
C4b-binding Protein Protects �-Cells from Islet Amyloid
Polypeptide-induced Cytotoxicity*

Received for publication, April 5, 2016, and in revised form, August 15, 2016 Published, JBC Papers in Press, August 26, 2016, DOI 10.1074/jbc.M116.731141

Jonatan Sjölander‡, Elin Byman‡, Klaudia Kulak‡, Sara C. Nilsson‡, Enming Zhang§, Ulrika Krus§,
Gunilla T. Westermark¶, Petter Storm§, Ben C. King‡, Erik Renström§, and Anna M. Blom‡1

From the Departments of ‡Translational Medicine and §Clinical Sciences, Lund University, S-20502 Malmö, Sweden and the
¶Department of Medical Cell Biology, Uppsala University, S-75123 Uppsala, Sweden

C4BP (C4b-binding protein) is a polymer of seven identical �
chains and one unique � chain synthesized in liver and pancreas.
We showed previously that C4BP enhances islet amyloid poly-
peptide (IAPP) fibril formation in vitro. Now we report that
polymeric C4BP strongly inhibited lysis of human erythrocytes
incubated with monomeric IAPP, whereas no lysis was observed
after incubation with preformed IAPP fibrils. In contrast, incu-
bation with the monomeric �-chain of C4BP was less effective.
These data indicate that polymeric C4BP with multiple binding
sites for IAPP neutralizes lytic activity of IAPP. Furthermore,
addition of monomeric IAPP to a rat insulinoma cell line
(INS-1) resulted in decreased cell viability, which was restored
in the presence of physiological concentrations of C4BP. Treat-
ment of INS-1 cells and primary rat islets with IAPP also dimin-
ished their ability to secrete insulin upon stimulation with glu-
cose, which was reversed in the presence of C4BP. Further,
C4BP was internalized together with IAPP into INS-1 cells.
Pathway analyses of mRNA expression microarray data indi-
cated that cells exposed to C4BP and IAPP in comparison with
IAPP alone increased expression of genes involved in choles-
terol synthesis. Depletion of cholesterol through methyl-�-cy-
clodextrin or cholesterol oxidase abolished the protective effect
of C4BP on IAPP cytotoxicity of INS-1 cells. Also, inhibition of
phosphoinositide 3-kinase but not NF-�B had a similar effect.
Taken together, C4BP protects �-cells from IAPP cytotoxicity
by modulating IAPP fibril formation extracellularly and also,
after uptake by the cells, by enhancing cholesterol synthesis.

The present study focuses on C4BP2 (C4b-binding protein),
which is an essential inhibitor of the complement system (1).
Complement has important roles in innate immunity and con-
sists of more than 40 proteins involved in initiation and control
of the system (2). C4BP is an abundant polymeric plasma pro-
tein that consists of seven identical �-chains with eight comple-
ment control protein (CCP) domains each, as well as one

�-chain with three CCPs. The �-chain always carries anticoag-
ulant PS (protein S) (3). Because of the high affinity of PS for
negatively charged phospholipids, the C4BP-PS complex effi-
ciently binds to apoptotic (4) and necrotic cells (5), ensuring
controlled complement activation necessary for clearance of
these cells. So far, C4BP has been characterized in detail as a
complement inhibitor and is often employed by bacterial
pathogens as a form of evasion strategy leading to decreased
opsonization and phagocytosis (6). C4BP may have other
immunomodulatory functions such as the induction of an anti-
inflammatory state in dendritic cells (7). Complete deficiency of
C4BP has not been described, but non-synonymous polymor-
phisms causing impaired complement inhibitory activity were
found in atypical hemolytic uremic syndrome (8) and recurrent,
spontaneous pregnancy loss (9). C4BP is mainly secreted by
hepatocytes but significant expression is also detected in lung
and pancreatic islets. We found previously that C4BP interacts
with various types of amyloid (10 –12), which similarly to in
dying cells, allows a certain level of complement opsonization
for clearance while preventing overt inflammation.

In type 2 diabetes amyloid deposits are localized to the islets
of Langerhans in the pancreas and mainly formed by islet amy-
loid polypeptide (IAPP). IAPP deposits are present in 90% of
patients with type 2 diabetes and can cause apoptosis of �-cells
(13). Apart from this cytotoxic effect IAPP also has a physiolog-
ical role in regulating and stabilizing blood glucose levels.
When insulin resistance develops in type 2 diabetes, so does the
production and release of insulin and concomitantly IAPP in
the �-cell (14, 15). Once IAPP reaches a critical concentration,
it starts to aggregate. The small aggregates form �-sheet-rich
proto-filaments that interact with each other and eventually
form mature fibrils. Even though the exact cytotoxic form of
IAPP (monomers, oligomers, or fibrils) is still discussed, there is
a growing consensus that small oligomers rather than the
mature fibrils are responsible for the cytotoxic effect, similarly
to Alzheimer’s �-amyloid. It has also been suggested that it is
the process of amyloid fibril formation in the membranes itself
and not the presence of a particular IAPP species that is respon-
sible for cytotoxicity (16, 17). We showed previously that C4BP
enhances the kinetics of fibril formation (12), and we found
C4BP to be co-localized with IAPP in human pancreatic islets,
suggesting a beneficial role of C4BP in counteracting �-cell
death in type 2 diabetes. Based on this hypothesis we now inves-
tigated the ability of C4BP to protect against IAPP-induced
cytotoxicity in living cells and the molecular mechanism of this
effect.
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Results

C4BP Protects Erythrocytes from Lysis Initiated by Mono-
meric IAPP—We hypothesized that because of the previously
observed binding of IAPP, C4BP would have cytoprotective
effect. Indeed, we found that the addition of IAPP fibrils (51 �M

counted as monomer equivalents) to erythrocytes caused no
significant cell lysis in comparison with 1% DMSO, which was
present in all samples with IAPP (Fig. 1A), whereas addition of
51 �M monomeric IAPP to erythrocytes caused significant
cell lysis (Fig. 1A) similar to maximal cell lysis obtained in
water. Supplementing the monomeric IAPP solution (51 �M)
with C4BP (0.6 �M) almost entirely abolished the lytic effect.
Furthermore, addition of C4BP to the IAPP fibril solution
had no effect on the already low degree of cell lysis (Fig. 1A).
The effect was dependent on the concentration of C4BP (Fig.
1B), whereas transthyretin (5.5 �M) had no effect on lysis
mediated by monomeric IAPP. Furthermore, we found that
neither transthyretin alone (5.5 �M) nor C4BP alone (0.6 �M)
had any effect on background erythrocyte lysis (Fig. 1B). We

also verified that the observed effect of IAPP on erythrocyte
lysis was specific for human IAPP because rat IAPP, which
has not been observed to form oligomers and fibrils, caused
no lysis (Fig. 1B).

Structural Requirements for Activity of C4BP—To further
explore the mechanism whereby C4BP impairs IAPP-induced
erythrocyte lysis, we utilized mutants of C4BP lacking either
CCP2 or CCP8, which are the specific domains binding to IAPP
(Fig. 1C) (12) and found that both mutants inhibited IAPP-
mediated lysis at similar concentrations as wild type C4BP (Fig.
1D). We also tested a monomeric �-chain of C4BP and found
that it was 20-fold less efficient in inhibiting monomeric IAPP-
induced erythrocyte lysis as compared with wild type polymeric
C4BP (Fig. 1D). Interestingly, C1q, which also binds IAPP (12)
and has polymeric structure, did not affect IAPP-induced lysis.

C4BP Counteracts IAPP Cytotoxicity on INS-1 Cells—The
cytoprotective effect of C4BP was then evaluated using a rat
pancreatic �-cell line INS-1. To obtain a significant effect of
IAPP on INS-1 cell viability, the cells were challenged with 102
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FIGURE 1. Polymeric C4BP protects erythrocytes from lysis mediated by IAPP. A, monomeric IAPP (51 �M) caused erythrocyte lysis in contrast to IAPP fibrils
(51 �M) or 1% DMSO (vehicle). Addition of 0.6 �M C4BP together with 51 �M monomeric IAPP resulted in significant decreased in the lysis compared with
monomeric IAPP alone. B, the inhibitory effect of C4BP on monomeric IAPP-induced erythrocyte lysis was concentration-dependent, whereas transthyretin
showed no effect. Rat IAPP (51 �M) lacked the ability to lyse erythrocyte. C, a schematic illustration of the different C4BP variants used in this study. The
prevalent form of C4BP found in plasma is composed of seven �-chains and one �-chain with bound PS. The recombinant C4BP lacks both �-chain and PS but
retains the ability to bind amyloid. The panel also outlines the recombinant deletion mutants of C4BP that lack indicated CCP domains and a monomeric
mutant, which consist of one �-chain that has a stop codon added after CCP8. D, all C4BP variants were added in various concentrations together with 51 �M

monomeric IAPP. The monomeric C4BP was 20-fold less potent than wild type C4BP in inhibiting erythrocyte lysis, whereas mutants lacking CCP2 or CCP8 were
comparable with the wild type. C1q, which also interacts with amyloid, was used as a control and did not affect monomeric IAPP-induced erythrocyte lysis. The
graphs show mean values of three independent experiments � S.D. One-way ANOVA with Dunnett’s post-test was used for the statistical evaluation, and the
various conditions were compared with DMSO alone (A) or monomeric human IAPP (B). ns, not significant; ***, p � 0.001.

C4BP and IAPP Toxicity

OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 21645



�M monomeric IAPP for 22 h. Under these conditions, cells
exhibited an altered morphology, becoming more spherical
(Fig. 2B) compared with the DMSO control (Fig. 2A). When 102
�M IAPP solution was supplemented with either 0.3 or 0.6 �M

C4BP, the cells did not drastically change their morphology,
compared with cells without IAPP (Fig. 2, C and D). However,
when adding only 0.15 �M of C4BP together with 102 �M mono-
meric IAPP, the protective effect of C4BP was no longer present
(Fig. 2E), and the morphological alteration was as prominent as
for cells challenged with IAPP alone. Predominately spherical,
dying cells were also observed in wells challenged with 102 �M

IAPP in the presence of various control proteins such as DAF (2
�M, not shown), IgG (2 �M, not shown), or transthyretin (5.5
�M; Fig. 2F). Cell viability was then quantified using the alamar-
Blue� assay. The cells challenged with 102 �M monomeric
IAPP alone had very low viability compared with cells exposed
to co-solvent (DMSO) alone (Fig. 2G). Cells exposed to 102 �M

monomeric IAPP in the presence of 0.3 or 0.6 �M C4BP were
significantly more viable (Fig. 2G). Addition of 0.15 �M C4BP or
any of the control proteins (2 �M DAF, 2 �M IgG, or 5.5 �M

transthyretin) had no significant effect on IAPP-induced cell
death.

FIGURE 2. C4BP increases viability of INS-1 cells incubated with IAPP. A–F, INS-1 cells incubated 22 h in 1% DMSO (A), 102 �M monomeric IAPP alone (B) or
together with 0.6 �M C4BP (C), 0.3 �M C4BP (D), 0.15 �M C4BP (E), or 5.5 �M transthyretin (F) are shown. The pictures were taken with an EVOS XL-core phase
contrast microscope at 40� magnification. G–J, cell viability was quantitated using alamarBlue (G) or staining with Annexin V-APC and Via-Probe analyzed by
flow cytometry (H–J). Dot plots (H) separate the stained cells into subgroups (live, early apoptotic, and late apoptotic/necrotic), and the percentage of the cells
in each quadrant used for further calculations is shown. Cells incubated for 14 h with monomeric IAPP and C4BP (both purified from plasma and recombinant)
had significantly higher viability then cells incubated with monomeric IAPP alone or together with either transthyretin, DAF, IgG, or C1q. K, cell death elicited
by 51 �M IAPP was accompanied by failure of INS-1 cells to secrete insulin upon stimulation with glucose. The effect was prevented by addition of 0.6 �M C4BP
but not control proteins C1q, DAF, and IgG. G, I, J, and K show mean values of three independent experiments performed in duplicate � S.D. One-way ANOVA
with Dunnett’s post test (G) and two-way ANOVA with Bonferroni’s post test (I–K) were used for the statistical evaluation, and various conditions were
compared with IAPP alone. ns, not significant; *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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Similar results were observed with cell viability measure-
ments by flow cytometry after staining with Annexin V-APC
and Via-Probe. The cells were gated into Annexin V and Via-
Probe negative (live cells), Annexin V positive and Via-Probe
negative (early apoptotic cells), and Annexin V and Via-Probe
positive (late apoptotic cells) (Fig. 2H). Cells treated with only
medium contained over 95% live cells (Fig. 2H, left panel),
whereas the majority of cells treated with 102 �M monomeric
IAPP bound both Annexin V and Via-Probe (Fig. 2H, middle
panel). The cytotoxic effect of 102 �M IAPP was significantly
reduced by the presence of 0.6 �M C4BP (Fig. 2, H, right panel;
I; and J). INS-1 cells incubated with 102 �M IAPP and control
proteins DAF (2 �M) and IgG (2 �M) did not show any increase
in cell viability compared with IAPP alone. DMSO alone
slightly decreased cell viability, and this effect was not attenu-
ated by 0.6 �M C4BP, indicating that its protective effect is
specific for IAPP-mediated cell death (Fig. 2I). Importantly,
recombinant C4BP had a similar effect to that purified from
plasma (Fig. 2J), whereas C1q, which also binds IAPP but does
not enhance its polymerization, had no effect (Fig. 2J). Further-
more, INS-1 cells incubated with 51 �M IAPP did not respond
with insulin secretion after incubation with 16.7 mM glucose
(Fig. 2K). This functional defect was reverted in the presence of
0.6 �M C4BP but not control proteins: 0.6 �M C1q, 2 �M DAF,
and 2 �M IgG.

C4BP Restores Insulin Secretion from Rat Islets Treated with
IAPP—We first examined mRNA levels for C4BPA and C4BPB
in isolated rat islets incubated in low and high glucose condi-
tions. Although C4BPB expression remained stable under all
conditions tested (Fig. 3A), C4BPA was highly up-regulated
after 72 h of incubation. Glucose concentration did not affect
expression of either of the genes. Further, we examine effect of
IAPP on the ability of isolated rat islets to secrete insulin upon
stimulation with 16.7 mM glucose. As expected, insulin secre-
tion was impaired by incubation with 51 �M IAPP, likely
because of decreased viability of the cells (Fig. 3B). This effect
was largely rescued in the presence of 0.6 �M C4BP but not 0.6
�M C1q.

IAPP Alone and in Complex with C4BP Is Actively Internal-
ized by INS-1 Cells—The protective effect of C4BP is likely in
part because of its effect on fibril formation by IAPP. This
should result in a decrease in cytotoxic oligomers, which oth-
erwise are lytic for membranes. We further questioned whether
C4BP may have additional intracellular effects. To investigate
how IAPP alone or together with C4BP might interact with
INS-1 cells, cells were treated with IAPP labeled with Rhoda-
mine B and C4BP labeled with Alexa Fluor 647. IAPP (blue) and
C4BP (red) together form large extracellular aggregates, some
of which appeared to be localized to cell membranes (Fig. 4A).
Complexes containing both IAPP and C4BP were also taken up
into the INS-1 cells. We estimated that 52% of IAPP found
intracellularly was in complexes with C4BP, whereas the
remaining 48% was free (Fig. 4C). Cells treated with C4BP alone
do not show any aggregates or intracellular staining (Fig. 4B).
When IAPP (blue) was incubated with INS-1 cells in the pres-
ence or absence of C4BP followed by detection of mitochondria
(red) and lysosomes (green), we observed that IAPP co-localizes

with both organelles (Fig. 4, D and E), and although there
appears to be a tendency toward more IAPP present in cells in
absence of C4BP (Fig. 4G), there did not seem to be any
quantifiable difference in its distribution to the two organ-
elles (Fig. 4F).

C4BP Modulates the Transcriptional Response to IAPP—
Because C4BP is taken up by INS-1 cells together with IAPP, we
hypothesized that it may affect cellular responses and mRNA
expression levels of some targets, resulting in protection of cells
from IAPP cytotoxicity. The global transcriptional response to
77 �M monomeric IAPP was therefore examined in INS-1 cells
after 10 h of incubation in the presence or absence of 0.6 �M

C4BP using the Affymetrix RaGene 2.0 array. Using linear mod-
els and empirical Bayesian moderation of p values, we identified
453 genes responding to IAPP in absence of C4BP (false discov-
ery rate (FDR) q value � 0.05; Fig. 5A). Top scoring genes were
among others JUN and DDIT3 coding for proteins jun proto-
oncogene and DNA-damage inducible transcript 3, classical
stress induced genes that were both up-regulated in response
to IAPP. Gene ontology enrichment identified genes impor-
tant for “response to organic substance,” “regulation of pro-
grammed cell death,” and “cellular lipid metabolism” as most
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FIGURE 3. C4BP rescues insulin secretion in primary rat islets treated with
IAPP. A, isolated rat islets were cultured in vitro for 24 or 72 h in either low
(5 mM) or high (20 mM) glucose conditions. Expression of mRNA for C4BPA
and C4BPB was measured in isolated mRNA by Q-PCR. Although C4BPB
expression remained stable, C4BPA was highly increased during incuba-
tion albeit in glucose-independent manner. B, isolated rat islets were
treated with 51 �M monomeric IAPP alone or together with 0.6 �M C4BP or
0.6 �M C1q overnight and thereafter stimulated with glucose to determine
insulin secretion. IAPP impaired insulin secretion from rat islets, which was
prevented by C4BP but not C1q. Shown are means � S.D. from three
independent experiments with sample duplicate, and statistical analysis
was done with one-way ANOVA with Dunnett’s post test, and the various
conditions were compared with IAPP alone. ns, not significant; UT,
untreated. *, p � 0.05; **, p � 0.01.
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affected, compatible with effects seen previously in IAPP
treated cells (18 –20).

Furthermore, 227 genes were found differentially expressed in
response to IAPP in the presence of C4BP, of which 76 were iden-
tified also with IAPP alone and 151 were found to be regulated only
in presence of both IAPP and C4BP. Sterol biosynthesis was the
dominant Gene Ontology term in genes differentially expressed in
the presence of C4BP (Fig. 5B; eight genes showed increased
expression, p � 10�6), suggesting that membrane remodeling
might be an important mechanism underlying protective effect of
C4BP in IAPP treated cells. Prominent genes up-regulated
included HMGCR (coding for 3-hydroxy-3-methylglutaryl-CoA
reductase, p � 5.1 � 10�5), the rate-limiting enzyme for choles-
terol biosynthesis, and mevalonate (diphospho) decarboxylase
that catalyzes mevalonate pyrophosphate into isopentenyl pyro-
phosphate in one of the early steps in cholesterol biosynthesis.

Interestingly, enrichment of cell death-associated genes found in
cells stimulated with IAPP alone was no longer observed in C4BP
co-treated cells, indicating that the protective effect of C4BP
occurs also on the transcriptional level. Ingenuity Pathway analysis
confirmed the effects seen using Gene Ontology enrichment with
“Superpathway of Cholesterol Biosynthesis” as the top scoring
pathway (p � 10�6).

Membrane-bound Cholesterol and Signaling through PI3K
Pathway Are Important for the Protective Effect of C4BP—To
verify the importance of cholesterol in the protective effect of
C4BP, INS-1 cells were partially depleted from cholesterol
using methyl-�-cyclodextrin (M�CD) or cholesterol oxidase
(CHOD). The depleting effect of M�CD was confirmed by
labeling of INS-1 cells with cholesterol binding molecule Filipin
III (green) (Fig. 6, A and B). A similar effect was observed for
CHOD-treated cells (Fig. 6J).

FIGURE 4. C4BP and IAPP are internalized by INS-1 cells. A and B, INS-1 cells incubated for 3 h with 51 �M Rhodamine B-labeled monomeric IAPP (blue) and
0.6 �M Alexa Fluor 647-labeled C4BP (red) (A) or 0.6 �M Alexa Fluor 647-labeled C4BP alone (B). C, IAPP and C4BP formed together large extracellular and
intracellular aggregates leading to over 52% co-localization of IAPP with C4BP with 48% IAPP remaining free based on quantification of 12 individual cells,
whereas no staining of INS-1 cells with C4BP alone was observed. D and E, INS-1 cells were also treated with 51 �M Rhodamine B-labeled monomeric IAPP
without (D) and with 0.6 �M C4BP (E) together with LysoTracker Green and MitoTracker Deep Red for detection of lysosomes and mitochondria, respectively.
F and G, co-localization of IAPP with mitochondria and lysosomes remained largely unchanged in the presence of C4BP (F), whereas there was a slight tendency
toward decrease of IAPP inside the cells in the presence of C4BP (G). In F and G, means � S.D. from three independent experiments in which at least 10 cells were
quantified per condition are shown, and statistical analysis was done with two-way ANOVA with Bonferroni’s post test (F) or t test (G) comparing conditions
with and without C4BP. No statistically significant differences were observed.
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The cell viability of INS-1 cells was then measured after
depletion of cholesterol by M�CD and stimulation with 51 �M

monomeric IAPP in the presence or absence of 0.3 �M C4BP.
An increased binding of Annexin V was observed after incuba-
tion of INS-1 cells with IAPP (Fig. 6D), and this effect was
diminished in the presence of C4BP as expected (Fig. 6E). Fur-
thermore, the rescuing effect of C4BP was diminished when
cells were preincubated with M�CD (Fig. 6, H and I). Choles-
terol depletion with M�CD by itself did not affect cell viability
in INS-1 cells (Fig. 5, C and F). Similar experiments were per-
formed using CHOD to deplete cholesterol (Fig. 6, J and K), and
there was a significantly higher ratio of Annexin V-positive apo-
ptotic cells after IAPP � C4BP/IAPP treatment in CHOD-de-

pleted cells compared with untreated cells with intact choles-
terol content (Fig. 6L). These results indicate that membrane-
bound cholesterol is important for the rescuing effect of C4BP
in IAPP-treated cells.

To test the potential signaling pathways involved in the pro-
tective mechanism of C4BP, the INS-1 cells were treated with
two signaling inhibitors, PI3K inhibitor (Ly29402 hydrochlo-
ride) and NF-�� inhibitor (BAY112085). Although the NF-��
inhibitor did not affect the ratio of apoptotic cells in IAPP �
C4BP- versus IAPP-treated cells, the PI3K inhibitor signifi-
cantly increased the number of apoptotic cells (Fig. 6M). This
indicates that the protective effect of C4BP is at least in part
elicited by signaling through the PI3K pathway.

FIGURE 5. C4BP modulates transcription of cell death and cholesterol synthesis genes in response to IAPP. A, analysis of mRNA expression in cells treated
for 14 h with 77 �M IAPP alone or 77 �M IAPP together with 0.6 �M C4BP were performed using microarray analysis, and 680 genes were identified as
differentially expressed (FDR-corrected p � 0.05) in any compared condition, 453 with IAPP alone, 76 in both IAPP, and IAPP � C4BP and 151 in only IAPP �
C4BP. These genes were visualized in a heat map in which red denotes down-regulation (compared with DMSO control) and green represents up-regulation.
B, representation of the Steroid Biosynthesis (KEGG00100) pathway with the genes identified as differentially expressed marked in red with full names, p values,
and log2 fold changes (compared with untreated control) listed below.
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FIGURE 6. Protective effect of C4BP requires cholesterol and signaling via PI3K pathways. INS-1 cells were treated with cholesterol-depleting agent M�CD
together with DMSO, 51 �M IAPP or 51 �M IAPP with 0.3 �M C4BP. A, INS-1 cells treated with either DMSO alone or together with M�CD and stained with Filipin
III (green), indicating efficient depletion of cholesterol upon M�CD treatment. B, fluorescence intensity measurement of M�CD-treated and untreated INS-1
cells indicating depletion of cholesterol. The graph shows data from two independent experiments as means � S.D. C–H, histograms showing INS-1 cells
differing in cholesterol depletion with M�CD and treated with DMSO, 51 �M IAPP, or 51 �M IAPP with 0.3 �M C4BP for 14 h and stained with Annexin V-APC. The
cells were gated into live (Annexin V-negative) and apoptotic (Annexin V-positive) populations. I, graph shows increase in the ratio of apoptotic cells between
IAPP � C4BP-treated and IAPP-only-treated cells comparing cells treated with 2 mM M�CD with untreated controls. The data are from three independent
experiments performed in duplicate and shown as means � S.D. Statistical analysis was done with unpaired t test. *, p � 0.05. J, cholesterol was also depleted
from INS-1 cells using a milder treatment with CHOD. K, the data showing decrease in Filipin III labeling intensity upon treatment with 0.5 unit/ml CHOD are
from two independent experiments and shown as means � S.D. L, an increase in the ratio of apoptotic cells between IAPP � C4BP-treated and IAPP-only-
treated cells was observed in cells treated with 0.5 unit/ml CHOD compared with untreated controls. Shown are means � S.D. from three independent
experiments with sample duplicate, and statistical analysis was done with unpaired t test. *, p � 0.05). M, the ratio of apoptotic cells between treatments with
51 �M monomeric IAPP and 0.3 �M C4BP over 51 �M IAPP alone was increased in the presence of PI3K inhibitor (Ly29402) and not NF-�� inhibitor (BAY112085).
Shown are means � S.D. from three independent experiments with sample duplicate and statistical analysis was done with one-way ANOVA with Dunnett’s
post test and the various conditions were compared with no inhibitor. *, p � 0.05.
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Discussion

C4BP was previously demonstrated to bind IAPP (12), and
we now show that the presence of C4BP results in attenuation
of cytotoxic effects of IAPP. Further, we identified several
mechanisms underlying the protective effect of C4BP. First, by
modulating fibrillation of IAPP, C4BP may cause a decrease in
concentration of IAPP oligomers, which are otherwise able to
cause lysis of eukaryotic cells such as erythrocytes. Further,
C4BP also protects INS-1 cells from the cytotoxic effect of
IAPP. This is likely in part due to lower oligomer concentration
in the presence of C4BP. Furthermore, C4BP is also internal-
ized by the INS-1 cells and affects their transcriptional activity.
mRNA expression array analyses implicated that C4BP
increased cholesterol synthesis, and the importance of choles-
terol for the effect of C4BP was confirmed using two cholester-
ol-depleting reagents.

It is well established that incubation of human IAPP with
cells results in formation of IAPP oligomers that are cytotoxic
(21), which is at least in part mediated by direct cell membrane
disruption by the oligomers, because the effect was also
observed with cell-free lipid bilayers (22). We used human
erythrocytes as a model to study membrane disruption during
incubation with IAPP monomers. No lysis was observed when
cells were incubated with IAPP fibrils, and the lytic effect of
monomers was abolished in the presence of polymeric C4BP,
which contains multiple binding sites for IAPP and thus is able
to efficiently cross-link and co-aggregate with IAPP. We previ-
ously established that the binding site for IAPP is localized to
CCP2 and CCP8 of C4BP, but polymeric mutants lacking one of
these domains at a time had the same effect as wt C4BP. This
can be explained by the fact that these mutants are still capable
of multivalent interactions with IAPP (each mutant has six
identical �-chains, each with one binding site for IAPP). Impor-
tantly, a C4BP monomer containing all domains except for the
C-terminal polymerization fragment but having only two bind-
ing sites for IAPP (CCP2 and CCP8) largely lost protective
activity. This indicates that the polymeric nature of C4BP con-
taining multiple binding sites for IAPP (theoretically up to 12
simultaneous sites per one molecule of C4BP) is necessary for
its protective effect. Interestingly, another large polymeric mol-
ecule that binds IAPP but does not cause increased fibril forma-
tion (12), C1q, showed no protective effect on erythrocyte lysis
or INS-1 cell viability, indicating that the effect of C4BP is spe-
cific. One interesting aspect that requires further studies is that
C4BP used in this study was purified from plasma and thus to a
large degree is complexed with protein S, which is able to interact
with negatively charged phospholipids such as phosphatidylserine.
This ability of C4BP-protein S complex may be involved in its
protective role because IAPP aggregation is enhanced in the pres-
ence of such lipids (23, 24). The C4BP-protein S complex may
therefore interact with both phosphatidylserine and IAPP at the
site of fibril formation. However, even recombinant wt C4BP, lack-
ing the ability to bind protein S, had a cytoprotective effect when
used in this study, showing that protein S is not necessary for the
observed effect. It may, however, have modifying effects in the
presence of phosphatidylserine, which will be studied in the future.
Interestingly, C4BP has capacity to bind heparan sulfate (25, 26),

and such proteoglycans on cell membrane are important for IAPP
induced apoptosis (27).

Having established that C4BP-mediated enhanced fibril
formation protected erythrocytes from direct lysis by IAPP,
we also established that a �-cell line was similarly protected
by C4BP from IAPP-mediated apoptosis. The effect of C4BP
on cell survival was established using two independent
methods, one relying on intact cell metabolism (alamarBlue)
and the other measuring phosphatidyserine and DNA exposure
(Annexin V and Via-Probe) using flow cytometry. In both
methods, C4BP had a clear protective effect, whereas several
control proteins, including DAF, another complement inhibi-
tor composed of CCP domains, had no effect of IAPP cytotox-
icity. The effect of C4BP is likely in part mediated by accelerated
fibrillation of IAPP, and we indeed observed large extracellular
aggregates composed of IAPP and C4BP both present extracel-
lularly and also associated with cell membranes. We confirmed
the cytoprotective effect of C4BP using primary rat islets treated
with IAPP. Under such conditions, rat islets lost their ability to
secrete insulin upon stimulation with glucose likely because of
ongoing cell death. In the presence of C4BP, but not C1q, secretion
was restored. Interestingly, cells treated with IAPP in the absence
of C4BP had higher basal secretion of insulin, which is likely the
result of ongoing apoptosis. Further, mRNA levels for C4BPA were
highly up-regulated after 72 h of incubation of islets in vitro.
Because C4BP is an acute phase protein, this finding is in agree-
ment with observation that isolated islets show pro-inflammatory
gene expression signature, which increases with time (28). In addi-
tion to being directly cytotoxic, IAPP induces inflammasome-de-
pendent inflammation in the islet (29), and it is therefore likely that
IAPP can therefore indirectly cause up-regulation of C4BP expres-
sion in the islet.

Furthermore, we found that INS-1 cells internalized certain
amounts of IAPP, which then partially co-localized with both
lysosomes and mitochondria. In the presence of C4BP, less
IAPP appeared to be internalized, but it was clearly detectable
in the cells, and 52% of intracellular IAPP was co-localized with
C4BP. Our initial hypothesis was that perhaps there would be
less co-localization of IAPP with mitochondria in the presence
of C4BP, because such co-localization is related to apoptosis
induction (30), but we failed to observe such a difference. We
therefore queried whether IAPP affected transcriptional activ-
ity of the cell differently when internalized together with C4BP.
Indeed, we found that treatment of INS-1 cells with IAPP alone
caused up-regulation of pathways associated with apoptosis
induction, whereas such an effect was not detected in cells
treated with IAPP and C4BP. Instead we found up-regulation of
several genes involved in cholesterol synthesis, leading to a
hypothesis that C4BP rescues the cells partly via its effect on
cholesterol synthesis.

To evaluate the role of cholesterol in the protective role of
C4BP, we used two reagents that result in partial depletion of
membrane cholesterol and disruption of lipid rafts. M�CD acts
by forming soluble inclusions with cholesterol, rendering it sol-
uble in aqueous environments (31). CHOD is a bacterial fla-
voenzyme that catalyzes the oxidation and isomerization of
cholesterol (32). CHOD binds transiently to outer cell mem-
branes, whereas leaving the intracellular cholesterol content
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unchanged. As expected, we found that treatment of INS-1 cells
with M�CD resulted in a larger decrease in cholesterol content
measured by Filipin III staining as compared with CHOD.
However, the protective effect of C4BP against IAPP insult was
diminished upon treatment with any of the reagents, indicating
that it is likely relying on the cholesterol content in the outer
membrane. Direct contact of IAPP aggregates with cell mem-
branes is needed to elicit apoptosis (18), which may proceed
because of membrane destabilization and cation channel for-
mation in cell membranes (17, 33). Cholesterol plays an impor-
tant role in IAPP fibrillation and oligomer toxicity (34).
Although IAPP fibrillation is enhanced by the presence of neg-
atively charged phospholipids, addition of cholesterol to such
anionic membranes had the opposite effect (35). Cholesterol
regulates membrane fluidity and is found in lipid rafts, which
include clusters of protein complexes. IAPP oligomers co-local-
ize with the lipid raft marker, cholera toxin (20). Depletion of
cholesterol by M�CD or statins is reported to inhibit internal-
ization of IAPP oligomers via lipid raft-dependent endocytosis
(20). This in turn enhanced extracellular oligomer accumula-
tion and potentiated IAPP cytotoxicity. Furthermore, choles-
terol depletion augmented the cytotoxic seeding capacity of
IAPP oligomers across the plasma membrane (20). Our finding
that the protective effect of C4BP appears to be related to an
increase in cholesterol synthesis and abolished after cholesterol
depletion is in good agreement with observations that cell sus-
ceptibility to IAPP insult is inversely related to plasma mem-
brane cholesterol levels.

To gain insight into signaling pathways potentially involved
in mediation of the protective effect of C4BP, we tested the
effect of inhibitors of PI3K and NF-�� signaling pathways.
The effect of C4BP was largely diminished in the presence of the
PI3K pathway inhibitor, indicating involvement of the PI3K
signaling pathway in the protective effect of C4BP. Interest-
ingly, rosiglitazone, which is a ligand and activator of peroxi-
some proliferator-activated receptor � and may be used to treat
type 2 diabetes, also protects �-cells from IAPP toxicity and acts
via activation of the PI3K pathway similarly to what we now
observe for the protective effect of C4BP (36). Activation of the
PI3K pathway leads to Akt phosphorylation, and consistently,
overexpression of Akt in mouse �-cells increased their survival
and improved glucose tolerance and resistance to experimental
diabetes (37). The PI3K-Akt pathway is well known to play an
important role in cell survival and protection from apoptosis.
Taken together, these results lead to identification of a novel
role for the complement inhibitor C4BP in the protection of
�-cells from IAPP toxicity, which at least in part may explain
the enigma of why this protein with very restricted expression
pattern is expressed in pancreatic islets.

Experimental Procedures

Proteins—C4BP (38) and C1q (39) were purified from human
plasma as described previously. C4BP was largely in complex
with protein S. Recombinant C4BP wild type and mutants lack-
ing either CCP 2 or CCP 8 domain as well the monomeric C4BP
mutant consisting of eight CCP domains of the �-chain but
lacking the C-terminal extension because of insertion of a pre-
mature STOP codon were expressed in eukaryotic cells and

purified by affinity chromatography as described (40). C4BP
was also labeled with Alexa Fluor 647 using Alexa Fluor 647
microscale protein labeling kit (Molecular Probes). Transthy-
retin purified from human plasma was a kind gift from late prof.
Carl-Bertil Laurell. Human IgG was purchased from Immuno.
Recombinant DAF with Fc tag was expressed and purified as
described (41). IAPP was purchased from Caslo, Cambridge
Research Biochemicals or synthesized and purified by Dr.
James I. Elliott (Oxford, CT) and dissolved in DMSO at 20 – 40
mg/ml. Such stock was further diluted in assay buffers and used
immediately to study IAPP monomers/oligomers. To obtain
fibrils, IAPP was diluted in H2O to 1 mg/ml and incubated for at
least 7 days at room temperature. All three different prepara-
tions of IAPP yielded similar results, but we had to adjust exact
concentrations of IAPP by titration for every new preparation,
and these concentrations varied between 51 and 102 �M (200
and 400 �g/ml) to obtain similar cytotoxic effect. Concentra-
tions of IAPP chosen for each type of experiment were based on
initial titrations for every preparation of the peptide. Rat IAPP
was from Bachem and dissolved in DMSO at 20 mg/ml.

Islet Isolation and Culture—Wistar male rats (Taconic) were
used with ethical permit M205-07 (Lund University). Isolated
pancreatic islets were prepared by collagenase P (Roche
Applied Science) digestion and handpicked under a stereo
microscope. For mRNA analysis, 100 islets/rat were cultured in
RPMI 1640 tissue culture medium containing 5 or 20 mM glu-
cose for either 24 or 72 h. The medium was supplemented with
10% FBS (Gibco), 100 units/ml streptomycin, and 100 units/ml
penicillin (HyClone). Rat islets were also treated with 51 �M

IAPP alone or supplemented with 0.6 �M C4BP or 0.6 �M C1q
in Optimem (Gibco) overnight. For measurement of insulin
secretion, freshly isolated islets were incubated in Krebs-Ringer
buffer (10 mM HEPES, 1.2 mM KH2PO4, 120 mM NaCl, 4.7 mM

KCl, 1.2 mM MgSO4, 2.5 mM CaCl2, 25 mM NaHCO3, 0.1% BSA)
supplemented with 2.8 or 16.7 mM glucose for 1 h. The secreted
insulin was measured with ELISA detecting both rat and
human insulin (Mercodia). Insulin release was normalized to
total protein content determined using BCA Assay (Pierce).

RNA Isolation and Quantitative PCR—RNA was extracted
from rat islets using RNAeasy kit (Qiagen). cDNA was pro-
duced by reverse transcription using oligo(dT) primers (Invit-
rogen), and then quantitative PCR was performed using Taq-
Man assays (Thermo Fisher Scientific) for rat C4BPA, C4BPB
and reference gene hypoxanthine guanine phosphoribosyl
transferase, using a ViiA7 real time PCR system (Thermo Fisher
Scientific).

Hemolytic Amyloid Assay Testing IAPP-induced Lysis—
Blood was drawn from healthy volunteers with approval of the
ethics committee in Lund, and the erythrocytes were separated
using Histopaque-1119. The isolated erythrocytes were washed
in PBS until the supernatant was clear. The amount of erythro-
cytes added to each well in the 96-well plate (V-bottom; Nunc)
was adjusted so that 100% lysis would yield an absorbance value
of 0.7–1.3. To initiate cell lysis, PBC containing 51 �M mono-
meric IAPP or 51 �M IAPP fibrils was added alone or together
with various concentrations of recombinant wild type or
plasma purified C4BP, C1q, transthyretin, the monomeric
�-chain of C4BP, C4BP 	CCP8, and C4BP 	CCP2. Because
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diluted IAPP contained traces of DMSO, 1% DMSO alone was
used as control. The erythrocytes were then incubated under
these conditions for 2 h at 37 °C under gentle agitation. The
experiment was terminated by a centrifugation at 800 � g for 5
min, after which the supernatants were transferred to a 96-well
plate (Sterlin), and the absorbance of each well was determined
at 405 nm in Carry 50 (Varian).

Cell Viability Assays—Rat insulinoma cells INS-1 832/13
cells (42) were grown in RPMI 1640 (HyClone) supplemented
with 25 mM HEPES (HyClone), 2 mM L-glutamine (HyClone), 1
mM sodium pyruvate (HyClone), 50 �M �-mercaptoethanol
(Sigma-Aldrich), 10% FBS (Gibco), 100 units/ml streptomycin,
and 100 units/ml penicillin (HyClone) (complete medium). The
cells were seeded (13,000 cells/well) in 96-well plates (Nunc)
that had been precoated with fibronectin (Sigma-Aldrich; 5
�g/ml in PBS) for 1 h at 37 °C and subsequently washed three
times with PBS. Approximately 2 days after the cells were plated
and had grown to 
70% confluency, they were washed three
times with PBS and fresh RPMI 1640 medium lacking supple-
ments was added. The cells were then challenged by 22 h of
incubation with serum free RPMI containing 102 �M mono-
meric IAPP, added alone or together with either C4BP (0.15–
0.6 �M), transthyretin (5.5 �M, negative control), human IgG (2
�M, negative control), or recombinant DAF (2 �M, negative
control). Cell medium with DMSO alone (1%) was used as con-
trol. After 22 h, the cells were photographed using an EVOS
XL-core microscope (Life Technologies), and the medium was
aspirated and replaced with 135 �l of fresh complete RPMI
1640 medium and 15 �l of alamarBlue (Invitrogen) per well.
After incubation at 37 °C for 
8 h, the plate was analyzed using
spectrophotometer (Cary 50) at 570 and 600 nm. The cell via-
bility in each well was estimated by subtracting absorbance
value at 600 nm from the corresponding value at 570 nm.

Cell viability was also studied using markers for early apo-
ptosis (Annexin V-APC; ImmunoTools) and late apopto-
tic/necrotic cells (Via-Probe; BD Bioscience) combined with
flow cytometry. The cells were seeded in 48- or 24-well plates
(Nunc) at a concentration of 100,000 or 200,000 cells/well,
respectively, in the complete medium and grown for 24 h. The
cells were washed twice in PBS and samples (250 or 500 �l)
containing 102 �M monomeric IAPP with 0.6 �M C4BP or 2 �M

human IgG or 2 �M DAF, as well as 0.6 �M C4BP with 1%
DMSO and 1% DMSO were prepared in the complete medium
without FBS and added to the cells and incubated overnight (14
h). The cells were harvested with trypsin-EDTA (HyClone) and
stained with Annexin V-APC (1:25) and Via-Probe (1:10)
diluted in binding buffer (10 mM HEPES, pH 7.4, 150 mM NaCl,
5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 30 mM NaN3) in a
volume of 50 �l and incubated for 15 min at room temperature.
The cells were analyzed using the CyFlow Space flow cytometer
(Partec), and the results were analyzed with FlowJo software
(Tree Star).

Insulin Secretion from INS-1 Cells—The cells were seeded
overnight in 96-well plates in complete medium and then incu-
bated overnight in Optimem with 51 �M monomeric IAPP
alone or with one of the proteins: 0.6 �M C4BP, 0.6 �M C1q, 2
�M DAF, 2 �M IgG. The cells were then incubated in Krebs-
Ringer buffer supplemented with 2.8 or 16.7 mM glucose for 1 h

at 37 °C. The cells were lysed with radioimmune precipitation
assay buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate), and protein concentrations were
determined with BCA kit (Pierce). Secreted insulin was quanti-
fied using ELISA kit (Mercodia) and normalized to total protein
concentration.

Internalization of IAPP/C4BP and Staining of Cells with
LysoTracker and MitoTracker—INS-1 cells were seeded on
ibidi �-slide VI0.4 ibiTreat (ibidi) (30,000 cells/slide) in the
complete medium; after 24 h, the cells were incubated for 3 h in
37 °C with 0 or 51 �M monomeric IAPP containing 10% IAPP
labeled with Rhodamine B (Caslo) alone or together with 0.6 �M

unlabeled C4BP with or without addition of 1% C4BP labeled
with AF647 in complete medium without FBS. LysoTracker
Green DND-26 (Molecular Probes) was diluted in prewarmed
complete medium to 75 nM and added to the cells for 30 min, and
the solution was then replaced with medium containing 200 nM

MitoTracker Deep Red FM (Molecular Probes) and 75 nM Lyso-
Tracker, for another 30 min. After the incubation the medium was
replaced with prewarmed (37 °C) colorless DMEM (Gibco) con-
taining 0.1 mM HEPES (Hyclone). The cells were directly analyzed
with live cell imaging in confocal microscope (Zeiss LCM 510). All
images are representative of at least three independent staining
experiments. Co-localization of IAPP and C4BP was calculated
using CoLocalizer Pro (CoLocalization Research Software) and 10
representative images (43).

mRNA Expression Microarray—The INS-1 cells were grown
as 5 separate clones for 10 passages before plating in a 12-well
plate (Nunc) at 100,000 cells/well and grown in complete RPMI
1640 medium to 70% confluency for 
48 h. The cells were then
challenged by adding 77 �M monomeric IAPP alone or together
with 0.6 �M C4BP. DMSO (1%), as well as 0.6 �M C4BP alone,
were used as controls. After 10 h the medium was aspirated, and
the cells were stored at �20 °C pending cell lysis, RNA extrac-
tion, and purification according to Qiagen RNeasy kit protocol.
The quality of purified RNA was evaluated with both Nano-
drop measurement of 230/260 ratios and analysis with Expe-
rion RNA-analysis (Bio-Rad). The microarray analysis was car-
ried out on a Rat Gene-2.0 array chip (Affymetrix) by SciBlu
Genomics (Lund University).

Data analysis was carried out using R and Bioconductor. The
raw data were summarized and normalized using the Robust
Multi Average algorithm (21) in which raw intensities are back-
ground-corrected, log2-transformed, and quantile-normal-
ized. Normalized data were found to be of excellent quality with
sample to sample correlations �0.98 and normalized unscaled
standard errors close to 1. To identify differentially expressed
genes, a linear model was fitted to the normalized data using the
limma package (22), and genes with an FDR-corrected p
value � 0.05 were considered differentially expressed. The
resulting gene list was functionally characterized using IPA
(Ingenuity� Systems) and GOrilla (23). Pathways were visual-
ized using the R-package Pathview. The microarray data were
deposited in the Gene Expression Omnibus database with
accession number GSE79224.

Cell Viability Assay after Cholesterol Depletion and Filipin III
Staining—For depletion of cholesterol from INS-1 cell mem-
branes, two cholesterol-depleting agents M�CD (Sigma-Al-
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drich) and CHOD (Sigma-Aldrich) were used. The cells were
seeded 30,000 cells in ibidi �-slide VI0.4 ibiTreat chamber and
incubated overnight. The media in the chambers were replaced
with colorless DMEM (Gibco) containing 0.1 mM HEPES and in
half of the chambers supplemented with 2 mM M�CD for 1 h at
37 °C. Thereafter, the solution in the chambers was replaced
withcompletemedium(noFBS)with0.5%DMSO,51�M mono-
meric IAPP, or 51 �M monomeric IAPP, and 0.3 �M C4BP. Half
of the samples contained 2 mM M�CD and were added to the
cells that already have been pretreated with M�CD, and the
other half of the samples containing no cholesterol-depleting
agent were added to untreated cells. INS-1 cells were also
treated with 0.5 unit/ml CHOD dissolved in potassium phos-
phate buffer (pH 7.2) and further diluted in complete medium
without FBS alone or together with 51 �M monomeric IAPP or
51 �M monomeric IAPP and 0.3 �M C4BP. Half of the samples
were treated with CHOD, and the other half were left
untreated. After 14 h of incubation at 37 °C, the chambers were
washed three times with PBS, and the cells were fixed for 30 min
in room temperature with 4% BD CellFIX diluted in PBS. The
cells were washed three times with PBS and then incubated
with 1.5 mg/ml glycine for 15 min at room temperature. After
another washing cycle, the cells were incubated with 50 �g/ml
Filipin III from Streptomyces filipinensis (Filipin III; Sigma-Al-
drich) diluted in PBS for 30 min at room temperature. After
washing with PBS, fluorescence mounting medium (Dako) was
added, and the cells were analyzed using confocal microscopy
with two-photon laser (Zeiss LCM 510) and Zen software for
quantification of the fluorescent intensity.

For assessment of cell viability, INS-1 cells (250,000 cells/
well) were seeded in a 24-well plate (Nunc) and pretreated with
M�CD as described above. Samples containing 2 mM M�CD or
0.5 unit/ml CHOD in colorless DMEM (Gibco) with 0.1 mM

HEPES were supplemented with 0.5% DMSO, 51 �M mono-
meric IAPP, or 51 �M monomeric IAPP and 0.3 �M C4BP. The
cells were incubated overnight and stained with Annexin
V-APC and Via-Probe as described above.

Cell Viability Assay for INS-1 Cells Treated with Signaling
Pathway Inhibitors—The signaling inhibitors Ly29402 hydro-
chloride (PI3K inhibitor; Sigma-Aldrich) and BAY112085
(NF-�B inhibitor; Sigma-Aldrich) were diluted in complete
medium without FBS to final concentrations of 20 and 2 �M,
respectively. The medium also contained 51 �M monomeric
IAPP alone or with 0.3 �M C4BP. The cells were incubated for
20 h and after that harvested with trypsin and stained with
Annexin V-APC and Via-Probe as described above.
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