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ABSTRACT

Bullous pemphigoid is a common autoimmune blistering disease of the elderly 
associated with autoantibody-mediated complement activation, and complement 
dysregulation is critical for its pathogenesis. As a crucial regulator of the complement 
system, CD55 has been widely studied in autoimmune diseases. Here, we investigated 
the involvement of CD55 in bullous pemphigoid, as little is known regarding its role 
in this disease. We found that CD55 levels were significantly lower in the lesions of 
patients with bullous pemphigoid (n = 8) compared to those in skin samples from 
healthy controls (n = 6). Interestingly, CD55 depletion in HaCaT human keratinocytes 
enhanced autoantibody-mediated complement activation. Moreover, complement 
activation was blocked by exogenous recombinant CD55 protein in both skin sections 
and keratinocytes exposed to pathogenic antibodies from patients with bullous 
pemphigoid. Notably, a significant increase in the expression of TNF-α and IFN-γ, 
administration of which downregulated CD55 levels in HaCaT cells, was observed in 
the sera of patients with bullous pemphigoid (n = 38) compared to that in healthy 
controls (n = 19). We found that ERK1/2 is involved in both TNF-α- and IFN-γ-induced 
CD55 downregulation. Thus, CD55 deficiency is a crucial factor in bullous pemphigoid 
pathogenesis, suggesting that increasing CD55 levels may exert a therapeutic effect.

INTRODUCTION

Bullous pemphigoid is the most common 
autoimmune subepidermal blistering disease and is 
characterized by the production of autoantibodies that 
directly target the bullous pemphigoid antigen 180 (BP180 
or COL17A1) within the dermoepidermal junction (DEJ) 
[1, 2]. Targeting of BP180 by autoantibodies leads to 
activation of the complement system, which mediates a 
series of inflammatory events, including dermal mast cell 
degranulation, generation of eosinophil-rich infiltrates, and 
subsequent blister formation [3, 4]. Autoantibodies and the 
key complement component C3b can often be detected at 
the basement membrane zone (BMZ) of the lesional skin 
of bullous pemphigoid patients [5]. In addition, it has been 

reported that complement component C5-deficient mice 
do not develop bullous pemphigoid following exposure 
to the pathogenic anti-BP180 IgG, which is used to 
induce this disease model. Similarly, mice injected with 
F(ab′)2 fragments of the pathogenic IgG fail to develop 
this condition [6, 7]. Complement activation is widely 
recognized as an important step in the pathogenesis of 
bullous pemphigoid; however, little is known regarding 
the pathogenic importance of upstream regulators of this 
process.

The complement system plays a key role in the 
immune response and can be activated through three 
routes: the classical, lectin, and alternative pathway [8–
10]. All three result in production of the same final effector 
molecules as part of the complement cascade, including 
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C3b, C3a, and the terminal membrane attack complex 
(MAC), which act as inflammatory mediators in humoral 
and cellular immunity [11]. Under normal conditions, 
cells resist inappropriate complement attack by expression 
of membrane-bound complement regulatory proteins, 
including CD35 (CR1), CD46, CD55, and CD59, which 
prevent activation of the complement system and provide 
essential protection against self-damage [9, 11, 12]. It 
has been reported that dysregulation of these proteins 
directly affects the progression of several autoimmune 
diseases, including systemic lupus erythematosus (SLE) 
and rheumatoid arthritis [13–15].

CD55, a 70-kDa globular glycoprotein, is anchored 
to the cell membrane by glycosylphosphatidylinositol 
and possesses four short consensus repeat domains. 
Classically, CD55 regulates activation of the immune 
system by inhibiting the formation of new C3 and C5 
convertases and accelerating the degradation of those 
already formed, protecting cells from complement 
activation-induced damage [16, 17]. In some autoimmune 
diseases, CD55 expression and function are impaired. For 
instance, Richaud-Patin et al. reported the diminished 
expression of CD55 and CD59 on the red blood cells of 
patients with SLE and having secondary autoimmune 
hemolytic anemia (AIHA) [18]. In addition, CD55 
expression has been shown to be negatively correlated 
with disease activity and complement system activation 
in SLE patients with neutropenia [19, 20]. Jindrich et al. 
demonstrated that CD55 deficiency significantly affects 
adaptive immune responses and worsens experimental 
autoimmune myasthenia gravis outcome and is associated 
with increased levels of serum cytokines [21, 22].

We therefore hypothesized that loss of CD55, a 
typical complement regulator acting via suppression of 
C3 and C5 activity, contributes to bullous pemphigoid 
development. To test this hypothesis, we assessed CD55 
expression in the lesions of bullous pemphigoid patients 
and examined the mechanism in vitro. Our results 
demonstrate a role for CD55 in bullous pemphigoid 
progression and suggest that it may serve as a therapeutic 
target for this disease.

RESULTS

CD55 expression is decreased in epidermal 
keratinocytes from patients with bullous 
pemphigoid

qRT-PCR and Western blotting revealed that CD55 
was downregulated in skin specimens from three patients 
with bullous pemphigoid in comparison to those from two 
healthy controls (Figure 1A-1B). To verify this result, we 
performed immunofluorescent staining of tissue sample 
paraffin sections from 8 patients with bullous pemphigoid. 
In 6 healthy controls, CD55 was present at high levels 
in the stratum spinosum and stratum granulosum of the 

epidermis and was moderately expressed in the basal 
membrane. In contrast, we observed only weak staining of 
CD55 in epidermal specimens from patients with bullous 
pemphigoid (Figure 1C), consistent with the results of 
our western blot analysis. Together, these results indicate 
that CD55 expression is abnormally downregulated in the 
epidermis of patients with bullous pemphigoid, and this 
may be responsible for the activation of the complement 
system and C3b deposition in the DEJ of BP patients. In 
addition, we examined CD55 expression in peripheral 
blood cells from patients with bullous pemphigoid by 
flow cytometry. Compared with that in healthy controls, 
expression of CD55 in peripheral blood cells, including 
lymphocytes, monocytes, and multinucleated cells, did not 
differ (Figure 1D).

Pathogenic IgG-mediated complement activation 
in bullous pemphigoid is enhanced by CD55 
depletion in vitro

Based on the above findings, we next investigated 
whether abnormal expression of CD55 is involved in 
the pathogenesis of bullous pemphigoid. HaCaT human 
keratinocytes were treated with pathogenic IgG from 
patients with this disease and complement components 
from the sera of healthy controls. The keratinocyte 
marker Keratin 6 and C3b deposition was then evaluated 
2 h later by immunofluorescent staining. In addition, 
CD55 expression was reduced by short interfering RNA 
(siRNA) transfection, the effectiveness of which is shown 
in Supplementary Figure 1. As indicated in Figure 2, C3b 
deposition was clearly observed on HaCaT cell membranes 
after incubation with pathogenic autoantibodies and 
complement components. In contrast, no signal was 
observed in the negative control treated with PBS. siRNA-
mediated CD55 downregulation resulted in a significant 
increase in C3b staining compared to that of both the 
un-transfected positive and NC siRNA negative control 
(Figure 2). Thus, CD55 deficiency leads to increased 
autoantibody-mediated C3b deposition in keratinocytes.

Recombinant CD55 protein inhibits bullous 
pemphigoid IgG-mediated C3b deposition

To further investigate the regulatory role of CD55 in 
bullous pemphigoid pathogenesis, we next exposed frozen 
skin sections from healthy volunteers and HaCaT cells to 
pathogenic IgG and fresh serum from healthy controls 
containing complement components. Immunofluorescent 
staining was then performed 2 h later to evaluate C3b 
deposition. As expected, clear deposition was noted both 
in HaCaT cells and in the BMZ of healthy skin samples 
incubated with pathogenic IgG. Notably, this effect was 
inhibited by treatment with 10 μg/ml recombinant human 
CD55 protein (Figure 3A-3B). In addition, the expression 
of C3a in the supernatant was inhibited by CD55 treatment 



Oncotarget35519www.oncotarget.com

in HaCaT cells, which is consistent with the results of 
C3b (Figure 3C). Taken together, these results suggest 
that lack of CD55 leads to complement activation in the 
pathogenesis of bullous pemphigoid.

Elevated TNF-α and IFN-γ levels are present in 
the sera of patients with bullous pemphigoid and 
affect CD55 expression in HaCaT cells

As previous studies have shown that cytokines play 
a major role in regulating the expression of proteins that 
inhibit the complement system [22], we measured levels 
of the cytokines TNF-α (TNF) and IFN-γ (IFNG) in the 
sera of 38 patients with bullous pemphigoid and 19 normal 
controls by enzyme-linked immunosorbent assay (ELISA). 

Serum TNF-α concentration among patients with bullous 
pemphigoid was 402.51 pg/ml, which is significantly 
higher than that among healthy controls (111.47 pg/ml). 
Consistent with this, serum IFN-γ concentration was 
also higher among the former (19.04 pg/ml) than the 
latter (6.14 pg/ml) (Figure 4A). To determine whether 
TNF-α and IFN-γ downregulate CD55 expression, we 
pretreated HaCaT cells with these cytokines at 50 and 10 
ng/ml, respectively. As expected, quantitative reverse-
transcription PCR (qRT-PCR) and western blotting 
revealed significantly decreased CD55 expression after 
TNF-α and IFN-γ stimulation for 24 and 48 h, respectively 
(Figure 4B and 4C). Immunofluorescent staining of CD55 
on HaCaT cells treated with TNF-α and IFN-γ verified 
this result (Figure 4D). These findings indicate that serum 

Figure 1: CD55 downregulation in the lesional skin of patients with bullous pemphigoid. CD55 expression in bullous 
pemphigoid skin sections was examined by qRT-PCR (A) and western blotting (B). (C) Normal skin sections and lesional skin specimens 
from patients with bullous pemphigoid were subjected to immunofluorescent staining to measure CD55 expression in epidermal 
keratinocytes. (D) Flow cytometric analysis of CD55 expression on peripheral blood cells. Results are presented as the means ± SEM from 
11 independent observations. D, dermal; E, epidermal. NS, no significant difference between controls and bullous pemphigoid patients. 
DAPI-stained nuclei can be seen in blue. Scale bar, 100 nm.
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levels of the cytokines TNF-α and IFN-γ are upregulated 
in bullous pemphigoid and that affects CD55 expression 
in keratinocytes.

TNF-α and IFN-γ downregulate CD55 by 
activating ERK1/2 signaling pathway

As CD55 expression is associated with ERK-
dependent signaling pathways, we examined 
phosphorylation of ERK1/2 (MAPK3/1) in TNF-α- and 
IFN-γ-treated HaCaT cells. Western blotting showed that 
both TNF-α (50 ng/ml) and IFN-γ (10 ng/ml) promoted 
tyrosine phosphorylation of ERK1/2 from 5 to 30 min 
after administration (Figure 5A). Thus, these cytokines 
can activate the ERK1/2 pathway in HaCaT cells.

To determine the mechanism by which TNF-α 
and IFN-γ decrease CD55 expression in HaCaT cells, 

the ERK1/2-specific antagonist U0126 was used to 
selectively inhibit ERK1/2 signaling. Pre-incubation of 
HaCaT cells with U0126 partially suppressed the effect 
of both TNF-α and IFN-γ (administered separately) on 
CD55 expression. qRT-PCR analysis showed that ERK1/2 
inhibition resulted in significantly increased CD55 mRNA 
levels in cells treated with TNF-α or IFN-γ (Figure 5B). 
Moreover, western blotting confirmed the effects of partial 
ERK1/2 inhibition by U0126 pretreatment on TNF-α- 
or IFN-γ-mediated CD55 downregulation in HaCaT 
cells (Figure 5C). Finally, immunofluorescent staining 
revealed significantly increased CD55 signals as a result 
of U0126 pretreatment of cells stimulated with TNF-α 
or IFN-γ, consistent with our other findings (Figure 5D). 
In summary, an ERK1/2-specific antagonist (U0126) 
suppressed the effect of TNF-α and IFN-γ on CD55 
expression at both the mRNA and protein levels.

Figure 2: CD55 depletion enhances auto-IgG-mediated C3b deposition in HaCaT cells. HaCaT cells transfected with CD55 
siRNA were incubated with purified auto-IgG overnight at 37°C. Fresh serum from healthy controls containing complement components 
was then added to mimic bullous pemphigoid pathogenesis. Keratin 6 (red) and C3b (green) deposition was detected by immunofluorescent 
staining to determine the extent of complement activation. Results are representative of three independent experiments. Scale bar, 50 nm. 
Auto-IgG, pathogenic IgG from the sera of patients with bullous pemphigoid; NHS, normal human serum; NC siRNA, negative control 
siRNA.
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DISCUSSION

Bullous pemphigoid is a typical autoimmune 
disease and involves multiple mechanisms, including 
deposition of autoantibodies in the BMZ, complement 
activation, and the production of proinflammatory 
cytokines [23]. Activation of the complement system is 
critical in the development of this condition. It has been 
demonstrated that an experimental model of bullous 
pemphigoid cannot be induced in mice deficient of the 
key complement component C5. In addition, F(ab′)2 
fragments generated from pathogenic anti-BP180 IgG 
fail to induce subepidermal blisters in C5-sufficient 
mice. Moreover, C5-deficient mice reconstituted with 
C5a become susceptible to experimental induction of the 
disease [8]. Wang et al. reported that the anti-BP180 Fabs 
B4 and 19, which lack the Fc portion necessary to activate 
the complement pathway, show therapeutic potential for 
bullous pemphigoid both in vitro and in vivo. These two 
fragments competitively inhibit the binding of bullous 
pemphigoid autoantibodies to the main BP180 NC16A 
epitope, blocking subsequent activation of complement 
components C1q and C3 [24, 25]. Together, these data 
suggest that dysregulation of complement activation is 

involved in bullous pemphigoid pathogenesis. However, 
the role of the factors directly regulate complement 
activation has not been fully clarified in this condition.

Regulation of complement inhibitors (CD55, CD35, 
CD59, and CD46) is important in autoantibody-mediated 
complement activation and is impaired in autoimmune 
diseases such as SLE, rheumatoid arthritis, and bullous 
pemphigoid [15]. Our recent study demonstrated that loss 
of the inhibitory function of the complement regulator 
CD46 may be involved in the pathogenesis of bullous 
pemphigoid. In the present study, we investigated the 
involvement of CD55, another critical complement 
regulator that accelerates the disassembly of preformed 
C3 and C5 convertases, in the development of this disease 
(Supplementary Figure 2). We found that CD55 levels 
were decreased in the lesional skin of patients but did not 
differ between the peripheral blood cells of either patients 
with the disease or in healthy controls. Moreover, CD55 
depletion enhanced autoantibody-mediated complement 
activation as evidenced by elevated C3b deposition 
in HaCaT human keratinocytes, and administration of 
recombinant CD55 protected such cells from complement 
activation by pathogenic autoantibodies. In addition, 
elevated TNF-α and IFN-γ levels in patients with bullous 

Figure 3: Recombinant CD55 inhibits autoantibody-mediated C3b deposition in bullous pemphigoid pathogenesis. 
(A) Frozen skin sections from healthy controls and (B) HaCaT cells were incubated with purified auto-IgG and fresh serum from healthy 
controls containing complement components. C3b deposition was detected by immunofluorescent staining to determine the complement 
activation level. (C) The C3a expression in the supernatant of HaCaT cells was detected by ELISA. Results are representative of three 
independent experiments. Scale bars, 100 nm in (A) and 50 nm in (B). Auto-IgG, pathogenic IgG from the sera of bullous pemphigoid 
patients; NHS, normal human serum. D, dermal; E, epidermal.
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pemphigoid downregulated CD55 via activation of 
ERK1/2 signaling. Our data show for the first time that 
compromised complement inhibition due to diminished 
CD55 levels may be implicated in the pathogenesis of 
bullous pemphigoid.

CD55 is a glycosyl phosphatidylinositol-anchored 
complement regulatory protein that binds to both classical 
and alternative C3 and C5 convertases, accelerating their 
decay and preventing C3b deposition and downstream 
assembly of the MAC complex in complement activation. 
CD55 is widely distributed among different cell types and 
its soluble form is found in tears, saliva, cerebrospinal 
fluid, urine, synovial fluid, and plasma. A previous study 
established that in patients with SLE, CD55 expression is 
decreased in lymphocytes, erythrocytes, and granulocytes, 
and negatively correlates with disease activity and 
complement activation [14, 19]. Consistent with this, 
Richaud-Patin et al. also demonstrated reduced CD55 
expression in the membranes of erythrocytes from lupus 
patients with secondary AIHA, suggesting that aberrant 
CD55 levels play a role in the pathophysiology of certain 
autoimmune diseases [15, 18]. Moreover, using models 

of rheumatoid arthritis, a disorder in which complement 
activation and regulation has been implicated, Hoeck et 
al. found that mice lacking CD55 show reduced disease 
activity. This contrasts with other autoimmune conditions, 
in which CD55 deficiency seems to be an aggravating 
factor [26]. Here, we observed CD55 downregulation in 
the lesional skin of patients with bullous pemphigoid. 
Remarkably, this is the first time that abnormally 
decreased CD55 expression has been shown to accelerate 
the pathogenesis of this disease by promoting complement 
activation.

Bullous pemphigoid pathogenesis is accompanied 
by altered expression of numerous cytokines. Previous 
studies have shown that TNF-α and IFN-γ levels are 
increased in both the sera and blister fluids of patients 
with this condition, and that they correlate with disease 
activity [27]. Further work has shown that cytokines 
play a role in the regulation of complement inhibitory 
protein expression, and in particular, IFN-γ, TNF-α, 
IL-1β (IL1B), and TGF-β (TGFB) have been found to 
upregulate complement regulatory proteins in cultured 
tumor cells [28, 29]. In cultured human endothelial 

Figure 4: CD55 expression is downregulated by elevated TNF-α and IFN-γ levels in patients with bullous pemphigoid 
in HaCaT cells. (A) An ELISA was used to determine TNF-α and IFN-γ levels in the sera of 38 patients with bullous pemphigoid and 
19 healthy controls. (B) qRT-PCR, (C) western blotting, and (D) immunofluorescent staining were performed to measure CD55 expression 
after TNF-α (50 ng/ml) or IFN-γ (10 ng/ml) stimulation of HaCaT cells for 24 and 48 h, respectively. DAPI-stained nuclei can be seen in 
blue. Scale bar, 100 nm. Results represent means ± SEM from three independent experiments.
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Figure 5: TNF-α and IFN-γ activate ERK1/2 signaling in HaCaT cells. HaCaT cells were stimulated with TNF-α (50 ng/
ml) or IFN-γ (10 ng/ml), and ERK1/2 and phospho-ERK1/2 levels were evaluated with the corresponding antibodies. (A) Levels of total 
and phospho-ERK1/2 were detected by western blotting. (B) qRT-PCR, (C) western blotting, and (D) immunofluorescent staining were 
performed to measure CD55 expression after stimulation of HaCaT cells with TNF-α (50 ng/ml) or IFN-γ (10 ng/ml) for 24 and 48 h, 
respectively, following pre-treatment with the ERK1/2 inhibitor U0126. DAPI-stained nuclei can be seen in blue. Scale bar, 100 nm. Results 
represent means ± SEM from three independent experiments.
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cells, Mason et al. showed that expression of CD55, but 
not CD46 or CD59, is increased by TNF-α and IFN-γ 
[30]. More recently, strong expression of CD55 on 
chondrocyte surfaces was demonstrated, and it was found 
that that CD55 is upregulated by stimulation with IL-1 in 
rheumatoid arthritis patients [15]. In our study, however, 
we recorded decreased CD55 expression after stimulating 
cultured HaCaT human keratinocytes with the cytokines 
TNF-α or IFN-γ, contrary to findings in other autoimmune 
diseases such as rheumatoid arthritis and SLE. To clarify 
the manner by which TNF-α and IFN-γ affect CD55 
expression, the specific pathway involved was determined. 
Cui et al. reported that hepatitis B X-interacting protein is 
a novel regulator of CD55 in breast cancer cells, acting 
via ERK1/2/NF-κB (NFKB) signaling to contribute to the 
protection of cells from complement attack [31]. However, 
data concerning regulation of CD55 in autoimmune 
diseases are very limited. Our results demonstrated 
that CD55 was downregulated by TNF-α and IFN-γ 
via the ERK1/2 pathway, clarifying the involvement of 
abnormal complement activation in bullous pemphigoid 
pathogenesis.

Several studies have validated the therapeutic 
efficacy of recombinant sCR1, the short consensus 
repeat domain 1 of CD55, in various autoimmune 
and inflammatory disorders [32–34]. Here, we found 
that recombinant CD55 can inhibit C3b deposition in 
autoantibody-mediated complement activation, suggesting 
that complement-based therapies should be considered for 
the treatment of bullous pemphigoid. However, further 
studies will continue to investigate its therapeutic function 
in mouse models of this disease.

On the basis of the present results, it may be 
concluded that CD55 protein levels are significantly 
downregulated in the lesional skin of patients with bullous 
pemphigoid. Furthermore, such downregulation may be 
involved in the pathogenesis of this condition, for which 
replenishment of CD55 therefore constitutes a potential 
therapeutic strategy.

MATERIALS AND METHODS

Ethics statement

The study protocol was designed and approved 
by the medical research ethics review board of Xijing 
Hospital, the Fourth Military Medical University, Xi’an, 
China. Written informed consent was obtained from all 
participants prior to the study.

Skin samples and human blood

Skin samples were obtained from 8 newly diagnosed 
patients with bullous pemphigoid and 6 healthy controls. 
The patients were diagnosed based on clinical symptoms 
and histological examination of skin samples, and had 

not received any systemic or local therapy for at least 
2 weeks before lesional skin biopsies were obtained. 
Blood samples were obtained from 11 newly diagnosed 
patients with bullous pemphigoid (5 men and 6 women; 
age range: 45–81 years) and 11 healthy volunteers (6 men 
and 5 women; age range: 36–75 years) with no history of 
autoimmune diseases. Sera samples were obtained from 
38 diagnosed patients with bullous pemphigoid and 19 
healthy volunteers.

Cell culture and TNF-α and IFN-γ treatment  
in vitro

HaCaT human keratinocytes were cultured 
in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% fetal bovine serum (Gibco, 
Invitrogen) in a humidified atmosphere containing 5% 
CO2 at 37°C. After 24 h of serum starvation in DMEM, 
the cells (60% confluency) were stimulated with TNF-α 
(50 ng/ml) or IFN-γ (10 ng/ml) (PeproTech Inc.) for 24 
and 48 h, respectively. To inhibit ERK1/2 signaling, 10 
mM U0126 (Sigma.) was added 1 h before stimulation 
with TNF-α or IFN-γ.

qRT-PCR

Total RNA isolation and cDNA synthesis were 
performed as previously reported [35]. The quantitative 
PCR conditions were as follows: initial denaturation at 
95°C for 10 s, followed by 40 cycles of denaturation at 
95°C for 10 s, annealing at 54°C for 10 s, and extension 
at 72°C for 15 s. β-Actin was used as an internal 
control. Relative quantification was performed by the 
2–ΔΔCt method, and results are expressed as fold changes 
relative to the appropriate control. Each sample was 
analyzed in triplicate, and at least three independent 
experiments were performed. Results were considered 
significant when the difference in expression was at 
least 2-fold. The following CD55-specific primers were 
used: forward, TTTATTGTCCAGCACCACCA; reverse, 
TGCTCTCCAATCATGGTGAA.

Western blotting

Cells or tissues were lysed with cell lysis solution as 
described previously [35]. The total protein concentration 
in lysates was measured with the bicinchoninic acid 
assay (Runde Biologicals Ltd, China); after which, equal 
amounts of protein were separated by SDS-polyacrylamide 
gel electrophoresis on 10% gels and transferred to a 
polyvinylidene difluoride membrane (Invitrogen, Carlsbad, 
CA, USA). The details of this protocol have been reported 
previously [35]. After blocking for 2 h with blocking 
buffer, the membrane was incubated overnight at 4°C 
with primary antibodies against CD55, β-actin, ERK1/2, 
and phospho-ERK1/2 (Abcam, Cambridge), before being 
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incubated with horseradish peroxidase-conjugated goat 
anti-rabbit/mouse secondary antibodies (Dako, Glostrup) 
for 1 h at room temperature (20–25°C). Immunoreactivity 
was visualized by enhanced chemiluminescence. Protein 
expression levels were quantitated using the AlphaImager 
Gel Imaging System (Alpha Innotech).

Immunofluorescence and confocal microscopy

As described above, HaCaT cells were seeded on 
glass bottom cell culture dishes (Nest Biotechnology) and 
treated with bullous pemphigoid auto-IgG and fresh serum 
from healthy controls containing complement components. 
The cells were rinsed twice with 0.01 mM PBS and fixed 
in freshly prepared 4% paraformaldehyde for 15 min, 
before being incubated with 0.3% Triton X-100 for 10 min 
at room temperature (20–25°C). Non-specific binding was 
blocked with 4% bovine serum albumin at 37°C for 40 
min. After being rinsed three times with 0.01 mM PBS, 
the cells were incubated with a rabbit anti-human CD55 
monoclonal antibody (1:200; Abcam) overnight at 4°C, 
followed by a fluorescein isothiocyanate (FITC)-labeled 
goat anti-rabbit IgG antibody for 1 h in the dark at 37°C. 
Nuclei were visualized by staining with 4′6-diamidino-2-
phenylindole (DAPI). Tissue sections from patients with 
bullous pemphigoid and healthy controls were also treated 
with the anti-CD55 antibody, the FITC-conjugated goat 
anti-rabbit IgG antibody (Abcam) and DAPI, as described 
above. Samples were analyzed by confocal microscopy 
(FV-1000/ES; Olympus).

Cell culture and CD55 interference

HaCaT human keratinocytes were cultured as 
previously described. After 24 h of serum starvation, 
cells grown to 60% confluence were transfected with 
CD55 mRNA-targeting siRNA or negative control siRNA 
(100 nM; RibiBio) using Lipofectamine 3000 reagent 
(Invitrogen) according to the manufacturer’s instructions. 
Cells were harvested 48 h later.

In vitro complement activation

This experiment was performed according to the 
method that we established in a previous study. Auto-IgG 
was purified from 15 ml of mixed serum from patients with 
bullous pemphigoid using HiTrap Protein G and a HiTrap 
N-hydroxy-succinimide-activated high-performance 
affinity column (Amersham Biosciences, Little Chalfont, 
UK) coated with the BP180 NC16A domain. HaCaT cells 
seeded on coverslips in 6-well plates were then incubated 
overnight with 1 μg/ml purified pathogenic IgG at 37°C, 
before being incubated for 2 h with 10 μg/ml recombinant 
CD55 protein and 1 ml of fresh serum from healthy 
controls containing complement components to initiate 
complement activation as a simulation of the bullous 
pemphigoid phenotype. C3b deposition at the DEJ and 

cell membrane was used as a measure of the degree of 
complement activation.

Statistical analysis

All statistical analyses were performed using 
GraphPad Prism 5.0 (GraphPad Software, San Diego, 
CA, USA). P-values <0.05 were considered statistically 
significant. Data are expressed as means and standard 
errors of the means.

Abbreviations

dermoepidermal junction (DEJ), basement 
membrane zone (BMZ), membrane attack complex 
(MAC), systemic lupus erythematosus (SLE), 
autoimmune hemolytic anemia (AIHA), enzyme-linked 
immunosorbent assay (ELISA), Dulbecco’s modified 
Eagle’s medium (DMEM), fluorescein isothiocyanate 
(FITC), 4’6-diamidino-2-phenylindole (DAPI), and short 
interfering RNA (siRNA).
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