor I
were negatively affected by heating and non-heated samples should be used in analysis of these components. In
addition, a proof of concept study demonstrated the feasibility of labeling eluates from dried blood spots to per-
form a subsequent correct classification of C2-deficiencies. Our study demonstrates the potential of using
multiplexed single binder assays for screening of complement components that open possibilities to expand
such analysis to other forms of deficiencies.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Primary immunodeficiency disorders (PIDs) are a heterogeneous
group of disorders. Although characterized by a vague increased suscep-
tibility to infections, the disorders are caused by highly specific genetic
defects of one or multiple proteins of the immune system. The risk of
severe infections during early childhoodmay even be fatal if the immu-
nodeficiency is not correctly diagnosed and treated. Patients with com-
plement component deficiencies comprise a group where a correct
diagnosis often is delayed or missing [1]. The late recognition of defi-
ciencies is mainly due to the lack of familiarity with PIDs but also that
no cost-effective PID screening method is available today. Complement
analysis with identification of deficiency is usually only performed
when a defect in the complement system is suspected. Complement de-
ficiencies are also known to be associated with systemic lupus erythe-
matosus and other autoimmune disorders [2].

The prevalence of complement component deficiencies varies
greatly between the different components and between different

populations [3]. For example, C2 deficiency is one of the most common
PIDs in Europe with an estimated frequency of 1:20,000 [4], while no
C2-deficient individual was found among 146,000 Japanese blood do-
nors [5]. In contrast, C9 deficiency, which is rare in Caucasians, has a fre-
quency of 1:1000 in Japan [3]. Other deficiencies affecting C4, C3, C5,
factor H and factor I are very rare with only 20–50 published cases in
the world [3]. Calculations based on the reported prevalence and the
number of known cases show that only about 10% of the C2-deficient
patients in Sweden are currently identified [3], which implies a need
for screening to detect these vague and yet specific disorders.

Newborn screeninghas been successful in detecting severemetabol-
ic disorders formore than 50 years, since the start of universal screening
programs to detect phenylketonuria (PKU) in the 1960's [6]. Additional
disorders are currently added to the newborn screening efforts. New-
born screening for severe combined immunodeficiency (SCID) was ini-
tiated in Wisconsin in 2008, using quantification of T cell receptor
excision circles (TREC) as a reflection of newly formed T cells [7]. This
has later been expanded to encompass several additional states in the
US and it has also recently been recommended in Europe [8]. Screening
for severe forms of B cell deficiencies, such as X-linked agammaglobu-
linemia (XLA), was first described in 2011 using quantitation of kappa
receptor excision circles (KREC) as a measure of recently formed B
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cells [9]. Subsequently, these two assays were combined [10] and a
screening project using a triplex assay has recently been initiated in
Sweden. Although complement deficiencies may show a milder clinical
phenotype than the prototype forms of primary immunodeficiency
(SCID andXLA), it is nevertheless important to screen for these deficien-
cies as they cause significant morbidity and mortality. For screening of
disorders including complement and immunoglobulin deficiencies,
multiplex protein assays have been suggested for a straight forward
identification of phenotypes regardless of underlying genotype [11].
We therefore explored the use of antibody bead arrays targeting nine
of the protein components of the complement system.

Current laboratory tests of complement deficiencies on a protein
level include functional assays utilizing hemolysis of erythrocytes by
complement activation of the classical (CH50), alternative (AP50) and
mannose binding lectin pathways. There are also ELISA-based assays
to evaluate these pathways simultaneously [12,13]. Measurement of
the individual component concentrations by hemolytic assays, immu-
noprecipitation or ELISA is recommended to supplement the functional
tests in identifying the specific deficiency [14]. Even though there are
many commercial and in house assays available for complement
analysis, few have been standardized to enable comparisons among lab-
oratories worldwide. However, there is ongoing work within the Inter-
national Union of Immunological Societies (IUIS) to address the issue
and recently an international serum standard for complement activa-
tion assays was published [15].

Ever since 1899, with the discovery of a heat labile complementing
substance in bloodwith the ability to lyse bacteria [16,17], several com-
plement components have been known as heat sensitive factors in
blood. A heat treatment of 56 °C for 30 min has classically been used
to inactivate the complement cascade, e.g. when using fetal bovine
serum in cell cultures [18]. In previous work utilizing antibody bead ar-
rays for protein profiling, elevation of certain signal intensities was ob-
served following preanalytical heat treatment of samples at 56 °C for
30 min or at 72 °C for 15 min [19,20]. Thus, preanalytical heating of di-
rectly labeled serum or plasmawas evaluated in this studywith the aim
to define suitable conditions for complement profiling.

Screening thousands of samples requires cost efficient and straight-
forward analytical tools and microarray technologies might enable fast
tests at a low cost per sample in order to detect multiple disorders si-
multaneously.We have explored the potential of detecting several com-
plement deficiencies simultaneously with the use of antibody bead
arrays and serum samples. We also investigated the potential of analyz-
ing dried blood spots from Guthrie cards, a prerequisite for neonatal
screening.

2. Materials and methods

2.1. Study samples

Sera from 16 complement deficient patients were collected at the
clinical immunology departments at Karolinska University Hospital
Huddinge and LundUniversity Hospital, Sweden (see Table 1). Newborn
dried blood samples were available from two C2 deficient patients at
Karolinska University Hospital Huddinge. Samples from 23 anonymized
blood donors collected from the Blood Donor Centre at Karolinska Uni-
versity Hospital Huddinge were used as a control group (see Table 1)
and newborn dried blood samples from four non-deficient individuals
were selected as controls. All samples were named according to a
short letter code referring to the disorder or control, as well as a unique
number for each patient. The study of complement deficiencies was ap-
proved by the Regional Ethical Review Board in Stockholm.

2.2. Protein targets

Antibodies targeting C1qA, C1qB, C1r, C1s, C3, C6, C7, C8A, C8B, C8C,
C9, factor H and factor I were acquired from the Human Protein Atlas

project (www.proteinatlas.org) and supplemented with a goat anti-
human C2 antibody (R&D Systems) (Table 2). Two antibodies targeting
C3 and three antibodies targeting factor H were utilized. One antibody
per target was selected for the presentation of results and these are
highlighted by an asterisk in Table 2. An anti-human albumin antibody
(DAKO)was used as an assay control and a rabbit IgG (Bethyl Laborato-
ries) as well as bare beads were used as background references.

2.3. Serum preparation

Sera were manually aliquoted into 96-well plates in a randomized
order including triplicates of two control sera (blood donors) and a
pool of seven control sera. The sera were directly labeled with biotin
at 10× molar excess as previously described [19] and stored in
−20 °C until further use.

2.4. Dried blood spot sample preparation

3.2 mm punches were obtained from Guthrie cards with newborn
blood samples (dried blood spots). The proteins from one punch per pa-
tient were eluted into 30 μl PBST for 48 h at 4 °C. 10 μl of this solution
was directly labeled by the addition of 0.8 μg N-hydroxysuccinimidyl
ester of biotinoyl-tetraoxapentadecanoic acid (NHS-PEO4-Biotin, Ther-
mo Fisher Scientific) dissolved in dimethyl sulfoxide (Sigma-Aldrich)
per sample and incubated for 2 h at 4 °C. The reaction was stopped by
the addition of 3.2 μl 0.5 M Tris–HCl. After labeling, the dried blood
spot samples were stored in −20 °C and handled and analyzed in the
same way as labeled sera.

2.5. Suspension bead array generation

Color-codedmicrospheres (Magplex, Luminex corp.)were covalent-
ly coated with antibodies, using 1.6 μg of one antibody per 500,000
beads of a given identity (ID), as previously described [19]. Antibody
beads were then combined into a multiplex antibody array in suspen-
sion for Luminex flow cytometer assays, or kept in singleplex for blot
based immunocapture analysis.

2.6. Bead array immunoassay procedure

The directly labeled samples (sera or dried blood spots) were proc-
essed as previously described [19]. In short, biotinylated samples were
diluted 1:50 (reaching a final dilution of 1:500) in an assay buffer
consisting of polyvinylpyrrolidone, polyvinyl alcohol and casein in PBS

Table 1
Collection of sera from complement deficiency patients and controls.

Unique ID Deficiency Sampling hospital

C1QAD-(1) C1Q Lunda

C2D-(2) C2 Huddingeb

C2D-(3) C2 Huddinge
C2D-(4) C2 Huddinge
C2D-(5) C2 Lund
C3D-(6) C3 Huddinge
C4AD-(7) C4A Lund
C5D-(8) C5 Lund
C6D-(9) C6 Lund
C7D-(10) C7 Lund
C7D-(11) C7 Lund
C8BD-(12) C8B Lund
C8D-(13) C9 Lund
CFHD-(14) Factor H Lund
CFID-(15) Factor I Lund
CFPD-(16) Properdin Lund
Con-(103–200) NA Huddingec

a Lund University Hospital, Sweden.
b Karolinska University Hospital, Huddinge, Sweden.
c Anonymized controls fromblooddonor center, KarolinskaUniversityHospitalHuddinge.
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