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Abstract
Bullous pemphigoid (BP) is characterized by deposition of immunoglobulins and com-
plement along the epidermal basement membrane (BM). In humans, there is a lack 
of functional studies targeting the complement system (CS). This study investigates 
activation of all complement pathways in BP skin biopsies. Moreover, pharmacologi-
cal inhibition at different levels of the CS was investigated using anti-complement 
compounds in a complement fixation BP assay. In this retrospective study, 21 frozen 
biopsies from BP patients were stained by direct immunofluorescence for C1q, MBL, 
ficolin-2, C4d, properdin, C3c and C5b-9. Sera from 10 patients were analysed in a 
complement fixation assay in the presence of C1 inhibitor, anti-factor B monoclonal 
antibody (mAb), anti-C3 mAb and anti-C5 mAb and compared with dexamethasone. 
The two readouts were the quantity of complement deposited along the BM and the 
release of sC5b-9 in the supernatant. Our results show classical and alternative com-
plement pathway activation in BP skin biopsies, but could not demonstrate signifi-
cant lectin pathway activation. In contrast to dexamethasone, complement deposition 
along the BM could be selectively inhibited by anti-C1 and anti- factor B. More down-
stream, selective intervention at the level of C3 and C5 could effectively reduce com-
plement deposition along the BM and the release of sC5b-9 in the supernatant. This 
study shows that selective intervention in either the classical, alternative or terminal 
pathway prevented deposition of complement along the BM in an in vitro BP model. 
The results of our study greatly encourage the clinical development of complement 
inhibitors for the treatment of BP.
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1  |  INTRODUC TION

Bullous pemphigoid (BP) is the most prevalent autoimmune blistering 
disease, which commonly affects the elderly. Clinically, BP is charac-
terized by intense itching and the development of urticarial plaques 
with tense dome-shaped fluid-filled blisters on the skin and less often 
mucosae. The development of these skin lesions is caused by circulat-
ing autoantibodies directed against basement membrane (BM) pro-
teins BP180 and/or BP230.1,2 Histopathology reveals a subepidermal 
blister accompanied by an infiltrate of lymphocytes, eosinophils, 
neutrophils, mast cells and monocytes/macrophages. Deposition of 
immunoglobulins and/or complement are the gold standard for a defi-
nite diagnosis of BP. These immune deposits are demonstrated by di-
rect immunofluorescence (DIF) on skin biopsies that reveal a specific 
linear n-serrated pattern of immunoglobulins and/or complement 
along the BM. Deposition of complement fragments such as C3c and 
C1q is routinely used for diagnostic purposes.3,4 Moreover, deposi-
tion of complement of different pathways has been demonstrated 
by DIF and immunoperoxidase staining on formalin-fixed paraffin-
embedded tissue.5,6 In a large cohort (n = 300) of patients, C3c depo-
sition could be demonstrated in approximately 85% of skin biopsies 
from BP patients.7 Experimental mouse knockout models have also 
demonstrated a crucial role for complement in the pathogenesis of 
BP, mainly via the classical and alternative pathways.8,9 More recent 
experimental work also indicated an important role for C5a-C5a 
Receptor 1 (C5aR1)-axis activation in the development of BP and 
could be an interesting target for intervention.10–12 However, these 
findings in mice cannot be directly translated into clinical practice, 
let alone clinical trials targeting the CS, until functional studies with 
human materials are performed. Insight in complement-mediated 
mechanisms and the routes of complement activation in BP are cru-
cial, considering the emerging therapeutic treatment options of drugs 
targeting the complement system at various levels. Currently, cor-
ticosteroids are the mainstay of therapy for BP but are associated 
with many and sometimes severe adverse effects. When resistance 
to corticosteroids develops, patients show high relapse rate and man-
aging the disease can be challenging for clinicians.13 For these rea-
sons, there is a need for more personalized therapy, targeting crucial 
components of the CS in the pathogenesis of BP.

In this study, we investigated all three pathways of complement 
activation in skin biopsies from BP patients by DIF, including the 
lectin pathway. Moreover, pharmacological intervention in different 
routes of complement by several clinical (registered for the use in 
other diseases than dermatological diseases) and non-clinical anti-
complement agents was evaluated in a complement fixation BP assay.

2  |  MATERIAL S AND METHODS

2.1  |  Direct immunofluorescence study on skin 
biopsies from BP patients (cohort I)

In this single-centre retrospective study, 21 patients were in-
cluded who underwent a diagnostic skin biopsy for suspicion of BP 

between 2018 and 2021 in the Erasmus Medical Center Rotterdam, 
Rotterdam, the Netherlands (cohort I). The study protocol was ap-
proved by the local Medical Ethical Committee of the Erasmus 
Medical Center (MEC-2019–0207). A final diagnosis of BP was made 
based on clinical features compatible with BP and DIF showing lin-
ear IgG and/or C3c along the BM in an n-serrated pattern. From all 
patients, also serological data were available, for example serum 
ELISA results (Dermatology Profile ELISA (IgG), Euroimmun AG) and 
indirect immunofluorescence (IIF) on monkey oesophagus (Inova 
Diagnostics, San Diego, CA) (Table 1). Biopsies were snap-frozen in 
liquid nitrogen and stored at −80°C. Frozen sections were stained 
with haematoxylin and eosin for light microscopic evaluation. For 
detection of IgG and C1q, directly FITC-labelled antibodies were 
used and detected on Ventana Benchmark Ultra (Ventana Medical 
Systems Inc.). Intensity scores for IgA and IgM were retrieved from 
the pathology records. For complement factors C1q, MBL, ficolin-
2, C4d, properdin, C3c and C5b-9, direct immunofluorescence was 
performed by automated immunofluorescent staining using the 
Ventana Benchmark Discovery (Ventana Medical Systems Inc.). In 
brief, wet slides were loaded and incubated with primary antibody 
of interest for 32 min (Table 2) at 37°C followed by detection with 
either omnimap-anti rabbit or mouse, labelled with HRP (#760–
4310 or #760–4311, Ventana) and visualized with FAM (#760–243, 
Ventana). Slides were covered with anti-fading medium (DAKO, 
S3023). Direct immunofluorescence intensity was scored by two 
independent pathologists (J.G. and J.D.) on a nominal scale of 0–3: 
none (0), weak,1 moderate2 and strong.3

2.2  |  Complement fixation assay using BP patient 
serum (cohort II)

In this separate single-centre retrospective study (cohort II), ten 
patients with BP were included using the same criteria for BP diag-
nosis as described previously. The study protocol was approved by 
the local Medical Ethical Committee of the Erasmus Medical Center 
(MEC-2021-0313). Leftover serum from patients diagnosed with 
BP was previously collected and stored at −80°C. In 18/21 DIF-
positive patients, either ELISA or IIF on monkey oesophagus was 
also positive. Leftover serum was available for additional analysis 
from 14/21 patients. Complement fixation assay was found positive 
in 7/14 (50%) patients. A total of ten patients were included in the 
analysis: seven patients from cohort I and three additional patients 
of which no more frozen material was available (and thus excluded 
from cohort I). The last three patients had circulating autoantibod-
ies confirmed by positive ELISA tests (all positive for BP180, one 
also for BP230) and were able to induce complement fixation in 
vitro. Five μm thick skin cryosections were prepared from normal 
human skin from reduction mammoplasty. Complement activa-
tion assay was performed as described before: Cryosections of 
healthy human skin from mammoplasty were incubated with 1:8 
diluted sera of BP patients in the presence of 10 mM EDTA to pre-
vent unwanted complement activation, for 45 min at 37°C.14,15 
PBS was used for washing away the residual serum. Subsequently, 

 16000625, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.14755 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.sciencedirect.com/topics/medicine-and-dentistry/skin-biopsy


634  |    GIANG et al.

slides were incubated with 1:10 diluted normal human complement 
preserved serum (NHS, Quidel #A113) in HEPES buffer (0.01  M 
HEPES, 0.15 M NaCl, 135 nM CaCl2, 1 mM MgCl2; pH 7.4) to induce 
complement activation.16 All analyses were performed in duplicate 

and incubated with NHS alone (negative control), EDTA (positive 
control) or in a dose-dependent fashion in the presence of either 
dexamethasone (Monofree Dexamethason eyedrops, Théa Pharma, 
Haarlem, The Netherlands), anti-C5 monoclonal antibody (mAb) 

TA B L E  1  Cohort I.

Pt nr.
Fix test 
nr Fix ELISA IIF IgG IgM IgA C1q C3c C4d Properdin FCN2 MBL2 C5b-9

1 9 + BP180 ~
BP230

+ 2 0 0 0 1 1 0 0 0 0

2 NA Bp180 − 2 0 +/− 0 2 3 2 2 0 2

3 10 + BP180
BP230 ~

+ 1 0 0 0 1 3 0 0 0 3

4 NA BP180 − 1 0 0 0 1 2 0 0 0 0

5 11 − BP180 − 1 0 0 1 3 3 3 0 0 2

6 12 − BP180 + 3 0 0 0 2 3 3 0 0 2

7 13 − BP180 + 2 0 0 0 2 3 3 0 0 1

8 NA − − 3 0 +/− 0 1 0 2 0 0 2

9 NA BP180 − 1 0 0 0 2 3 1 0 0 2

10 5 − BP180 − 1 0 0 0 3 3 2 0 0 3

11 NA − − 1 0 +/− 0 2 1 3 0 0 2

12 7 + BP180 + 1 0 0 0 2 2 0 0 0 1

13 3 − − − 1 0 0 0 0 0 0 0 0 2

14 NA NA NA 1 0 0 2 3 3 2 0 0 2

15 8 − − + 1 0 0 1 2 2 3 0 0 2

16 4 + BP180 + 2 0 0 0 2 3 2 0 0 2

17 6 + BP180 + 2 0 0 0 2 3 2 0 0 3

18 1 +
NA

BP180
BP230

+ 3 0 0 0 3 3 3 0 0 1

19 2 + BP180
BP230

+ 2 0 0 0 1 3 2 0 0 0

20 14 − − + 1 0 +/− 1 3 3 3 0 0 0

21 15 + BP180 − 1 0 0 0 2 3 1 0 0 0

Note: No serum left for all analysis; IgM and IgA according to earlier pathology report.
Abbreviation: NA, not available.

TA B L E  2  Antibodies and dilutions used in the study.

Antibody Host and targets species Supplier Catalogue#
Concentration/
dilution

IgG Polyclonal-anti-human, FITC-labelled Roche 760–2680 163.4 μg/mL

C1q Polyclonal-anti-human, FITC-labelled Roche 760–2688 66.6 μg/mL

C3c Polyclonal rabbit-anti-human C3c Dako F0201 1:200

C4d polyclonal rabbit-anti-human C4d Biomedica BI-RC4D 1:600

Properdin Polyclonal rabbi-anti-human properdin Kindly provided by prof. 
M.R. Daha, Leiden.

1:400

MBL monoclonal mouse-anti-human MBL, clone 3E7 Hycult, Uden, The 
Netherlands

HM2061 1:200

Ficolin-2 Monoclonal mouse-anti-human ficolin-2, clone GN5 Hycult, Uden, The 
Netherlands

HM2091 1:150

C5b-9 Polyclonal rabbit-anti-human Abcam Ab55811 1:800
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(Eculizumab (Soliris ©), Alexion Pharmaceuticals), purified C1 ester-
ase inhibitor (Berinert ©, CSL Behring), anti-factor B mAb (28.4.2, 
kindly provided by prof. S. de Cordoba) or anti-C3 mAb (12.17.3, 
kindly provided by prof. S. de Cordoba).17,18 Isotype controls were 
used as negative controls and EDTA as positive control. Assay su-
pernatants were collected and stored at −80°C for further sC5b-9 
ELISA analysis. After washing with PBS, sections were stained for 
deposition of complement component C3c (Dako F0201) or C5b-9 
(Abcam ab55811, for evaluation of eculizumab intervention down-
stream C3). Direct immunofluorescence intensity was scored by 
two independent pathologists (J.G. and J.D.) on a modified nominal 
scale of 0–6: 0 = no deposition, 1 = mild to no deposition, 2 = mild 
deposition, 3 = mild to moderate deposition, 4 = moderate depo-
sition, 5 = moderate to strong deposition, 6 =  strong deposition. 
Supernatants (duplicates) of the complement activation assay were 
collected and levels of sC5b-9 were measured in duplicate by ELISA 
as previously described, to determine fluid-phase complement 
activation.19

2.3  |  Statistical analyses

Differences in the nominally scored intensity of staining between 
treated and untreated patients in the complement fixation tests 
were assessed using chi-squared tests. The non-parametric Kruskal–
Wallis test, followed by Mann–Whitney U-tests were performed to 
compare sC5b-9 concentrations in the supernatant between treated 
and untreated patients in the complement fixation tests. Statistical 
analyses were performed using SPSS (IBM Corp. Released 2016. IBM 
SPSS Statistics for Windows, Version 28.0.1.0 Armonk, NY.), and 
two-sided p-values ≤0.05 were considered statistically significant.

3  |  RESULTS

3.1  |  Complement activation in skin biopsies from 
patient with BP (cohort I)

First, we evaluated the activation of different complement pathways 
as well as terminal pathway activation in n = 21 lesional skin biopsies 
from patients with BP by DIF. All patients showed linear depositions 
of immunoglobulins and/or complement component in a n-serrated 
pattern along the dermal-epidermal junction. IgG was found positive 
in 100% of cases (57% 1+, 29% 2+, 14% 3+), and weak co-deposition 
of IgA was found in four cases (19%) and IgM was always negative. 
Complement C3c was found in 95% (24% 1+, 48% 2+, 24% 3+) and 
C5b-9 in 90% (10% 1+, 67% 2+, 14% 3+). Classical pathway analyses 
revealed that C1q was positive in 19% of cases (14% 1+, 5% 2+) and 
C4d in 90% of cases (10% 1+, 14% 2+, 67% 3+). Alternative pathway 
analyses demonstrated properdin positivity in 76% of cases (10% 
1+, 33% 2+, 33% 2+). Lectin pathway was only found in one case 
by means of ficolin-2 deposition 2+ (5%), while all other cases were 
ficolin-2 and MBL negative.

3.2  |  Complement deposition and intervention in 
an in vitro complement fixation assay (cohort II)

Next, we evaluated different clinical and non-clinical complement 
inhibitors in an in vitro complement fixation assay to dissect the 
role(s) of the different complement pathway(s). As a comparison, 
a dexamethasone group was added since corticosteroids are still 
the mainstay of therapy nowadays. The clinically approved C1 in-
hibitor as well as the anti-C3 and anti-factor B mAbs, which are not 
approved for clinical use, prevented linear C3c BM deposition in a 
dose-dependent fashion. In addition, the anti-C5 mAb (the first com-
plement inhibitor approved for clinical use) prevented C5b-9 depo-
sition along the dermo-epidermal junction. By contrast, high-dose 
dexamethasone could not prevent linear C3c deposition (Figures 1 
and 2). In summary, all four complement inhibitors were success-
ful in preventing solid phase complement activation in our in vitro 
assay. Subsequently, we also tested the inhibiting capacity of all 
complement inhibitors on the release of sC5b-9 in the supernatant 
after incubation on the sections, termed fluid-phase complement 
activation. In parallel with local complement deposition, C1 inhibi-
tor, the anti-C5 mAb and the anti-C3 mAb (partly) prevented the 
formation of sC5b-9 in supernatant after incubation on the sections. 
By contrast, however, the anti-factor B mAb did not prevent fluid-
phase complement activation, reflected by increased sC5b-9 levels 
(Figure 3).

4  |  DISCUSSION

Bullous pemphigoid (BP) is an autoimmune blistering disease char-
acterized by the formation of autoantibodies against BP180 and/or 
BP230. Corticosteroids are the mainstay of therapy but are associ-
ated with many, and sometimes severe adverse effects. Therefore, 
there is a high demand for novel therapeutic drugs, targeting crucial 
components in the pathogenesis of BP with a better safety profile. 
Complement is critically involved in the pathogenesis of BP and 
hence a potential target for therapy. Furthermore, the approval of 
multiple complement therapeutics for clinical use in the past two 
decades has sparked further interest in the potential of complement 
inhibitors for the treatment of other autoimmune diseases. The cur-
rent study shows that, in contrast to high-dose dexamethasone, 
selective intervention in either the classical, alternative or terminal 
pathway prevented deposition of complement along the BM in a 
complement fixation BP assay. The results of our study greatly en-
courage the clinical development of complement inhibitors for the 
treatment of BP.

To our knowledge, this is the first study that investigated all 
three complement pathways in BP by means of DIF, including the 
lectin pathway. Our results confirm earlier reports of classical and 
alternative complement pathway activation, but could not demon-
strate significant lectin pathway activation.20,21 Therefore, our 
results discourage the clinical development of lectin pathway inhibi-
tors for BP. Importantly, classical and alternative pathway activation 
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could be selectively inhibited by the clinically approved complement 
inhibitor Berinert (plasma-derived C1 inhibitor) or the anti-factor B 
mAb, which is not approved for clinical use. Although both inhibitors 

reduced local C3c along the BM, only C1 inhibition could also sig-
nificantly prevent the release of sC5b-9 in the supernatant. There 
is, however, a discrepancy between the low amount of local BM C1q 

F I G U R E  1  Complement fixation test indirect immunofluorescence C3c deposition. Representative photographs for analysis with 
anti-C3 in a dose-dependent fashion. Panel A, negative control (ctrl) with PBS (score 2); panel B, positive control EDTA (score 0); panel C, 
dexamethasone (score 2); panel D, anti-C3 0.25 μM (score 2); panel E, anti-C3 0.5 μM (score 1); panel F, anti-C3 0.25 μM (score 0).

F I G U R E  2  Complement fixation test 
indirect immunofluorescence C3c or 
C5b-9 scores in the presence or absence 
of C1 inhibitor (panel A), anti-factor B 
mAb (panel B), anti-C3 mAb (panel C) 
and anti-C5 mAb (panel D) in a dose-
dependent fashion.
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(19%) detected by DIF in BP skin biopsies and the strong inhibitory 
capacity of C1 inhibitor on local C3c BM deposition and the release 
of sC5b-9 in supernatant. It is well known from renal pathology that 
C1q has a low tissue residency time, an historic problematic issue in 
proving antibody-mediated rejection (ABMR) until the “discovery” 
of C4d as a magic marker of ABMR. This is most likely explained 
by the fact that C1q produces a stronger opsonization response than 
C4d.22,23 We found strong C4d deposition by DIF as a results of clas-
sical pathway activation in our study. Although C4d deposition could 
hypothetically also be explained by lectin pathway activation, no sig-
nificant deposition of lectin pathway initiators (MBL and Ficolin-2) 
was found, although we did not examine collectin-11 and ficolin-3. 
Therefore, we reason that (comparable to the renal transplant set-
ting) C1q is initially highly deposited in vivo in BP, but is difficult 
to detect due to a low tissue residency time. By contrast, C4d is a 
much more sensitive marker for BP, which we already published in 
an earlier study and is comparable to other clinical settings such as 
ABMR.24 We also found stronger inhibition by C1-inhibitor on local 
C3c deposition compared with inhibition on the release of sC5b-9 
in the supernatant. This could theoretically be explained by strong 
(parallel) alternative complement pathway activation. However, 
based on our results using anti-FB this is not likely. Therefore, we hy-
pothesize that inhibition of local C3c was sufficient to prevent local 
C3c deposition but not enough to inhibit fluid-phase complement 
activation in the supernatant in the presence of 12.5% serum (1:8 
dilution). In contrast to C1-inhibitor, anti-factor B allowed the release 
of sC5b-9 in the supernatant. We hypothesize that BP is mainly a 
classical pathway-driven disease, in which the alternative pathway 
mainly functions as an amplification loop. Therefore, inhibition of 

factor B was probably sufficient to prevent solid phase C3c depo-
sition along the BM, but fluid-phase activation was still possible 
through strong classical pathway activation in the supernatant.

Our findings are in line with previous experimental animal stud-
ies in which C4 knockout mice, and mice treated with anti-C1q mAb, 
showed protection against blistering in an experimental BP model.8,9 
In these animals, however, it is always questionable whether these 
findings can be translated into humans, since there are significant 
differences in the CS between rodents and humans, especially in 
the lectin pathway.25,26 A major finding of our study is that classical 
pathway inhibition can prevent C3 deposition and release of sC5b-9 
in supernatant in a human in vitro BP model. The successful inter-
vention at the level of C1 supports recent positive findings by an on-
going phase 1 trial with a monoclonal antibody against C1s in healthy 
volunteers and patients with complement-mediated disorders 
(NCT02502903).14,27 Another promising therapeutic intervention 
might be the use of a novel CD55/CD46 fusion protein that inhib-
its the C3-convertase of both the classical and alternative pathways 
as well as the C5-convertase. A recent study showed prevention of 
BM C3b deposition using a similar in vitro model as described in the 
current study.28

More downstream, selective intervention at the level of C3 or 
C5 (Eculizumab) could also successfully reduce complement depo-
sition along the BM and the release of sC5b-9 in the supernatant. 
The rationale for inhibition of C5 is supported by the recent ex-
perimental publication on the detrimental effects of C5a-C5aR1 
activation in BP. Absence of C5 or C5aR1 in mouse knockout 
models demonstrated protection against the development of 
BP.10,12,29 Moreover, very recent data showed that dual inhibition 

F I G U R E  3  Complement fixation test 
release of sC5b-9 in the supernatant 
(on the section) in the presence of C1 
inhibitor (panel A), anti-factor B mAb 
(panel B), anti-C3 mAb (panel C) and 
ani-C5 mAb (panel D) in a dose-dependent 
fashion. The relative release of sC5b-9 is 
compared with a negative control treated 
with PBS.
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of C5 and leukotriene B4 (Nomacopan) protected against the de-
velopment of BP in humans.30,31 Although C5-blocking drugs are 
interesting, it will also interfere with C5a-C5aR2-axis activation, 
which has recently shown to be protective for the development 
of BP.10 Therefore, selective inhibition of C5a-C5aR1 axis, for 
example by avacopan or avdoralimab, might be more interesting 
thereby leaving the potentially beneficial C5a-C5aR2 interaction 
intact.32 In fact, avdoralimab is currently evaluated in a phase 2 
clinical trial (NCT04563923) with an enrolment target of 40 BP pa-
tients. Future studies should be aimed to investigate the efficacy 
of both drugs in inhibiting complement activation in BP. In vitro 
studies could potentially help in investigating this issue, although 
full-blood assays have to be developed in which immune cells also 
play a role. This is because C5a-C5aR1 interaction in BP has been 
mainly attributed to the recruitment of neutrophils via mast cells.12

Although we used concentrations in the therapeutic range of 
all compounds, it is not possible to adequately compare or predict 
the clinical efficacy of these drugs in this study. However, taking 
the foregoing into account, overall, it appears that both Berinert 
and Eculizumab are promising candidates for clinical development 
in BP. Considering our findings, an oral C3 inhibitor (Pegcetacoplan) 
could be another interesting candidate. This drug has recently been 
FDA-approved for the treatment of paroxysmal nocturnal haemo-
globinuria.33 By contrast, high-dose dexamethasone could not pre-
vent either local skin deposition or release of complement in our in 
vitro model. These results encourage the clinical development of 
complement inhibitors for BP, which may lead to more effective and 
personalized treatments, with a favourable safety profile.

Although our results are encouraging, there are several limita-
tions to our study. Firstly, the complement fixation model only inves-
tigates deposition of complement fragments in an isolated in vitro 
system, independent of circulating immune cells. It is well known that 
many immune cells, among which mast cells, eosinophils and neutro-
phils, are involved in the pathogenesis of BP. In favour of our findings 
though, it is known that many of these cells are recruited conse-
quently/secondary to complement activation. Secondly, although we 
analysed the release of sC5b-9 in the supernatant, the model does not 
allow the analysis of functional consequences of complement inhibi-
tion on blister formation. Future experiments targeting complement 
could therefore focus on whole biopsy in vitro culture BP models 
or multilayer skin tissue models. On the contrary, major strengths 
of the current study are the extensive immunofluorescence studies 
with panels of antibodies against all three complement pathways, the 
combination of solid phase and fluid-phase complement activation in 
our in vitro model with various complement inhibitors.

Noteworthy, besides complement activation, also complement-
independent mechanisms play a role in the pathogenesis of BP. In 
vitro studies that cultured keratinocytes in the presence of anti-
human BP180, demonstrated binding, internalization, ubiquiti-
nation and degradation of BP180-IgG complex. Eventually, these 
pathogenic event lead to impairment of haemidesmosomal forma-
tion and weakening to the lamina densa.1,34–39 These complement-
independent mechanisms were supported by further in vivo studies 

in mice demonstrating that F(ab') 2 fragments of anti-BP180 IgG an-
tibodies from BP patients or rabbit IgG against humanized NC16A 
induced (in part) skin fragility in neonatal humanized mice (40). 
Furthermore, Ujiie et al. found that passive transfer of human BP 
autoantibodies induced blister formation in neonatal C3-deficient 
COL17 humanized mice. The same study also showed that IgG4, a 
non-complement fixing subclass, could induce subepidermal blister-
ing.41 For a more extensive review on this topic, we refer to a recent 
publication of Papara et al.,39 Altogether, these data support the role 
of complement-independent processes in the pathogenesis of BP, 
which are in part IgG4 mediated. Most probably, bot complement-
dependent and independent processes act simultaneously in the 
same patient. In many cases, complement might be a driver of BP-
disease, while in other cases, it may act more as an amplifier of the 
disease. In view of this, a combined therapy of complement targeting 
compound together with Fc-receptor blocking agents would be most 
optimal in targeting BP.

In conclusion, at this moment no complement-targeting drugs 
have been approved for clinical use in BP. The current study com-
pared various clinically approved and non-approved complement 
inhibitors for the treatment of BP in an in vitro BP model. We found 
that different complement inhibitors could prevent the deposition 
complement along the BM and the release of sC5b-9 in the super-
natant. According to our in vitro data, compounds targeting the 
classical pathway or terminal pathway are likely the most potent 
complement inhibitors and are therefore promising candidates for 
clinical development in BP.

AUTHOR CONTRIBUTIONS
Jenny Giang, Martijn B. A. van Doorn, Thierry P.P. van den Bosch 
and Jeffrey Damman designed and performed experiments, ana-
lysed data and wrote the manuscript. Gilles F.H. Diercks, Santiago 
Rodriguez de Cordoba, Marco W.J. Schreurs and Felix Poppelaars 
edited and approved the final manuscript.

ACKNO​WLE​DG E​MENTS
We thank Anita Meter-Arkema for excellent technical assistance.

CONFLIC T OF INTERE S T S TATEMENT
F.P. owns stock in Chemocentryx, Omeros Corporation and Apellis 
Pharmaceuticals and has been involved as a consultant for Invizius. 
The other authors declare that there is no conflict of interest regard-
ing the publication of this article.

DATA AVAIL ABILIT Y S TATEMENT
The datasets generated during and/or analysed during the current 
study are available from the corresponding author on reasonable 
request.

ORCID
Santiago Rodriguez de Cordoba   https://orcid.
org/0000-0001-6401-1874 
Jeffrey Damman   https://orcid.org/0000-0001-5997-7551 

 16000625, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.14755 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-6401-1874
https://orcid.org/0000-0001-6401-1874
https://orcid.org/0000-0001-6401-1874
https://orcid.org/0000-0001-5997-7551
https://orcid.org/0000-0001-5997-7551


    |  639GIANG et al.

R E FE R E N C E S
	 1.	 Edwards G, Diercks GFH, Seelen MAJ, Horvath B, van Doorn MBA, 

Damman J. Complement activation in autoimmune bullous derma-
toses: a comprehensive review. Front Immunol. 2019;10:1477.

	 2.	 Sadik CD, Schmidt E, Zillikens D, Hashimoto T. Recent progresses 
and perspectives in autoimmune bullous diseases. J Allergy Clin 
Immunol. 2020;145(4):1145-1147.

	 3.	 Meijer JM, Atefi I, Diercks GFH, et al. Serration pattern analysis for 
differentiating epidermolysis bullosa acquisita from other pemphi-
goid diseases. J Am Acad Dermatol. 2018;78(4):754-759 e6.

	 4.	 Meijer JM, Diercks GFH, de Lang EWG, Pas HH, Jonkman MF. 
Assessment of diagnostic strategy for early recognition of bul-
lous and nonbullous variants of pemphigoid. JAMA Dermatol. 
2019;155(2):158-165.

	 5.	 Chandler W, Zone J, Florell S. C4d immunohistochemical stain 
is a sensitive method to confirm immunoreactant deposition in 
formalin-fixed paraffin-embedded tissue in bullous pemphigoid. J 
Cutan Pathol. 2009;36(6):655-659.

	 6.	 Magro CM, Dyrsen ME. The use of C3d and C4d immunohisto-
chemistry on formalin-fixed tissue as a diagnostic adjunct in the 
assessment of inflammatory skin disease. J Am Acad Dermatol. 
2008;59(5):822-833.

	 7.	 Romeijn TR, Jonkman MF, Knoppers C, Pas HH, Diercks GF. 
Complement in bullous pemphigoid: results from a large observa-
tional study. Br J Dermatol. 2017;176(2):517-519.

	 8.	 Liu Z, Giudice GJ, Swartz SJ, et al. The role of complement in exper-
imental bullous pemphigoid. J Clin Invest. 1995;95(4):1539-1544.

	 9.	 Nelson KC, Zhao M, Schroeder PR, et al. Role of different pathways 
of the complement cascade in experimental bullous pemphigoid. J 
Clin Invest. 2006;116(11):2892-2900.

	10.	 Karsten CM, Beckmann T, Holtsche MM, et al. Tissue destruction in 
bullous pemphigoid can Be complement independent and may Be 
mitigated by C5aR2. Front Immunol. 2018;9:488.

	11.	 Mihai S, Hirose M, Wang Y, et al. Specific inhibition of complement 
activation significantly ameliorates autoimmune blistering disease 
in mice. Front Immunol. 2018;9:535.

	12.	 Heimbach L, Li Z, Berkowitz P, et al. The C5a receptor on mast cells 
is critical for the autoimmune skin-blistering disease bullous pem-
phigoid. J Biol Chem. 2011;286(17):15003-15009.

	13.	 Bernard P, Reguiai Z, Tancrede-Bohin E, et al. Risk factors for 
relapse in patients with bullous pemphigoid in clinical remis-
sion: a multicenter, prospective, cohort study. Arch Dermatol. 
2009;145(5):537-542.

	14.	 Kasprick A, Holtsche MM, Rose EL, et al. The anti-C1s anti-
body TNT003 prevents complement activation in the skin in-
duced by bullous pemphigoid autoantibodies. J Invest Dermatol. 
2018;138(2):458-461.

	15.	 Jankaskova J, Horvath ON, Varga R, Ruzicka T, Sardy M. 
Complement fixation test: an update of an old method for diagnosis 
of bullous pemphigoid. Acta Derm Venereol. 2016;96(2):197-201.

	16.	 Zelek WM, Harris CL, Morgan BP. Extracting the barbs from com-
plement assays: identification and optimisation of a safe substitute 
for traditional buffers. Immunobiology. 2018;223(12):744-749.

	17.	 Subias Hidalgo M, Yebenes H, Rodriguez-Gallego C, et al. Functional 
and structural characterization of four mouse monoclonal antibod-
ies to complement C3 with potential therapeutic and diagnostic 
applications. Eur J Immunol. 2017;47(3):504-515.

	18.	 Subias M, Tortajada A, Gastoldi S, et al. A novel antibody against 
human factor B that blocks formation of the C3bB proconvertase 
and inhibits complement activation in disease models. J Immunol. 
2014;193(11):5567-5575.

	19.	 Damman J, Seelen MA, Moers C, et al. Systemic complement 
activation in deceased donors is associated with acute rejec-
tion after renal transplantation in the recipient. Transplantation. 
2011;92(2):163-169.

	20.	 Dahl MV, Falk RJ, Carpenter R, Michael AF. Deposition of the 
membrane attack complex of complement in bullous pemphigoid. 
J Invest Dermatol. 1984;82(2):132-135.

	21.	 Jordon RE, Kawana S, Fritz KA. Immunopathologic mecha-
nisms in pemphigus and bullous pemphigoid. J Invest Dermatol. 
1985;85(Suppl 1):72s-78s.

	22.	 Nauta AJ, Castellano G, Xu W, et al. Opsonization with C1q and 
mannose-binding lectin targets apoptotic cells to dendritic cells. J 
Immunol. 2004;173(5):3044-3050.

	23.	 Murata K, Baldwin WM 3rd. Mechanisms of complement acti-
vation, C4d deposition, and their contribution to the pathogen-
esis of antibody-mediated rejection. Transplant Rev (Orlando). 
2009;23(3):139-150.

	24.	 Damman J, Edwards G, van Doorn MB, Horvath B, Diercks GFH. 
Diagnostic utility of C4d by direct immunofluorescence in bullous 
pemphigoid. Am J Dermatopathol. 2021;43(10):727-729.

	25.	 Liu Z, Sui W, Zhao M, et al. Subepidermal blistering induced by 
human autoantibodies to BP180 requires innate immune players 
in a humanized bullous pemphigoid mouse model. J Autoimmun. 
2008;31(4):331-338.

	26.	 Genster N, Takahashi M, Sekine H, Endo Y, Garred P, Fujita T. 
Lessons learned from mice deficient in lectin complement pathway 
molecules. Mol Immunol. 2014;61(2):59-68.

	27.	 Freire PC, Munoz CH, Derhaschnig U, et al. Specific inhibition of 
the classical complement pathway prevents C3 deposition along 
the dermal-epidermal junction in bullous pemphigoid. J Invest 
Dermatol. 2019;139(12):2417-2424 e2.

	28.	 Qiao P, Luo YX, Zhi DL, Wang G, Dang EL. Blockade of 
complement activation in bullous pemphigoid by using re-
combinant CD55-CD46 fusion protein. Chin Med J (Engl). 
2021;134(7):864-866.

	29.	 Chen R, Ning G, Zhao ML, et al. Mast cells play a key role in neutro-
phil recruitment in experimental bullous pemphigoid. J Clin Invest. 
2001;108(8):1151-1158.

	30.	 Sadik CD, Rashid H, Hammers CM, et al. Evaluation of Nomacopan 
for treatment of bullous pemphigoid: a phase 2a nonrandomized 
controlled trial. JAMA Dermatol. 2022;158(6):641-649.

	31.	 Sezin T, Murthy S, Attah C, et al. Dual inhibition of complement 
factor 5 and leukotriene B4 synergistically suppresses murine pem-
phigoid disease. JCI. Insight. 2019;4(15).

	32.	 Afarideh M, Borucki R, Werth VP. A review of the immunologic 
pathways involved in bullous pemphigoid and novel therapeutic 
targets. J Clin Med. 2022;11(10).

	33.	 Hillmen P, Szer J, Weitz I, et al. Pegcetacoplan versus Eculizumab 
in Paroxysmal Nocturnal Hemoglobinuria. N Engl J Med. 
2021;384(11):1028-1037.

	34.	 Kitajima Y, Hirako Y, Owaribe K, Mori S, Yaoita H. Antibody-
binding to the 180-kD bullous pemphigoid antigens at the lateral 
cell surface causes their internalization and inhibits their assem-
bly at the basal cell surface in cultured keratinocytes. J Dermatol. 
1994;21(11):838-846.

	35.	 Kitajima Y, Nojiri M, Yamada T, Hirako Y, Owaribe K. Internalization 
of the 180 kDa bullous pemphigoid antigen as immune complexes 
in basal keratinocytes: an important early event in blister formation 
in bullous pemphigoid. Br J Dermatol. 1998;138(1):71-76.

	36.	 Iwata H, Kamio N, Aoyama Y, et al. IgG from patients with bullous 
pemphigoid depletes cultured keratinocytes of the 180-kDa bul-
lous pemphigoid antigen (type XVII collagen) and weakens cell at-
tachment. J Invest Dermatol. 2009;129(4):919-926.

	37.	 Hiroyasu S, Ozawa T, Kobayashi H, et al. Bullous pemphigoid IgG 
induces BP180 internalization via a macropinocytic pathway. Am J 
Pathol. 2013;182(3):828-840.

	38.	 Iwata H, Kamaguchi M, Ujiie H, et al. Macropinocytosis of type XVII 
collagen induced by bullous pemphigoid IgG is regulated via protein 
kinase C. Lab Invest. 2016;96(12):1301-1310.

 16000625, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.14755 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



640  |    GIANG et al.

	39.	 Papara C, Karsten CM, Ujiie H, et al. The relevance of comple-
ment in pemphigoid diseases: a critical appraisal. Front Immunol. 
2022;13:973702.

	40.	 Natsuga K, Nishie W, Shinkuma S, et al. Antibodies to patho-
genic epitopes on type XVII collagen cause skin fragility in a 
complement-dependent and -independent manner. J Immunol. 
2012;188(11):5792-5799.

	41.	 Ujiie H, Sasaoka T, Izumi K, et al. Bullous pemphigoid autoantibod-
ies directly induce blister formation without complement activa-
tion. J Immunol. 2014;193(9):4415-4428.

How to cite this article: Giang J, van Doorn MBA, Diercks 
GFH, et al. Successful pharmacological intervention at 
different levels of the complement system in an in vitro 
complement fixation model for bullous pemphigoid. Exp 
Dermatol. 2023;32:632-640. doi:10.1111/exd.14755

 16000625, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.14755 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/exd.14755

	Successful pharmacological intervention at different levels of the complement system in an in vitro complement fixation model for bullous pemphigoid
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Direct immunofluorescence study on skin biopsies from BP patients (cohort I)
	2.2|Complement fixation assay using BP patient serum (cohort II)
	2.3|Statistical analyses

	3|RESULTS
	3.1|Complement activation in skin biopsies from patient with BP (cohort I)
	3.2|Complement deposition and intervention in an in vitro complement fixation assay (cohort II)

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


