
Title
Complement component C4a binds to oxytocin and
modulates plasma oxytocin concentrations and
social behavior in male mice

Author(s) 張, 安培

Citation 大阪大学, 2025, 博士論文

Version Type VoR

URL https://doi.org/10.18910/103152

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



 

Complement component C4a binds to oxytocin and 

modulates plasma oxytocin 

concentrations and social behavior in male mice 

（補体成分 C4a はオキシトシンに結合し、血漿中のオキシトシン濃度 

およびマウスの社会的行動を調節する） 

 

 

 

 

 

 

 

 

大阪大学大学院 

大阪大学・金沢大学・浜松医科大学・千葉大学・福井大学 

連合小児発達学研究科 

小児発達学専攻 

 

 

張 安培 

 

 

２０２５年 ９月 博士学位論文 

 



Complement component C4a binds to oxytocin and modulates plasma 
oxytocin concentrations and social behavior in male mice

Yasuhiko Yamamoto a,*,1 , Anpei Zhang b,1, Teruko Yuhi b, Ai Harashima a,  
Anna A. Shabalova b, Emina Nishizawa a, Michiru Moriya a, Seiichi Munesue a, Yu Oshima a,  
Maria Gerasimenko b , Kazumi Furuhara b, Chiharu Tsuji b, Shigeru Yokoyama b ,  
Shinichi Horike c , Jumpei Terakawa d, Takiko Daikoku d , Takumi Nishiuchi c,  
Katsuya Sakai e , Haruhiro Higashida b

a Department of Biochemistry and Molecular Vascular Biology, Kanazawa University Graduate School of Medical Sciences, Kanazawa, 920-8640, Japan
b Department of Basic Research on Social Recognition and Memory, Research Centre for Child Mental Development, Kanazawa University, Kanazawa, 920-8640, Japan
c Division of Integrated OMICS Research, Department of Advanced Sciences, Research Center for Experimental Modeling of Human Disease, Kanazawa 920-8640, Japan
d Division of Animal Disease Model, Department of Advanced Sciences, Research Center for Experimental Modeling of Human Disease, Kanazawa 920-8640, Japan
e Division of Tumor Dynamics and Regulation, Cancer Research Institute, Kanazawa University, Kanazawa, 920-1192, Japan

A R T I C L E  I N F O

Keywords:
Oxytocin
Complement component
C4a
Slp knockout mice
RAGE
Behavior

A B S T R A C T

Oxytocin (OT) is a hormone with a short half-life that is released from the posterior pituitary gland into the 
bloodstream. It plays an important role in childbirth, breastfeeding, and social behavior in humans and animals. 
However, the endogenous OT system, including plasma OT pharmacokinetics, is not fully understood. In this 
study, we used a click chemistry probe to discover a novel OT-binding protein in human serum and identified 
C4a, a peptidase-cleaved fragment of complement component 4 (C4). A direct association between OT and C4a 
was also confirmed. Upon knocking out Slp gene, which is one of the two mouse C4 genes, the level of free form 
of plasma OT was higher in Slp knockout (Slp− /− ) mice than in wild-type (Slp+/+) mice after intraperitoneal OT 
injection. In addition, open-field tests revealed that social interactions were higher in Slp− /− mice than Slp+/+

mice. An in vitro blood-brain barrier model showed that C4a neither inhibited nor accelerated receptor for 
advanced glycation end-product (RAGE)-dependent brain transport in OT. Our data validate the novel concept 
that C4a with OT-binding capacity can alter the dynamics of the free form of OT concentrations in the plasma, 
which may disturb the availability of OT to the brain, resulting in an interruption of OT-associated social 
behavior.

1. Introduction

Oxytocin (OT) is released from the posterior pituitary gland into the 
bloodstream and plays a pivotal role in uterine contractions during labor 
and milk ejection during breastfeeding in mammals. Recent studies have 
shown that administration of OT increases social interactions and be
haviors in humans and animals by OT-binding to the OT receptor in the 
brain [1]. For this, OT should be transferred from the bloodstream to the 
brain through the blood-brain barrier (BBB). Our group has recently 
reported that OT can bind to the receptor for advanced glycation 
end-products (RAGE), suggesting that RAGE may function as the direct 

transporter of OT in brain vascular endothelial cells [2]. Based on this 
perspective, OT has therapeutic potential for conditions such as autism 
spectrum disorder, schizophrenia, posttraumatic stress disorder, anxi
ety, and depression [3]. However, the clinical effects of OT adminis
tration are not the same in all individuals, which may be due to 
variations in the endogenous OT system.

Prosocial behavior is essential for survival in diverse society [4]. 
During such social interactions, the OT system is activated [5]. There
fore, social behavior may be affected by variations in the endogenous OT 
system [6]. However, the biological basis for these effects remains un
clear. Kosfeld et al. described the trust-enhancing effect of OT in 
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economic studies [7], wherein an investor group transferred more 
money (monetary units) to potential trustees after intranasal OT 
administration. However, subsequent studies often failed to replicate 
this effect based on individual differences [8]. The failure to show the 
effect of OT in such experiments may be due to procedural differences 
and may reflect individual differences in peptide availability.

To address the puzzle of individual differences in the effects of OT, 
we hypothesized that such differences may reflect previously unidenti
fied molecules that regulate the OT system. Specifically, we assumed 
that OT-binding proteins were present in blood. To assess this, we used a 
click chemistry probe to identify a novel OT-binding protein in human 
serum.

2. Materials & methods

2.1. Preparation of OT-immobilized beads, affinity purification, and 
amino acid sequencing

G9[propargylglycine]-substituted OT was synthesized to form an 
addressable synthetic epitope (Medical & Biological Laboratories, 
Tokyo, Japan) and immobilized on azide ferrite-glycidyl (FG) methac
rylate beads (Tamagawa Seiki, Kanagawa, Japan) using click chemistry 
[9]. For affinity purification, OT-immobilized beads (0.2 mg) were 
equilibrated with buffer IB-A (20 mM HEPES [pH 7.9], 100 mM KCl, 0.1 
% Triton X-100, and 10 % glycerol) and incubated with human sera for 
2 h at 4 ◦C. The beads were washed with buffer IB-A and the bound 
proteins were eluted with Laemmli dye and subjected to SDS-PAGE. 
Proteins were stained with aqueous AgNO3 and each strip, including 
the protein, was cut off and subjected to sequencing-grade modified 
trypsin (Promega, Madison, WI, USA). After in-gel digestion, peptide 
fragments from each strip were analyzed using a 4800 Plus MALDI 
TOF/TOF analyzer (AB Sciex, Framingham. MA, USA). The MS/MS data 
were evaluated by comparing amino acid substitutions and modifica
tions to the NCBI database using the Paragon algorithm of ProteinPilot™ 
v2.0 software (AB Sciex).

2.2. Plate binding and competition assays

The binding of human recombinant C4a (HRP-1648, LD Biopharma, 
Inc.) to OT (4084-v, Peptide Ins. Inc.) or human esRAGE (endogenous 
secretory RAGE; an extracellular domain-containing soluble RAGE) [10] 
was assayed in 96-well plates, as reported previously [2]. OT (100 nM) 
or C4a (10 nM) was immobilized on the plates, and bound C4a or esR
AGE was detected using anti-C4a or anti-human RAGE antibodies, 
respectively [2].

2.3. Surface plasmon resonance (SPR) assay (Biacore)

The binding affinity of OT to recombinant C4a was analyzed using 
Biacore X100 (Cytiva) in a single-cycle affinity model [2]. The C4a was 
immobilized through amine coupling to a CM5 Biacore sensor chip 
(Cytiva) and the flow buffer utilized contained 10 mM HEPES (pH 7.4), 
0.15 M NaCl, 3 mM Na-EDTA, and 0.005 % (v/v) surfactant P-20. As
sociation and dissociation were measured at 25 ◦C at a flow rate of 30 
μl/min. The sensor chips were regenerated by washing with 10 mM 
NaOH and 0.5 % (w/v) SDS. The KD was calculated from the ka and kd 
values using a trivalent analyte model.

2.4. Slp knockout mice

Slp-knockout mice were generated using ICR mice (Japan SLC, Inc., 
Shizuoka, Japan), and the CRISPR/Cas9 system was used as previously 
described [11]. Two crRNAs targeting the 5′-upstream region of exon 1 
(TGAGCCCGGAAACCACGTGA) or intron 1 (GAAGA
CACTGGCGTTTGCGT) of the murine Slp gene (Ref Seq:NM_011413.2) 
were designed using the online sgRNA design tool available at https:// 

sg.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM and pur
chased from Integrated DNA Technologies (Coralville, IA, UAS). One of 
the three Slp-knockout (Slp− /− ) strains was used in the present study. 
PCR genotyping was performed using the forward primer 
(5′-AGAAGGGGAAAACAGGAGCA-3′) and reverse primer 
(5′-TGGCAAGCACATGTATTCGT-3′). All procedures were approved by 
the Ethical Committees for Medical Science and Animal Studies at the 
Kanazawa University Graduate School of Medical Sciences (ethics 
approval codes: AP-173824 and AP6-2589).

2.5. Collection of mouse blood samples

Blood samples (0.1–0.2 mL) were collected from Slp+/+ and Slp− /−

male mice through cardiac puncture. To obtain free OT, the samples 
were treated to remove interference-causing components using the 
acetonitrile protein precipitation (PPT) method as described previously 
[12].

2.6. Mouse C4 and C4a measurement

Complement component 4 (C4) and C4a levels in the plasma or 
serum from Slp+/+ and Slp− /− male mice were measured using ELISA 
kits(Cloud Clone Corp., Katy, TX, USA; SEA888Mu and SEA389Mu, 
respectively).

2.7. Open-field test

Slp+/+ and Slp− /− male mice were tested for locomotion and social 
behavior using an open-field test, as previously described [13]. Overall 
activity in the field was measured for 10 or 20 min using a digital video 
system and ANY-maze software (Stoelting Co., Wood Dale, IL, USA). The 
amount of time and distance traveled in the outer, inner, and central 
arenas were counted automatically. After each trial, the test chambers 
were cleaned with a damp towel and 1 % sodium hypochlorite, followed 
by 70 % alcohol [13].

2.8. In vitro blood-brain barrier (BBB) assay

We used an in vitro BBB model (MBT-24H; PharmaCo-Cell Co., 
Nagasaki, Japan) composed of rat brain pericytes, rat astrocytes, and 
monkey brain vascular endothelial cells [14]. Trans-endothelial elec
trical resistance (TEER), which primarily reflects the flux of sodium ions 
through the cell layers under culture conditions, was measured using an 
epithelial-volt-ohm meter and Endohm-6 chamber electrodes (World 
Precision Instruments, Sarasota, FL, USA). The apparent permeability 
constants (Papp) between the luminal and abluminal chambers were 
calculated using distribution ratios [14].

2.9. Statistics

Statistical analyses were performed using Prism software (GraphPad 
Prism 9.3.1) with a two-sided independent t-test to compare two groups, 
one-way analysis of variance (ANOVA) with Fisher’s least significant 
difference post-hoc test to compare more than two groups, and two-way 
ANOVA with Fisher’s least significant difference post-hoc test to 
compare two-factor study designs. Data are expressed as mean ± stan
dard error of the mean (SEM), unless otherwise specified. For all tests, 
statistical significance was set at P < 0.05.

3. Results

3.1. Identification of serum OT-binding protein

Human serum proteins bound to the OT-immobilized magnetic beads 
(Fig. 1A) were isolated and subjected to gel electrophoresis (Fig. 1B). 
The amino acid sequences of each gel band of the peptide fragments 
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were analyzed using time-of-flight mass spectrometry. The most likely 
annotated amino acid sequence was C4a, followed by C4b, C5, amyloid 
P, and transthyretin (Fig. 1B–Supplementary Table 1). C4a is a well- 
established anaphylatoxin in the complement system and is an acti
vated (peptidase-cleaved) fragment of C4 with a molecular mass of 
8,764 Da [15]. Although the C4 gene is the most polymorphic among the 
complement components, leading to variability in plasma C4a levels in 
individuals [16], we focused mainly on C4a in this study.

To demonstrate direct physical binding, we used plate-binding as
says and SPR analysis [2]. Dose-dependent binding was observed 

between immobilized synthetic OT and human C4a in solution (Fig. 1C). 
We examined the association between C4a and RAGE because RAGE is 
known to be an OT transporter. We found C4a-binding to the human 
extracellular domain of RAGE (an alternative splice variant of RAGE, 
esRAGE) [10] (Fig. 1D). Surface plasmon resonance methods showed 
concentration-dependent OT binding to immobilized recombinant C4a, 
with an apparent dissociation constant (KD) of 76.5 nM (Fig. 1E).

Fig. 1. Identification of oxytocin (OT)-binding proteins in human sera. (A) G9[propargylglycine]-substituted OT was synthesized and immobilized on azide ferrite- 
glycidyl (FG) methacrylate beads (Tamagawa Seiki, Kanagawa, Japan) using click chemistry [9]. (B) SDS-PAGE of OT-beads-associated proteins in human sera and 
AgNO3 staining. OT-free beads (0) and 25, 125, and 625 μM of OT beads were used. Proteins were analyzed by TOF-MS/MS. (C, D) Plate binding assays. 
Dose-dependent binding measured between immobilized OT (100 nM) and 0–20 μg/mL of human recombinant C4a (C) and between immobilized C4a (10 nM) and of 
human recombinant esRAGE (endogenous secretory receptor for advanced glycation end-products as a representative of the extracellular domain of RAGE) (D) (n =
3). (E) Surface plasmon resonance (Biacore) analysis of OT (37, 111, 333, 1,000, and 2,000 nM) binding to human recombinant C4a immobilized to a CM5 Biacore 
sensor chip. The KD was calculated by utilizing ka and kd values by a trivalent analyte model.
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3.2. Interruption of dynamic plasma OT elevation by C4a in mice

A gene-knockout model was used to assess the function of C4a. 
Humans and mice have two genes encoding C4, and the mouse sex- 
limited protein gene Slp is a homolog of human C4B gene [17]. C4a is 
a cleaved fragment of C4 [16]. Slp− /− mice were created using the 
gene-editing CRISPR-Cas9 method (Fig. 2A) and gene deletion was 
confirmed by PCR genotyping (Fig. 2B). We then measured plasma C4a 
levels and found that the concentration in Slp− /− mice was approxi
mately half that in wild-type (Slp+/+) mice (Fig. 2C), as the other C4 
gene was not disrupted. Male and female Slp− /− mice grew normally 
without any apparent impairment (including locomotion) or body 
weight loss. The knockout mice were maintained by mating Slp− /− males 
and females.

We first measured OT concentrations in plasma with or without the 
acetonitrile protein precipitation method (extracted or unextracted, 
respectively) [12]. The OT concentrations in the extracted plasma 
samples represent the free form of plasma OT (ffpOT). Basal OT con
centrations in unextracted plasma were 2,039 ± 592 pg/mL and 1,578 
± 263 pg/mL in Slp+/+ and Slp− /− mice, respectively. Basal levels of 
extracted (ffpOT) and unextracted oxytocin (OT) did not differ signifi
cantly between Slp+/+ and Slp− /− mice (Fig. 2D).

A clear difference was observed in the time course of ffpOT 

concentrations after intraperitoneal OT administration (30 ng/mouse) 
(Fig. 2E). In Slp+/+ mice, ffpOT concentration transiently increased by 
150.7 % at 10 min and then promptly decreased to the initial level. In 
sharp contrast, in Slp− /− mice, the ffpOT concentration started to in
crease at 10 min, reached a peak level at 30 min (339 %), and was 
maintained at a high level compared with the initial level until 60 min 
(228 %) following OT injection (Fig. 2E). These findings suggest that 
C4a regulates OT dynamics in mouse circulation.

3.3. Slp− /− mice display increased social interaction

As ffpOT dynamics altered in Slp− /− mice, we examined the social 
interactions using an open-field test. No differences between Slp− /− and 
Slp+/+ mice were observed at the habituation and non-social target 
stages (Fig. 3A and B). During the social stage, Slp− /− mice spent 
significantly more time than Slp+/+ mice in the inner area (Fig. 3C), 
resulting in less time spent in the outer arena by Slp− /− mice (Fig. 3D). 
More precisely, Slp− /− mice spent more time on the cage (center) in the 
inner area, as depicted by the moving traces for the two genotypes (77 s 
for Slp+/+ vs. 109 s for Slp− /− ; Fig. 3E). These data suggest that Slp− /−

male mice preferred to interact more directly with the caged male (social 
target) mice.

Fig. 2. Generation of the sex limited protein (Slp) knockout (Slp− /− ) mice and plasma OT dynamics. (A) A schematic representation of the genomic structure of Slp. 
Positions of crRNAs targeting the 5′-upstream region of exon 1 or intron 1 of Slp gene (Ref Seq:NM_011413.2). (B) PCR genotyping. PCR bands appear at 256 base 
pairs (arrow) from Slp− /− mice at 482 base pairs from Slp+/+ mice. (C) Plasma C4a concentrations of Slp+/+ and Slp− /− mice (n = 11 and 14, respectively). (D) OT 
concentrations (ffpOT) measured in protein extracted plasma from Slp+/+ and Slp− /− mice using by the acetonitrile protein precipitation method (n = 12 and 14, 
respectively). Free form of plasma OT, ffpOT. (E) Time course of ffpOT concentrations in Slp+/+ and Slp− /− male mice following intraperitoneal administration of OT 
(30 ng/mouse). Slp+/+ vs Slp− /− mice at 30 min (each n = 17; P < 0.05); Slp+/+ vs Slp− /− mice at 60 min (n = 12 vs 14, respectively; P < 0.01) after intraperitoneal 
administration of OT.
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3.4. C4a has no or little effect on RAGE-dependent transport of OT

To further elucidate the function of C4a in the C4a-OT-RAGE com
plex, we tested whether C4a could facilitate RAGE-dependent OT 
transport using an in vitro BBB assay after evaluating tight junction 
formation (Fig. 4A) [2]. When OT (1.0 ng/mL, approximately 1.0 nM) 
plus C4a (0.1 μg/ml) were added to the blood side, OT concentrations in 
the abluminal (brain) side increased to 15.2 ± 0.8 pg/mL after 3 h, with 
an apparent permeability of 3.7 ± 0.2 × 10− 6 cm/s (Fig. 4B and C); this 
OT transfer efficiency from the blood to the brain side was not signifi
cantly different from that without C4a. The movement of OT across this 
barrier did not differ with or without C4a treatment (Fig. 4B and C). 
RAGE-dependent OT transport was confirmed by RAGE knockdown in 
endothelial cells (Fig. 4B and C), which was consistent with previous 
data [2]. These findings suggested that OT transport by RAGE was 
neither facilitated nor suppressed by the presence of C4a, at least under 
the given culture conditions (Fig. 4D).

4. Discussion

In this study, we identified C4a, a cleaved fragment of the comple
ment component C4, as an OT-binding protein in plasma for the first 
time. Relatively high-affinity binding (KD ~80 nM) was observed be
tween C4a and OT (Fig. 1E). It is now evident that the OT-binding 
protein could be C4a (9 kDa) [16]. Thus far, a candidate with a mo
lecular weight of approximately 10 kDa has been predicted in the blood 

[18]. We observed a dramatic rise in ffpOT concentrations 30 min after 
exogenous OT administration, accompanied by a ~50 % reduction in 
plasma C4a concentrations in Slp− /− mice, but only a mild elevation in 
ffpOT levels in Slp+/+ mice (Fig. 2C and E). Therefore, plasma C4a may 
partially contribute to the formation of bound OT and is presumably 
inversely correlated with ffpOT concentration. OT is quickly eliminated 
with a very short half-life in the blood; therefore, we believe that this 
dynamic OT alteration affects OT availability in the brain and subse
quent social behaviors. Further investigation is required due to the lack 
of significant differences in basal levels of extracted (ffpOT) and unex
tracted OT between Slp− /− and Slp+/+ mice (Fig. 2C and D). Concerning 
that, it has been very recently reported that immunoglobulin G (IgG) is 
an OT-binding protein [19], with a serum concentration of ~12 mg/mL. 
This high plasma IgG concentration may contribute to further determi
nation of basal plasma OT levels.

C4 and its related glycopeptides play principal roles in the immune 
system and inflammatory processes [20]. High C4A copy numbers in 
neurons are associated with schizophrenia [21], while low copy 
numbers in astrocytes are linked to Alzheimer’s disease [22]. In addi
tion, deficiency of C4, and thereby C4a, is strongly associated with the 
development of autoimmune diseases [23]. Our findings suggest a new 
function of C4a in the blood.

Using an in vitro BBB assay [2], we observed that C4a had little direct 
effect on endothelial RAGE-dependent OT transport from the blood to 
the brain (Fig. 4B and C). In this assay, OT and C4a were co-incubated 
and the OT transfer efficiency over 3 h was evaluated. Although we 

Fig. 3. The open field tests. (A) Time spent in the inner arena at the habituation. Slp+/+ (n = 16) and Slp− /− (n = 17) male mice. (B-D) Non-social target [Slp+/+ (n =
15) and Slp− /− (n = 17) male mice.] (B), social target stages and inner [Slp+/+ (n = 14) and Slp− /− (n = 17) male mice.] (C) or outer arena [Slp+/+ (n = 14) and Slp− / 

− (n = 17) male mice.] (D). (E) Small squares in the inside represent the inner arena which are not drawn in real test field. A non-living object (a small meshed mouse 
cage) or an unfamiliar mouse of the same sex was placed in the central zone. Representative moving traces of Slp+/+ and Slp− /− male mice around the central social 
targe zones.
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did not check for dynamic alterations in OT transfer in the BBB assay, we 
assumed that overall OT transport from the blood to the brain would not 
be affected by the presence of C4a. We believe that dynamic increases in 
ffpOT after exogenous or endogenous OT supply in the blood play a key 
role in OT transfer and availability in the brain.

We also found that social interaction was higher in Slp− /− mice than 
Slp+/+ mice using an open-field test (Fig. 3C and D). This finding sug
gests that the effect of C4a was not limited to ffpOT dynamics, but it also 
affected the brain and mouse social behavior. Further studies are 
required to determine whether C4a in the brain directly affects neuronal 
activity. Based on the results of the current study, it is highly likely that 
C4a modulates the free form of OT dynamics in the plasma and 

subsequent OT transport through the BBB and brain OT availability, 
contributing to the promotion of sociability and prosocial behavior 
(Fig. 4D). Further investigation is required to examine whether C4a 
levels contribute to individual variations in prosocial behavior.
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B. Schwartz, Generation of anaphylatoxins by human beta-tryptase from C3, C4, 
and C5, J. Immunol. 180 (2008) 6307–6316, https://doi.org/10.4049/ 
jimmunol.180.9.6307.

[16] M. Heurich, M. Föcking, D. Cotter, Complement C4, C4A and C4a - what they do 
and how they differ, Brain Behav Immun Health 39 (2024) 100809, https://doi. 
org/10.1016/j.bbih.2024.100809.

[17] U. Vergara, Mouse slp: female expression due to a dominant non-H-2 gene in wild 
mice, Immunogenetics 15 (1982) 601–604, https://doi.org/10.1007/BF00347054.

[18] A. Szeto, P.M. McCabe, D.A. Nation, B.A. Tabak, M.A. Rossetti, M.E. McCullough, 
N. Schneiderman, A.J. Mendez, Evaluation of enzyme immunoassay and 
radioimmunoassay methods for the measurement of plasma oxytocin, Psychosom. 
Med. 73 (2011) 393–400, https://doi.org/10.1097/PSY.0b013e31821df0c2.

[19] E. Lahaye, S.O. Fetissov, Functional role of immunoglobulin G as an oxytocin- 
carrier protein, Peptides 177 (2024) 171221, https://doi.org/10.1016/j. 
peptides.2024.171221.

[20] T. Angata, R. Fujinawa, A. Kurimoto, K. Nakajima, M. Kato, S. Takamatsu, 
H. Korekane, C.-X. Gao, K. Ohtsubo, S. Kitazume, N. Taniguchi, Integrated 
approach toward the discovery of glyco-biomarkers of inflammation-related 
diseases, Ann. N. Y. Acad. Sci. 1253 (2012) 159–169, https://doi.org/10.1111/ 
j.1749-6632.2012.06469.x.

[21] A. Sekar, A.R. Bialas, H. de Rivera, A. Davis, T.R. Hammond, N. Kamitaki, 
K. Tooley, J. Presumey, M. Baum, V. Van Doren, G. Genovese, S.A. Rose, R. 
E. Handsaker, , Schizophrenia Working Group of the Psychiatric Genomics 
Consortium, M.J. Daly, M.C. Carroll, B. Stevens, S.A. McCarroll, Schizophrenia risk 
from complex variation of complement component 4, Nature 530 (2016) 177–183, 
https://doi.org/10.1038/nature16549.
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