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ARTICLE

Complement 9 in amyloid deposits

Annelie Luxa, Juliane Gottwalda, Hans-Michael Behrensa, Christoph Danielb, Kerstin Amannb and
Christoph R€ockena

aDepartment of Pathology, Christian-Albrechts-University Kiel, Kiel, Germany; bDepartment of Nephropathology, Institute of Pathology,
Friedrich-Alexander University Erlangen-N€urnberg, Erlangen, Germany

ABSTRACT
Amyloidosis is a disease group caused by pathological aggregation and deposition of peptides in
diverse tissue sites. Apart from the fibril protein, amyloid deposits frequently enclose non-fibrillar con-
stituents. In routine diagnostics, we noticed the presence of complement 9 (C9) in amyloid. Based on
this observation, we systematically explored the occurrence of C9 in amyloid. Apolipoprotein E (apoE),
caspase 3 and complement 3 (C3) served as controls. From the Amyloid Registry Kiel, we retrieved 118
formalin-fixed and paraffin-embedded tissue samples, including eight different amyloid- and 18 differ-
ent tissue types. The expression patterns were assessed immunohistochemically in relation to amyloid
deposits. A literature search on proteomic data was performed. Amyloid deposits stained for C9 and
apoE in 117 (99.2%) and 112 of 118 (94.9%) cases, respectively. A homogeneous immunostaining of
the entire amyloid deposits was found in 75.4% (C9) and 61.9% (apoE) of the cases. Caspase 3 and C3
were present only in 22 (19.3%) of 114 and 20 (36%) of 55 assessable cases, respectively. Caspase 3
and C3 immunostaining rarely covered substantial areas of the amyloid deposits. The literature search
on proteomic data confirmed the frequent detection of apoE and the occurrence of C9 and C3 in
amyloid deposits. No data were found regarding caspase 3. Our findings demonstrate the ubiquitous,
spatial and specific enrichment of C9 in amyloid deposits irrespective of amyloid-, organ- or tissue
type. Our findings lend support to the hypothesis that amyloidosis might activate the complement
cascade, which could lead to the formation of the membrane attack complex and cell death.

Abbreviations: ApoE: apolipoprotein E; C3: complement 3; C9: complement 9; Cas3: caspase 3; FFPE:
formalin-fixed paraffin-embedded; LC: liquid chromatography; LMD: laser microdissection; MAC: mem-
brane attack complex; MS/MS: tandem mass spectrometry; SFA: subcutaneous fat aspirate
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Introduction

Amyloidosis constitutes a large group of diseases caused by
misfolding of peptides and proteins, which generate insol-
uble and toxic protein aggregates. These aggregates are
oriented in a b-pleated sheet structure assembling into non-
branching fibrils of up to 10–12 nm in diameter [1,2]. To
date, 36 different autologous, physiological peptides and
proteins have been identified to cause local and/or systemic
amyloid deposits in different tissues and organs, both
extracellularly and intracellularly [2,3]. The diagnosis is
made histologically by Congo red staining in combination
with polarization microscopy when a characteristic green–
yellow–orange birefringence is found [4,5].
Immunohistochemistry (IHC) or proteomics are mandatory
in order to identify the amyloid protein and the underlying
disease [6]. In the last 10 years, the proteomic approach for
amyloid typing was further established and developed. With
a sample preparation method like laser microdissection
(LMD) followed by liquid chromatography (LC) and tandem

mass spectrometry (LC–MS/MS), the amyloidogenic as well
as other marker proteins can be detected in subcutaneous
fat aspirate (SFA) [7] or formalin-fixed, paraffin-embedded
(FFPE) tissue samples [8].

Apart from the amyloid protein, amyloid deposits often
enclose various other non-amyloidogenic but seemingly dis-
ease-specific constituents, such as serum amyloid P-compo-
nent (SAP), apolipoprotein E (apoE), highly sulfated
glycosaminoglycans, laminin, vitronectin, clusterin, among
other [1,2,7–9].

Apolipoprotein E is synthesized primarily by the liver
and also by the peripheral and central nervous system [10].
As the main component of lipoproteins, it mediates the
binding of the lipoproteins in plasma to their specific recep-
tors on the surface of the target cells [11]. Apolipoprotein E
immunoreactivity in amyloid deposits with Ab-protein in
senile plaques has already been shown [10,12]. Due to its
polymorphism, there are three isoforms (apoE1, apoE2,
apoE4), having isoform-specific effects on Ab metabolism
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[11]. ApoE4 binds to Ab more rapidly and effectively when
certain conditions prevail [13].

Proteomic analyses of amyloid occasionally report the
presence of members of the complement system. The com-
plement system, located in blood serum of humans, is one
of the principal, immunologically relevant effector systems
that comprise over 14 soluble proteins, a number of recep-
tors and several soluble membrane proteins performing
regulatory functions. The major target of the complement
components is the cell membrane. A direct attack that
requires participation of all nine complement components
(C1–C9) leads to an irreversible damage and subsequently
ultrastructural lesion [14,15]. The terminal pathway is the
assembly of C5b, C6, C7, C8 and multiple copies of comple-
ment 9 (C9) into the membrane attack complex (MAC).
This MAC functions as a transmembrane channel [16,17],
causing loss of membrane integrity and finally leads to cell
death by necrosis [18].

In surgical pathology of cardiac biopsies, C9 is used as a
surrogate marker for single cell myocyte necrosis [19,20].
During the assessment of cardiac biopsies in routine diag-
nostic pathology, we noticed that C9 not only stained single
cell necrosis in the heart but also interstitial amyloid depos-
its. Intrigued by this observation and findings made by
proteomic analyses, we aimed to systematically explore the
presence of C9 in diverse types of amyloid. As C9 could
also highlight single cell necrosis induced by the presence of
amyloid, we also explored the occurrence of apoptosis by
caspase 3 immunostaining and used apoE and complement
3 (C3) as a control. We aimed to test the following hypothe-
ses: (1) C9 is specifically and spatially enriched in amyloid
deposits regardless of amyloid type; (2) the presence of
amyloid may lead to either cell necrosis and/or apoptosis of
cells adjacent to and enclosed by the amyloid deposits. The
study is supported by a literature search relating proteomic
analyses of the presence of specific proteins such as apoE,
caspase 3, C3 and C9.

Materials and methods

Ethics statement

This project was approved by the local ethics committee of
the University Hospital in Kiel conforming to the
Declaration of Helsinki (D581-585/15; D 469/18) and of the
Friedrich-Alexander University (FAU) Erlangen-N€urnberg
(reference number 4415).

Patients

From the Amyloid Registry of the Department of Pathology,
Christian-Albrechts-University Kiel, we retrieved a series of
118 patients (77 men (65.3%) and 41 women (34.7%);
median age 68.5 years) (study cohort). The samples were
obtained from 2016 through 2018 and included eight differ-
ent types of amyloid, i.e. AA (n¼ 10), AIns (4), ALj (21),
ALk (42), ATTR (35), Ab (3), mixed (1) and unclassified
(2) amyloidosis. The specimens were obtained from the

heart (n¼ 28), kidney (21), synovialis and retinaculum
flexorum of the wrist (17), skin (14), adipose and connective
tissue (7), gastrointestinal tract (7), liver (6), lung (5) and
other (13) (Supplementary Table S1). The specimens were
randomly selected and the only inclusion criterion was the
histologically confirmed presence of amyloid.

Control tissue (first set of controls) was obtained from
five patients with focal segmental glomerulosclerosis (FSGS)
and nine with hemorrhagic infarcts/infarctions from various
tissues and across different age groups (<1 year up to 91
years). Amyloidosis was excluded in all control samples by
Congo red staining and polarization microscopy.

Another set of 22 controls (second set of controls) was
obtained from the archive of the Department of
Nephropathology, Institute of Pathology, FAU Erlangen-
N€urnberg with renal AA- (six men, two women; mean
age ± SD: 62.2 ± 9.5 years), AL- (eight men, three women;
mean age ± SD: 73.6 ± 9.3 years) and AFib amyloidosis (three
men; mean age ± SD: 66.7 ± 18.2 years). The latter had been
confirmed by genetic testing (data not shown).

Histology

All samples had been FFPE. Serial sections were cut from
each paraffin block and stained with hematoxylin and eosin
and Congo red. The presence of amyloid was confirmed
when a typical green–yellow–orange birefringence was
found in Congo red stained tissue sections.

Immunohistochemistry

Immunohistochemistry was carried out with commercially
available monoclonal antibodies directed against AA amyl-
oid (dilution 1:2000), b amyloid (1:50; both DAKO,
Hamburg, Germany), insulin (1:500; BioGenex, San Ramon,
CA), apoE (1:10,000), C3 (1:400; both Abcam, Berlin,
Germany), C1q (1:75,000), C3c (1:75,000; both DAKO,
Hamburg, Germany), C3d (1:1,000; Abcam, Cambridge,
UK), C5b-9 (1:100; DAKO, Hamburg, Germany), MASP-2
(1:200; Sigma-Aldrich, Taufkirchen, Germany), C9 (1:400;
Biozol, Eching, Germany) and monoclonal rabbit antibodies
directed against caspase 3 (1:100; Cell Signaling, Danvers,
MA) and polyclonal rabbit antibodies directed against amyl-
oid P-component (1:2000), kappa-light chain (1:100,000),
lambda-light chain (1:14,000; all DAKO, Hamburg,
Germany) and non-commercially available polyclonal rabbit
antibodies directed against apolipoprotein AI (1:1000),
transthyretin (TTR3, 1:2000), lambda-light chain-derived
amyloid proteins (AL1 antibody, 1:250), anti-lambda-light
chain peptides (AL3, 1:250; AL7, 1:200) and kappa-light
chain peptides (AK3, 1:1000; all Pineda, Berlin, Germany)
[6]. Immunostaining was done on FFPE sections with the
Bond Max Leica immunostainer using the Bond Polymer
Refine Detection Kit (Leica Biosystems, Wetzlar, Germany)
(study cohort) or with the Ventana Benchmark immunos-
tainer and ‘ultraView Universal DAB detection Kit’ (Roche
Diagnostics Deutschland GmbH, Mannheim, Germany)
(second set of controls) as described previously [21].
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Antigen retrieval was carried out with Leica ER1-Bond
Epitope Retrieval Solution 1 (C9, C3), Leica ER2-Bond
Epitope Retrieval Solution 2 (amyloid P-component, kappa-
light chain, lambda-light chain, TTR3, apoE, caspase 3),
Enzyme 1 (AL7; all Leica Biosystems, Wetzlar, Germany),
pronase E digestion and backing (C1q, C3c, C5b-9) or cook-
ing in target retrieval solution pH 6 (DAKO, Hamburg,
Germany) for 2.5min using a pressure cooker (C3d, MASP-
2) according to the manufacturer’s instructions.
Immunohistochemical classification of amyloid was carried
out and had been validated as described in detail else-
where [6,22].

In brief, identification of the amyloid was considered to
be positive when there was a strong and homogenous
immunostaining of the entire amyloid deposits. Uneven and
weak staining of some deposits was not assumed to be proof
of the amyloid protein. If the staining was clearly positive
with more than one antibody against different amyloid pre-
cursor proteins, the case was categorized as mixed amyloid-
osis. AL amyloid not otherwise specified (n.o.s.) was
characterized by positive staining with antibodies directed
against k- and j-light chain and negative immunostaining
for the other amyloid proteins tested.

On slide positive and negative controls using a tissue
microarray with AA-, ALk- and ATTR amyloid as well as
non-neoplastic liver tissue were used on each stain-
ing round.

Evaluation of immunostaining

Serial sections were used throughout this study. Initially, we
confirmed the presence of amyloid in the first serial section.
Next, the distribution of amyloid deposits was compared
with the immunostaining of the putative amyloid proteins.
Then, the spatial distribution of the classified amyloid pro-
teins was compared to the spatial distribution of the apoE,
caspase 3, C3 and C9 immunostaining. The intensity of
immunostaining was graded as absent (0), weak (1þ), mod-
erate (2þ) or strong (3þ). A staining intensity of 1þ to 3þ
was considered positive.

The colocalization of the target proteins with the amyloid
was documented in steps of 5%. In addition, cellular immu-
nostaining of both caspase 3 and C9 was documented in
relation to the amyloid deposits.

Literature search

Proteomic data on apoE, caspase 3, C3 and C9 published
between 1 January 2008 and 22 July 2020 were retrieved
from PubMed. Keywords were proteomics, amyloidosis,
amyloid, mass spectrometry and LMD. Since only a few
workgroups published comparable data generated by
optional LMD prior to LC and tandem mass spectrometry
(MS/MS) (e.g. Vrana et al. [8] or Lavatelli and Vrana [23]),
we screened the literature again for the affiliated author’s
names as well as the search terms ‘amyloid’, or
‘amyloidosis’. Records were limited to those in English lan-
guage. Data were further analyzed if FFPE tissue or SFA

sample material was analyzed by LMD LC–MS/MS and the
amyloid was histologically confirmed. Protein data must
include the (1) protein name and/or comprehensible identi-
fier, (2) the number of total peptide spectra as a semiquanti-
tative measurement for protein abundance and (3) a protein
probability score over 95%. Duplicate protein data
were excluded.

Bioinformatics and statistics

The protein names of interest and/or identifiers were com-
pared to the UniProt database [24] and their accession
number was retrieved. The extracted protein data were
loaded into R version 4.0.0 [25] and merged into one data-
set for further processing, particularly using the packages
tidyverse version 1.3.0 [26], ggplot 2 version 3.3.2 [27] and
ggpubr version 0.3.0 [28]. If more than one sample was
reported per case, the spectra number’s average was calcu-
lated and classified into the categories 0, 1–3, 4–10, 11–20
and >21 number of spectra according to D’Souza et al. [29].
Then, the median of the spectral class was determined after
grouping cases by protein, organ and amyloid type and plot-
ted as balloonplot using color scale from viridis version
0.5.1 package [30].

Data collection and creation of tables were performed
using IBM SPSS statistic version 25 (International Business
Machines, Armonk, NY).

Results

One hundred and eighteen resection and biopsy samples
with amyloid deposits were included in the study cohort.
Eight different amyloid types and 18 different histoanatomi-
cal locations were examined. Supplementary Table S1 sum-
marizes the amyloid- and tissue types of the case series. AL-
and ATTR amyloid were the most common types of amyl-
oid studied, while cardiac and kidney biopsies were the
most frequent organ sites.

As shown in Figure 1, amyloid deposits homogeneously
stained for C9 and apoE (Figure 1). Furthermore, C9 was
present within the amyloid deposits in 117 of 118 (99.2%)
cases. Only a single case with ATTR amyloid in a cardiac
biopsy showed no colocalized C9 immunoreactivity.
Apolipoprotein E was present in 112 of 118 (94.9%) speci-
mens. It was not detected in two cases of each ALj, ALk
and ATTR, respectively. Caspase 3 was assessable in 114
cases and present in 22 (19.3%). Complement 3 was studied
in 55 cases and found in 20 (36%) (Tables 1 and 2).

In order to provide an impression of the extent of immu-
nolabeling, we evaluated the percentage area of amyloid
deposits stained with antibodies directed against apoE, cas-
pase 3, C3 and C9. Figures 2 and 3 illustrate the percentage
area covered by C9 immunolabeling. Interestingly, immuno-
labeling of the entire amyloid deposits (i.e. 100%) was noted
in 89 (75.4%) cases. In 109 (92.4%) cases, C9 immunoreac-
tivity covered at least 80% of the Congo red positive amyl-
oid area. Focused on amyloid type, all cases with AA-,
AIns-, Ab- and mixed amyloid showed labeling in at least
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80% of the amyloid area. This degree of coverage was
observed in 19 out of 21 (90%) ALj cases, 38 out of 42
(90%) ALk, 33 out of 35 (94%) ATTR and one out of two
unclassifiable amyloidosis cases (Figure 2). Based on histoa-
natomical localization, the following numbers demonstrate
an agreement of at least 80% in spatial enrichment of C9
within amyloid deposits: all specimens obtained from the
kidney, skin, synovialis and ligament of carpal tunnel,
gastrointestinal tract, liver and lung (each 100%); heart, 21

out of 28 (75%); adipose and connective tissue, six out of
seven (86%); and other; 12 out of 13 (92%) cases (Figure 3).
Interstitial immunostaining of C9 was not present outside

Figure 1. Immunostaining of apolipoprotein E, caspase 3, complement 3 and 9 in relation to amyloid (study cohort). (A–H) Comparison between immunohisto-
chemistry and the enrichment of investigated proteins using the example of renal ALj amyloidosis. Serial sections: hematoxylin eosin staining (A), Congo red stain-
ing in bright light (B), immunostaining with antibodies directed against j-light chain (C), Congo red staining in fluorescence light (D; same section as in B),
immunostaining with antibodies directed against apolipoprotein E (E), complement 9 (F), caspase 3 (G) and complement 3 (H); (I) caspase 3 immunoreactive cardio-
myocytes (arrows) within amyloid deposits (asterisk). (J) Complement 9 immunoreactive cardiomyocytes (arrow head) surrounded by complement 9 immunoreac-
tive amyloid deposits. Hematoxylin counterstain.

Table 1. Presence of positivity of the respective protein within amyloid
deposits differentiated by amyloid type.

Presence of positivity within amyloid deposits

ApoE Cas3 C3 C9

Positive (n) Valid n (%) Valid n (%) Valid n (%) Valid n (%)

AA 10 10 (100) 10 2 (20) 1 0 (0) 10 10 (100)
AIns 4 4 (100) 4 0 (0) 4 0 (0) 4 4 (100)
ALj 21 19 (91) 20 3 (15) 7 4 (57) 21 21 (100)
ALk 42 40 (95) 40 4 (10) 18 6 (33) 42 42 (100)
ATTR 35 33 (94) 35 13 (37) 22 8 (36) 35 34 (97)
Ab 3 3 (100) 3 0 (0) 1 1 (100) 3 3 (100)
Mixed 1 1 (100) – – 1 1 (100) 1 1 (100)
Unclassified 2 2 (100) 2 0 (0) 1 0 (0) 2 2 (100)
Total 118 112 (95) 114 22 (19) 55 20 (36) 118 117 (99)

ApoE: apolipoprotein E; Cas3: caspase 3; C3: complement 3; C9: complement
9; valid: number of samples evaluated.

Table 2. Presence of positivity of the respective protein within amyloid
deposits differentiated by organ-/tissue type.

Presence of positivity within amyloid deposits

ApoE Cas3 C3 C9

Positive (n) Valid n (%) Valid n (%) Valid n (%) Valid n (%)

Heart 28 26 (93) 28 12 (43) 12 4 (33) 28 27 (96)
Kidney 21 19 (91) 21 1 (5) 3 0 (0) 21 21 (100)
Skin 14 14 (100) 14 1 (7) 6 2 (33) 14 14 (100)
Synovialis of

carpal tunnel
10 10 (100) 10 1 (10) 8 1 (13) 10 10 (100)

Adipose-/connective
tissue

7 7 (100) 7 0 (0) 5 0 (0) 7 7 (100)

Gastrointestinal tract 7 7 (100) 7 2 (29) 4 1 (25) 7 7 (100)
Ligament of carpal

tunnel
7 6 (86) 7 5 (71) 4 4 (100) 7 7 (100)

Liver 6 6 (100) 6 0 (0) – – 6 6 (100)
Lung 5 4 (80) 4 0 (0) 3 3 (100) 5 5 (100)
Other 13 13 (100) 10 0 (0) 10 5 (50) 13 13 (100)
Total 118 112 (95) 114 22 (19) 55 20 (36) 118 117 (99)

ApoE: apolipoprotein E; Cas3: caspase 3; C3: complement 3; C9: complement
9; other: central nervous system, conjunctiva, corner of the mouth, Lig. anu-
lare, lymph node, N. suralis, nasopharynx, oropharynx, urinary bladder; valid:
number of samples evaluated.
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the amyloid deposits in any case. All in all, the average
accordance for all samples was more than 90%.

We then assessed the area percentage of amyloid labeled
for apoE. In 73 (61.9%) cases, apoE immunostaining of the
entire amyloid area was shown. In 94 (79.7%) specimens at
least 80% of the Congo red stained area was apoE positive
(Figures 2 and 3). The average amyloid deposition area cov-
ered by apoE immunostaining was over 80%.

Caspase 3 immunostaining is depicted in Figures 2 and
3. Immunostaining of the amyloid deposits was only noted

in 22 (19.3%) out of 114 cases. None of the cases showed a
complete coverage with the amyloid deposition area. The
maximum accordance of 80% was detected in only two
(1.8%) cases with ATTR amyloidosis. Thus, 107 (93.9%)
samples, including those without staining, showed labeling
of a maximum of 10% of the amyloid area. The average
accordance of caspase 3 immunolabeling with amyloid
deposits was less than 5%.

Finally, Figures 2 and 3 illustrate the results of C3 immu-
nolabeling. There was no case with staining of the entire

Figure 2. Accordance by type of amyloidosis. The proportion of immunostained area of complement 9, apolipoprotein E, caspase 3 and complement 3 in relation
to the entire amyloid deposits (i.e. 100%). Presentation according to the amyloid type. Each bar corresponds to one case.

Figure 3. Accordance by histoanatomical localization. The proportion of immunostained area of complement 9, apolipoprotein E, caspase 3 and complement 3 in
relation to the entire amyloid deposits (i.e. 100%). Presentation according to the organ-/tissue-type. Each bar corresponds to one case.

AMYLOID 203



amyloid area. For the majority of samples (n¼ 35 (64%)
cases), no C3 immunostaining was observed. The maximum
accordance of 80% was only noted in two (4%) cases, one
biopsy of the ligament of carpal tunnel with ATTR and one
biopsy of skin with ALj. Regarding all specimens analyzed
for C3, the average accordance was about 10%.

Collectively, these data demonstrate that C9 and apoE
were ubiquitously, spatially and specifically enriched in the
amyloid deposits of diverse origin irrespective of organ- or
tissue-site. In contrary, caspase 3 and C3 were rarely found
within amyloid deposits and usually only covered a fraction
of the area.

Subsequently, we examined the cellular detection of C9
and caspase 3 within or adjacent to the amyloid deposits
(Figure 1). Tables 3 and 4 demonstrate the distribution of
C9 and caspase 3 single cells according to the type of amyl-
oidosis and the histoanatomical localization. In total, 23 out
of 118 (19.5%) cases were found to enclose any C9 positive
single cells. Out of these, 16 (13.6%) cases also exhibited
amyloid-associated single positive cells, i.e. the cells were
located directly in interstitial amyloid deposits or nearby
(Figure 1). Any caspase 3 single positive cells were found in
25 out of 114 (21.9%) cases. Only 18 (15.8%) out of these
cases contained amyloid-associated single positive cells.
Regarding cardiac biopsies, C9 as well as caspase 3 were
positively tested in amyloid-associated single cells in 17.9%
of cases. In kidney biopsies, C9 was enriched in single amyl-
oid-associated cells in 9.5% of cases and no positively
stained cells for caspase 3 were found in any case (Table 3).
With regard to the amyloid type, we investigated ALj, ALk
and ATTR for amyloid-associated single positive cells. C9
positive single cells were found in 19.0% of ALj amyloidosis
cases, in 12% of ALk and in 14% of ATTR cases, whereas
caspase 3 was present in single cells in 15% of ALj, in 10%
of ALk and in 6% of ATTR cases (Table 4).

Since amyloid may be contaminated by serum proteins,
we next assessed C9 immunostaining in five kidney biopsies
with FSGS (positive control) and nine tissue specimens
from hemorrhagic infarcts (negative control; first set of con-
trols). Expectedly, a mesangial C9 staining in the majority of
glomeruli affected by glomerulosclerosis was observed in
FSGS and has been described previously (Supplementary
Figure 1), while hemorrhagic infarcts only showed a faint
and diffuse immunostaining (Supplementary Figure 1) with-
out a spatial enrichment in any histoanatomical structure.

Since testing for complement components in nephropa-
thology is common, we then explored the detection of com-
monly used complement markers in 22 kidney biopsies with
AA- (n¼ 8), AFib- (n¼ 3) and AL amyloidosis (n¼ 11),
respectively (second set of controls; Supplementary Figure 2).
All renal biopsies showed Congo red positive amyloid
deposits (Supplementary Figure 2A–C) but these were in
most cases negative for C1q, the initiator of the classic com-
plement activation pathway (Supplementary Figure 2D–F).
MASP-2, an activator of the lectin-mediated complement
cascade, was barely detectable in AA- and AL amyloidosis,
but was detectable in AFib amyloidosis (Supplementary
Figure 2G–I). Interestingly, the stable C3 cleavage product

C3c is primarily seen in AA amyloidosis (Supplementary
Figure 2J–L) while C3d and C9 were clearly detectable in all
forms of renal amyloidosis of the second set of controls
(Supplementary Figure 2M–R).

The literature search, finally, revealed 48 articles contain-
ing proteomic data on apoE, C3 or C9 usable for data proc-
essing (Supplementary Table S2). We found peptide spectra
for apoE in all 214 amyloidosis cases tested, C9 spectra were
reported in 15 out of 20 (75%) cases and C3 spectra in 36
out of 44 cases (82%) (Figure 4, Supplementary Table S2).
We did not retrieve any comparable proteomic data refer-
ring to caspase 3. Most cases (26.6%, n¼ 57) that were apoE
positive were diagnosed with AL amyloidosis. Another 24
cases (11.2%) presented with a mixed AL amyloidosis (AL/
AH, n¼ 22; AL/ATTR, n¼ 2), followed by ATTR (11.7%,
n¼ 25) and ALECT2 amyloidosis (10.3%, n¼ 22).
Apolipoprotein E was positive in 86 (40.2%) cases investi-
gating kidney samples, which was by far the most frequently
reported tissue. In this regard, kidney was the tissue
reported most often with 86.4% of cases positive for C3,
and 95.0% of cases positive for C9. The amyloid type
reported the most often in C9 and C3 positive cases was
AFib (C9, n¼ 5; C3, n¼ 8). Our reviewed data presented a
varying number of peptide spectra in apoE, C3 and C9 posi-
tive amyloid deposits. Most apoE positive cases were identi-
fied with more than 21 spectra (Figure 4). This indicated a
relatively high abundance, as the most abundant proteins in
a sample were usually reported with 21 up to more than
100 spectral counts (Supplementary Table S2). Single sam-
ples were detected with a median spectral number of 11–20,
for example in renal ALECT2 amyloidosis. The minority of
all cases resulted in an apoE spectral number below 10 (sin-
gle cases of AL/ATTR, lymph node; ATTR/AGel, colon/rec-
tum; ATTR, synovium) or even below three peptide spectra
in single AGel and ATTR/AGel deposits in SFA. A variable
spectral count was measured in C3 positive amyloid depos-
its. The spectral number measured for kidney samples was
>21 in AApoCII, AFib and AGel cases or was mainly 4–10
for other amyloid types. C9 spectral counts had a lower
relative abundance in all cases analyzed, varying between 4
and 20.

Discussion

The pathogenesis of amyloid is a multifactorial process.
While a disease-specific misfolding of a particular amyloid
precursor protein forms the amyloid fibril, non-fibrillar con-
stituents including SAP, apoE, matrix components like colla-
gen and highly sulfated glycosaminoglycans are regularly
found across all amyloid types [1,2,8].

Our immunohistochemical results clearly demonstrated
the ubiquitous, spatial and specific occurrence of C9 and
apoE in the amyloid deposits irrespective of amyloid type or
tissue site, and the irregular presence of caspase 3 and C3.
With this study, we could even show that the enrichment of
C9 in 99.2% of all cases analyzed is more consistent in com-
parison to the one of apoE in 94.9%. The analysis of prote-
omic data partially confirms these observations by IHC.
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Every single case studied by proteomics enclosed apoE,
wherefore it has been previously declared an amyloid signa-
ture protein, e.g. for SFA samples [7] or FFPE tissue [8]. Its
occurrence is independent of the amyloid- and tissue type.
The limited proteomic data on C9 and C3 at least show that
so far both components could be identified in amyloid
deposits. For instance, they confirm the occurrence of C3
and C9 in different types of renal amyloidosis, as illustrated
by Figure 4(B,C). In IHC, we found C9 in all cases of renal
AA (n¼ 4) and AL amyloidosis (n¼ 13) in the study cohort
and in all 22 cases of renal AA-, AFib- and AL amyloidosis
of the second set of controls. Likewise, the proteomic data
from Sethi et al. showed two cases with AA amyloidosis,
both positive for C9 with small spectral numbers, whereas
the analysis of AL amyloidosis showed C9 positive amyloid
deposits only in one of three cases [31]. Other amyloid
types mentioned in the C9 plot were not studied by IHC in
our series. Hence, we observed an enrichment of C9 by IHC
in amyloid deposits, whereas proteomic analysis of amyloid
specimens for diagnostic purposes rarely reported comple-
ment pathway components. A reason for that could be that
the diagnostic approach of amyloid analysis by LMD
LC–MS/MS mainly focuses on the fibril forming protein
and the amyloid signature proteins. Amyloid components
like complement factors might have not been detected due
to their absence or low abundance, or they were simply

overlooked in the past and therefore, not published as the
top 10–20 most abundant or relevant amyloid constituents.
Most recent findings by Kourelis et al. support our IHC
findings, as they identified C9 and C3 besides complement
factor H and complement factor H related peptide 5 as dif-
ferentially expressed proteins in ATTR amyloidosis of the
heart by LMD LC–MS/MS. Complement factor H related
peptide 1 was differentially expressed in heart samples of
both AL and ATTR amyloidosis [32]. Additionally,
Brambilla et al. have shown that C3 was up-regulated in
ATTR patients’ fat aspirate samples, compared to non-amyl-
oid affected fat samples, and identified C9 in several amyl-
oidosis cases [33]. Supplementary, it has been reviewed by
Krance et al. that C3 and C9 tend to be more abundant in
patients with Alzheimer’s disease compared to case controls
without neurodegenerative diseases [34].

The literature search revealed the occurrence of C3
within amyloid deposits in 36 out of 44 reported cases. In
relation to the amyloid types mentioned in the C3 plot
(Figure 4(C)), we examined only cases with AL- and ATTR
deposits for C3 occurrence by IHC in the study cohort.
With regards to AL amyloidosis, three cases of renal and
five cases of cardiac biopsies were analyzed immunohisto-
chemically. None of the kidney samples showed any C3
staining, though in two cardiac samples a lower C3 occur-
rence of 5% and 20% was found. Our literature search on

Table 3. Prevalence of caspase 3-/complement 9 single positive cells differentiated by organ-/tissue type.

Caspase 3 Complement 9

Any positive
cells Amyloid-associated Non-amyloid-associated

Any positive
cells Amyloid-associated Non-amyloid-associated

Positive (n) Valid n (%) n (%) n (%) Valid n (%) n (%) n (%)

Heart 28 5 (18) 5 (18) 1 (4) 28 5 (18) 5 (18) 0 (0)
Kidney 21 5 (24) 0 (0) 5 (24) 21 5 (24) 2 (10) 5 (24)
Skin 14 3 (21) 2 (14) 1 (7) 14 2 (14) 1 (7) 1 (7)
Synovialis of carpal tunnel 10 1 (10) 1 (10) 0 (0) 10 1 (10) 1 (10) 0 (0)
Adipose-/connective tissue 7 3 (43) 3 (43) 0 (0) 7 1 (14) 0 (0) 1 (14)
Gastrointestinal tract 7 4 (57) 3 (43) 2 (29) 7 2 (29) 1 (14) 1 (14)
Ligament of carpal tunnel 7 0 (0) 0 (0) 0 (0) 7 0 (0) 0 (0) 0 (0)
Liver 6 0 (0) 0 (0) 0 (0) 6 1 (17) 1 (17) 0 (0)
Lung 4 0 (0) 0 (0) 0 (0) 5 1 (20) 1 (20) 0 (0)
Other 10 4 (40) 4 (40) 1 (10) 13 5 (39) 4 (31) 1 (8)
Total 114 25 (22) 18 (16) 10 (9) 118 23 (20) 16 (14) 9 (8)

Other: central nervous system, conjunctiva, corner of the mouth, Lig. anulare, lymph node, N. suralis, nasopharynx, oropharynx, urinary bladder; valid: number of
samples evaluated.

Table 4. Prevalence of caspase 3-/complement 9 single positive cells differentiated by amyloid type.

Caspase 3 Complement 9

Any positive cells Amyloid-associated Non-amyloid-associated Any positive cells Amyloid-associated Non-amyloid-associated

Positive (n) Valid n (%) n (%) n (%) Valid n (%) n (%) n (%)

AA 10 4 (40) 3 (30) 2 (20) 10 2 (20) 1 (10) 1 (10)
AIns 4 3 (75) 3 (75) 0 (0) 4 1 (25) 0 (0) 1 (25)
ALj 20 4 (20) 3 (15) 2 (10) 21 5 (24) 4 (19) 1 (5)
ALk 40 9 (23) 4 (10) 5 (13) 42 7 (17) 5 (12) 4 (10)
ATTR 35 2 (6) 2 (6) 0 (0) 35 6 (17) 5 (14) 1 (3)
Ab 3 3 (100) 3 (100) 1 (33) 3 1 (33) 0 (0) 1 (33)
Mixed – – – – 1 0 (0) 0 (0) 0 (0)
Unclassified 2 0 (0) 0 (0) 0 (0) 2 1 (50) 1 (50) 0 (0)
Total 114 25 (22) 18 (16) 10 (9) 118 23 (20) 16 (14) 9 (8)

Valid: number of samples evaluated.
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proteomic data revealed peptide spectra for C3 in two out
of five kidney samples and no C3 was found in the only
investigated cardiac case [23,31,35]. With regard to ATTR
amyloidosis, we examined seven cardiac biopsies by IHC,
two of them with coverage of 10% and 15%, and five with-
out C3 enrichment. In this respect, the proteomic analysis
described one cardiac case, which enclosed C3 [36].
However, it is interesting to note that cleavage products of
C3, i.e. C3c and C3d, were found in the second set of con-
trols. These findings support our hypothesis that C9 and
other complement pathway components occur independ-
ently of amyloidosis- and tissue type. They might play an
important role in amyloid pathogenesis.

It is known that C9 plays a crucial role in cell lysis, as it
is an essential component of the MAC. An activation of a
sequence of proteins, i.e. the complement system, leads to
the formation of a multiprotein pore that inserts into the
cell membrane and causes cell death. MAC is the common
end of three biochemical pathways, i.e. the classical, lectin
and alternative complement pathway. All three pathways
have in common the cleavage and activation of C3. Thus,
C3 represents the cascade’s center and following its activa-
tion the executive functions of the complement system are
initiated. The importance of the complement cascade is not
only evident in terms of amyloidosis, but also in renal

diseases, such as the atypical hemolytic uremic syndrome
(aHUS) and the C3 glomerulopathies (C3G) [37]. These dis-
eases are caused by a dysregulated and uncontrolled activa-
tion of the complement system, i.e. aHUS by pathogenic
mutations in different complement genes among others
[38], and C3G mainly by the presence of C3 nephritic factor
[39], an autoantibody directed against the C3 convertase of
the alternative pathway, the C3bBb. In addition, there are
various studies suggesting an involvement of an active com-
plement pathway in FSGS. For instance, they demonstrate
higher levels of complement activation fragments in the
plasma and urine, both in animal [40] and human models
[41,42]. Strassheim et al. were able to demonstrate a colocal-
ization of glomerular IgM and C3 by immunofluorescence
microscopy [40]. A recent study even showed a correlation
between plasma and urine C5b-9 levels with proteinuria
[41]. Our IHC observations on FSGS confirm these results,
as we also detected a specific and regular glomerular C9
enrichment. Hence, all these findings indicate the participa-
tion of complement activation in renal disease, now includ-
ing also amyloidosis, and their progressing damage
mediated by MAC. Since C9 is present also in other, com-
plement-mediated diseases, e.g. FSGS, the utility of C9-
immuostaining as a general diagnostic marker for renal
amyloidosis is challenging.

Figure 4. Proteomics data obtained by literature search. Occurrences of apolipoprotein E (A), complement 9 (B) and complement 3 (C) in amyloid tissue sections
are depicted for amyloid and organ type. Proteomic data were reviewed and extracted from amyloidosis cases analyzed by LMD LC–MS/MS (method described in
[9–11]). The total number of patients tested is indicated by data point area. Positive cases are colored/grey scaled depending on the number of spectras’ median
measured, whereas negative cases are depicted by black areas. The number of spectra refers to the total number of peptide spectra identified for a protein and is
considered a semiquantitative measurement of protein abundance. Proteins were identified with a >95% probability. For three cases, samples were derived from
more than one organ type: �heart and gastrointestinal tract (GI-tract; not otherwise specified); ��lung and skin; ���heart, subcutaneous fat aspirate (SFA) and large
intestine.
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Both necrosis and apoptosis are forms of cell death.
Caspase 3 is an effector caspase in the execution part of cell
apoptosis [43]. Its cleaved and activated form is used as a
surrogate marker for apoptosis [44]. Therefore, the occur-
rence of necrosis and apoptosis nearby amyloid deposits was
under investigation. Due to the limited number of examined
cases per sampling site, statements can be made at most
about heart and kidney. In 17.9% of cases, amyloid-associ-
ated C9 and caspase 3 single positive cells were found in
cardiac biopsies, a slightly higher frequency compared to the
average across all tissue sites of 13.6% (C9) and 15.8% (cas-
pase 3). In kidney biopsies, the percentage of amyloid-asso-
ciated cells was even lower. Only 9% of cases hold C9
positive cells and none of them contained any caspase 3
positive cells. Regarding to ALj, ALk and ATTR, the per-
centage also remains at a lower level. Thus, single cell
necrosis and apoptosis were detected but it seems to be a
rare event. However, this may have been caused by a sam-
pling error: a tissue biopsy is only a spatially restricted ‘snap
shot’ in an ongoing and lasting disease. In time scales of
months and years, cell loss due to single cell necrosis and
apoptosis can be substantial, and is a frequent finding in
advanced disease stages.

Limitations of the study are the shortage of proteomic
data for C9 and C3. Proteomic data on C9 implicate a
medium to low measured abundance compared to apoE in
amyloid deposits (Figure 4). The number of spectra for a
protein is a label-free semiquantitative method to determine
the abundance of a protein, which has been reviewed else-
where [45]. Our reviewed literature often included only the
top 10 or 20 proteins per analysis with regard to their prob-
ability score or number of spectra. Therefore, it is unclear
whether C9 spectra numbers’ abundance and/or identity
scores were too low for many reported amyloidosis cases or
if data on complement components were simply not shown.

In conclusion, this study provides evidence for the spe-
cific and spatial enrichment of C9 within diverse types of
amyloid. Whether amyloid itself or the disease mechanisms
leading to amyloid formation activate the complement cas-
cade, is currently unknown. We occasionally found amyl-
oid-associated, C9 positive cells supporting the contention
that amyloid can lead to single cell necrosis. In the past it
was shown that the classical pathway of the complement
cascade can be activated by SAP via C1q [46] and also by
Ab fibrils under physiological conditions [47]. Furthermore,
previous studies proved a hypothesis that stands for soluble
oligomers, which are intermediates in amyloid formation
and cause metabolic changes, toxicity and cell death [48,49].
Especially annular pore-like oligomers, made by amyloid
forming proteins like Ab or serum amyloid A, demonstrate
this channel-like/pore-like activity [50]. The MAC, including
its numerous copies of C9, also acts as a transmembrane
channel. To find out more about amyloid pathogenesis, a
possible association between C9 and amyloid oligomers
should be pursued. Therefore, it must be examined if there
is an increased incidence of C9 positive cells showing cell
death during the different amyloid load and formation
stages, e.g. in cell culture experiments or animal models.

Additionally, in future studies, it also needs to be investi-
gated whether there is proof of binding mechanisms
between C9 and mature amyloid fibrils.

Based on our findings, we propose to introduce C9 as a
possible new biomarker for clinical practice and diagnostics
of amyloidosis. Thus, this study suggests the subsequent
proteomics analyses should also focus on C9.
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