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these data suggest that activation of the contact system lo-
cally enhances complement activation on cell surfaces. The 
human pathogenic microbe Candida albicans activates the 
contact system in normal human serum. However, C. albi-
cans immediately recruits factor H to the surface, thereby 
evading the alternative and likely kallikrein-mediated com-
plement pathways. © 2017 S. Karger AG, Basel

Introduction

The plasma contact activation system is part of the in-
nate immune system [1] and is activated spontaneously 
by negatively charged surfaces (e.g., bacterial or fungal 
surfaces) and by polyphosphates or orthophosphates re-
leased by platelets. During the first step, FXII binds to 
these negatively charged surfaces and undergoes a con-
formational change that induces limited proteolytic ac-
tivity. Activated FXII (FXIIa) then cleaves plasma prekal-
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Abstract
The human plasma contact system is an immune surveil-
lance system activated by the negatively charged surfaces of 
bacteria and fungi and includes the kallikrein-kinin, the co-
agulation, and the fibrinolytic systems. Previous work shows 
that the contact system also activates complement, and that 
plasma enzymes like kallikrein, plasmin, thrombin, and FXII 
are involved in the activation process. Here, we show for the 
first time that kallikrein cleaves the central complement 
component C3 directly to yield active components C3b and 
C3a. The cleavage site within C3 is identical to that recog-
nized by the C3 convertase. Also, kallikrein-generated C3b 
forms C3 convertases, which trigger the C3 amplification 
loop. Since kallikrein also cleaves factor B to yield Bb and Ba, 
kallikrein alone can trigger complement activation. Kalli-
krein-generated C3 convertases are inhibited by factor H; 
thus, the kallikrein activation pathway merges with the am-
plification loop of the alternative pathway. Taken together, 
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likrein to yield kallikrein, which enters an amplification 
loop and further activates FXII zymogens [2, 3]. Gener-
ated kallikrein subsequently cleaves high molecular 
weight kininogen (HMWK) to release the proinflamma-
tory peptide bradykinin, which in turn causes vascular 
leakage and the sensation of pain. Kallikrein also activates 
the blood pressure-regulating renin-angiotensin system 
by converting the substrate prorenin to renin [4]. Fur-
thermore, kallikrein activates the fibrinolytic system, and 
plasminogen is converted to plasmin. The simultaneous 
activation of all 3 pathways (contact, coagulation, and 
complement) is a phylogenetic and ancient host response 
to infection and tissue injury, leading to thromboinflam-
mation [5]. Thus, it is not surprising that the plasma con-
tact and complement systems interact. 

The complement system is an immune surveillance 
system that detects invading microbes and modified self 
surfaces and opsonizes them with C3b/iC3b. This results 
in 3 outcomes: recognition and clearance by phagocytic 
cells, induction of terminal lytic pathways, and induction 
of inflammation and adaptive immune responses [6]. 
Three complement activation pathways have been de-
scribed to date: the alternative pathway (AP) (induced by 
deposition and amplification of C3b on foreign surfaces), 
the classical pathway (CP) (induced by deposition of im-
munoglobulins on target surfaces), and the lectin path-
way (LP) (induced by carbohydrate structures present on 
foreign, mainly microbial, surfaces). Each pathway gen-
erates C3 convertases (the alternative pathway generates 
convertase C3bBb and the classical and lectin pathways 
generate convertase C4bC2a), which cleave C3 into C3b 
and the anaphylatoxin C3a. Newly generated C3b also 
forms C3 convertases, thereby amplifying the production 
of C3b. The C3 convertase can act in conjunction with a 
second C3b molecule, the C5 convertase (which cleaves 
C5 into C5b and C5a), to initiate the terminal pathway, 
culminating in generation of the terminal complement 
complex (TCC). The TCC inserts into the cell membrane 
to induce lysis and death. Since activation of the comple-
ment system is accompanied by the generation of toxic 
molecules such as C3a and C5a, complement is tightly 
regulated by complement inhibitors. The main regulator 
of the alternative pathway is complement factor H, where-
as that of the classical/lectin pathway is C4b binding pro-
tein. Both regulators dissociate C3 convertases and medi-
ate cofactor activity, thereby enabling protease factor I to 
degrade C3b [5, 7–10]. Previous studies show that the 
complement, coagulation, and contact systems interact: 
thrombin FIXa, FXa, FXIa, and plasmin cleave C3 and C5 
[11, 12], FXIIf activates the protease C1s of the classical 

pathway [13], and kallikrein cleaves complement factor B 
[14]. In addition, a recent study shows that MASP2 cleaves 
C3 in the absence of C2 and C4 [15, 16], and cleaves pro-
thrombin to yield active thrombin [17]. However, it is not 
known how effective these cross-reactions are or whether 
they contribute to local complement activation.

The pathogenic fungus Candida albicans is a common 
opportunistic organism that plays a major role in human 
pathology. C. albicans is commensal on mucous mem-
branes and the skin, but can invade immunocompro-
mized patients (e.g., those with neutropenia, HIV, diabe-
tes, or those receiving immunosuppressive therapy) [18, 
19]. Once microbes such as C. albicans come into “con-
tact” with human plasma, the contact (kallikrein-kinin) 
and complement systems are activated. C3b is deposited 
on the cell surface and complement is amplified to opso-
nize and target the microbe for phagocytosis and to prime 
the adaptive immune response. Similarly, factor XII is ac-
tivated by the foreign negatively charged surface, leading 
to cleavage of zymogen plasma prekallikrein and subse-
quent activation of the protease kallikrein. This protease 
then cleaves HMWK to release the potent inflammatory 
mediator bradykinin [20]. Thus, the contact and comple-
ment activation cascades interact and act synergistically 
to mount an immune response. 

Here, we show that kallikrein activates the comple-
ment system and demonstrate that factor H restricts kal-
likrein-induced complement activation. Our group pre-
viously showed that C. albicans recruits factor H to the 
cell surface [21–23]. In this study, we further investigate 
kallikrein-mediated complement activation and whether 
factor H is capable of inhibiting complement activation 
via the contact activation system and alternative pathway. 

Materials and Methods

Cell Growth 
C. albicans wild-type (SC5314) cells were grown overnight in 

YPD medium (2% D-glucose, 1% peptone, 5% yeast extract in wa-
ter) at 30 ° C, reseeded in YPD medium and grown for 4 h at 30 ° C 
into the midlog-phase. Escherichia coli (XL1-Blue) was grown 
overnight in tryptic soy broth and Luria-Bertani broth at 37 ° C, 
reseeded in the same broth, and grown to OD 1 at 37 ° C, resem-
bling the midlog phase. Renal cortex/proximal tubular cells 
(HK2, ATCC® CRL-2190TM) were grown in complete DMEM 
with epidermal growth factor (10 ng/mL; Sigma-Aldrich) at 37 ° C 
and CO2 (5%). Cells were passaged every 2 days and used for ex-
periments until the 30th passage. Complement-active normal hu-
man serum (NHS) was prepared from fresh whole blood obtained 
from healthy volunteers, which was immediately centrifuged (10 
min, 2,000 g, 4 ° C), mixed in a pooled stock, and stored in aliquots 
at –80 ° C.
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Cleavage 
C3 (100 nM; Comptech) was incubated with kallikrein (Ath-

ens Research and Technology), plasmin, thrombin, or neutrophil 
elastase (each 125 nM; all from Technoclone GmbH) in PBS for 
60 min at 37 ° C. Proteins were separated by SDS-PAGE (10 or 
12%), transferred to a membrane, and immunoblotted using 
polyclonal C3a (1: 3,000; Comptech) or C3 antibodies (1: 3,000; 
Calbiochem). For dose-dependent cleavage assays, C3 (50 nM) or 
C3b (50 nM; Comptech) was incubated with kallikrein or plasmin 
(10, 25, and 100 nM) for 60 min at 37 ° C and processed as above. 
Similarly, C3 (100 nM) was incubated with kallikrein (100 nM)  
for 5, 60, and 180 min at 37 ° C and immunoblotted as described 
above. To follow the cleavage of C3, NHS (1%) was incubated 
with kallikrein (200 nM), plasmin (200 nM), or properdin (350 
nM; Comptech) for 30 min at 37 ° C. Probes were separated by 
SDS-PAGE (12%) and immunoblotted using C3 antiserum as de-
scribed above. For the detection of C3a, probes were boiled for 
10 min at 95 ° C in probe buffer (Roti®-Load, Carl Roth, Karls-
ruhe, Germany), separated by SDS-PAGE (15%), and immuno-
blotted using polyclonal C3a antibodies (1: 3,000; Comptech). To 
measure the efficiency of kallikrein compared to thrombin in 
cleaving C3, kallikrein (0.14 units/mL; Athens Research & Tech-
nology) and thrombin (0.14 units/mL; Sigma-Aldrich) were in-
cubated with C3 (100 nM; Comptech) over a time period of 60 
min and separated by SDS-PAGE (15%). C3a generation was de-
termined by Western blot analysis and quantified using Image J 
software. Factor B (110 nM; Comptech) was incubated in the 
presence of NiCl2 (2 mM) with C3b (5, 25, 50, or 100 nM) and kal-
likrein (80 nM) or with plasmin (80 nM) for 60 min at 37 ° C. Fac-
tor D (80 nM; Comptech) was used in parallel. Factor B cleavage 
was determined by Western blot analysis using factor B antise-
rum. Cleavage of factor B was assayed in NHS (2.5%) with kalli-
krein (300 nM), plasmin (300 nM), or properdin (100 nM). Cleav-
age was performed upon addition of EDTA or EGTA (each 10 
mM) to the plasma, separated by SDS-PAGE (10%) and im-
munoblotted with polyclonal factor B antibodies (1: 4,000; 
Comptech). 

To analyze C3b generation by kallikrein and the deposition of 
C3b on C. albicans, fungal cells (1 × 106) were incubated with C3 
(1 µM) and kallikrein or thrombin (each 0.3 units/mL) in DPBS for 
60 min at 37 ° C. Candida cells were then washed and incubated  
in reducing buffer (Roti®-Load 1, Carl Roth) for 10 min at 95 ° C. 
C. albicans proteins were separated by SDS-PAGE (10%) and im-
munoblotted using polyclonal C3 antibodies (1: 1,000; Comptech). 
Factor H binding to C. albicans cells was elucidated by incubating 
the fungal cells (1 × 106) for 60 min with purified factor H (320 nM; 
Comptech) and the binding was visualized with fluorescent mi-
croscopy (LSM 780, Zeiss; equipped with a ×63/1.25–0.75 numer-
ical aperture plan apochromat oil objective) using polyclonal fac-
tor H antibodies (1: 2,000; Comptech) and donkey anti-goat Alexa 
647 (1: 400; Life Technologies).

Complement Activation 
To determine convertase activity, kallikrein or plasmin (each 

160 nM) were added together with factor B (215 nM) to immobi-
lized C3b (55 nM) for 120 min at 37 ° C. After washing, the substrate 
C3 (155 nM) was added and C3 cleavage was determined by West-
ern blot analysis as described above. In parallel, a convertase was 
formed by adding factor B (215 nM), factor D (20 nM), and factor 
P (190 nM) to the immobilized C3b. 

Contact Activation 
Binding of purified FXII to C. albicans was determined by a 

whole cell ELISA. C. albicans (1 × 104) diluted in DPBS were coat-
ed on an ELISA plate for 1 h at 30 ° C. Cells were blocked with 100 
µL of blocking buffer 1 (AppliChem) for 60 min at room tempera-
ture (RT). Plasma-purified human factor XII (10, 20, 40, 100 µg/
mL, ab62423; Abcam) was incubated with the coated C. albicans 
cells for 60 min at RT. FXII binding was detected with polyclonal 
factor XII antibodies (1: 150; BP2296, F12; Acris) and HRP-labeled 
polyclonal sheep IgGs (1: 500, P0163; Dako). Between each step, 
cells were washed with PBS Tween (0.05% Tween 20). 

To determine C3b deposition on the C. albicans surface, C. al-
bicans (4 × 107) was incubated in NHS (4% with 20 mM EDTA in 
Tris buffer, pH 7.8). 50 µL of substrate Chromogenix S-2302  
(2 mM; Haemochrom Diagnostica GmbH) was added and incu-
bated for 20 min at 37 ° C. The reaction was stopped with 20% ace-
tic acid. The cells were pelleted and 100 µL of the supernatant was 
measured at 405 nm using a microplate reader (TECAN, Safire2). 
C3b deposition on C. albicans was evaluated by incubating C. al-
bicans in NHS (5% or supplemented with 10 mM EDTA in DPBS 
with or without 0.1 mM of AEBSF [4-(2-aminoethyl)benzenesul-
fonyl fluoride hydrochloride]; A8456; Sigma-Aldrich) or 25 μM of 
PMSF (phenylmethanesulfonyl fluoride; P7626; Sigma-Aldrich) 
for 30 min at 37 ° C. The cells were blocked with blocking buffer 1 
(100 µL; AppliChem) for 1 h at RT. C3 cleavage products were de-
tected with anti C3d antiserum (A0063; Dako) combined with an-
ti-rabbit Alexa Fluor 647 (A21246; Invitrogen; both 1: 500 in block-
ing buffer) for 30 min at RT. Between each step the cells were 
washed twice with DPBS. The cells were analyzed by flow cytom-
etry (BD AccuriTM C6).

N-Terminal Amino Acid Sequencing 
To localize the cleavage site of kallikrein in the C3 protein, kal-

likrein (300 nM) was added to C3 (1800 nM) in DPBS (30 µL). Fol-
lowing incubation for 1 h at 37 ° C, the reaction was stopped by the 
addition of Roti-Load 1 (10 µL), then the mixture was boiled for 
10 min at 95 ° C and subjected to SDS-PAGE (7%). Upon transfer 
to a PVDF membrane, the membrane was stained with Coomas- 
sie blue R250 (1% freshly prepared in 40% methanol/1% acidic 
acid) for 2 h at RT to identify the position of the bands. The mem-
brane was destained with methanol (50%) and washed 3 times with 
degased water. Then, the 110-kDa band was cut out and subjected 
to N-terminal protein sequence analysis (Alphalyse, Denmark).

Decay Acceleration 
Dissociation of the kallikrein-generated convertase C3bBb was 

measured by ELISA. Immobilized C3b (28 nM, overnight at 4 ° C) 
was incubated with factor B (5 nM), factor P (20 nM), and kallikrein 
(25 nM), or with plasmin (25 nM) or factor D (1 nM) and incubated 
for 1 h at 37 ° C. Subsequently factor H (0.5, 1.5, 3, or 6 nM) was 
added and dissociation of the convertase was followed by detecting 
the remaining factor B/Bb bound to C3b using ELISA with anti-
polyclonal factor B antibodies (1: 4,000; Comptech).

Cofactor Activity
Cofactor activity of factor H was assayed as previously de-

scribed [23]. Factor H (60 nM) was added to C3 (100 nM), kallikrein 
(100 nM), and factor I (8 nM), and incubated for 1 h at 37 ° C in buf-
fer A (140 mM NaCl, 10 mM Tris, 2 mM CaCl2, 1 mM MgCl2, pH 
7.4). In parallel, factor H (60 nM) was added to C3 (100 nM), factor 
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B (100 nM), factor P (190 nM), factor D (20 nM), and NiCl2 (2 mM), 
and also incubated for 1 h at 37 ° C in buffer A. Then, samples were 
separated by SDS-PAGE (8%), transferred to a membrane, and 
C3b as well as C3 degradation fragments were identified using 
polyclonal C3 antibodies (1: 3,000; Comptech).

Mouse Model of Disseminated Candidiasis
All animal experiments were conducted in compliance with 

European and German regulations. Protocols were approved by 
the responsible Federal State authority and ethics committee 
(Thüringer Landesamt für Verbraucherschutz, permit No. 03-
007/13). Female BALB/c mice (Charles River, Germany) weighing 
18–20 g were housed in groups of 5 in individually ventilated cag-
es with free access to water and food. For infection, C. albicans was 
grown for 12 h at 30 ° C in YPD medium, washed 3 times with ster-
ile PBS, and diluted to the desired concentrations in pyrogen-free 
sterile PBS (pH 7.2). The concentration was confirmed by plating 
serial dilutions on YPD. Mice were infected via the lateral tail vein 
with 2.5 × 104 C. albicans CFU/g body weight and sacrificed after 

6 h. Upon necropsy, the liver was removed, fixed in 10% neutral 
buffered formalin (Histofix, Carl Roth), embedded in paraffin, and 
sectioned at a thickness of 4 µm.

Immunohistochemistry 
Paraffin-embedded mice liver sections were deparaffinized by 

treating them consecutively in Roticlear (Carl Roth), 100% etha-
nol, and 95% ethanol. Sectioned tissues were boiled in 10 mM Na 
citrate buffer (pH 6.5) for antigen retrieval and blocked in 1% BSA 
supplemented PBS for 30 min. For detection of factor H or FXIIa 
on erythrocytes, tissues were treated with Alexa Fluor 350-labeled 
anti-mouse factor H antibodies (1: 1,000; Bioss) or Alexa Fluor 
350-labeled mouse factor H antibodies (1: 1,000; Bioss Antibodies, 
Woburn, Massachusetts, USA) or Alexa Fluor 488 mouse TER-119 
antibodies (1: 100; Biolegend), respectively. 0.1% saponin-supple-
mented PBS was used to dilute the antibodies. Alexa Fluor 594-la-
beled anti-mouse Pra1 monoclonal antibody (1: 100) diluted in 
0.1% saponin-supplemented PBS was used for detection of Pra1 
deposition in postinfected tissues. Images were captured using 
LSM 710 with ZEN 2011 (401/421 nm for Alexa Fluor 350 and 
561/594 nm for Alexa Fluor 594). The experiments were repeated 
3 times.

Statistical Analysis
Differences between 2 groups were analyzed using the un-

paired Student t test. Values of * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 
0.001 were considered statistically significant. 

Results

Kallikrein Cleaves Complement C3
Kallikrein, plasmin, and thrombin are enzymes that 

play roles in the activated contact and coagulation sys-
tems. To investigate whether kallikrein, like thrombin 
and plasmin, can cleave C3 to activate the complement 
system, we incubated kallikrein with C3, followed by 
Western blot analysis to detect cleavage of C3. Kallikrein 
cleaved the C3 alpha chain to yield a C3b alpha-like chain 
(Fig. 1a) and a C3a-like fragment (Fig. 1b). Also, throm-
bin cleaved C3 into a C3b-like fragment. In contrast to 
kallikrein, plasmin and neutrophil elastase cleaved C3 
into several cleavage products of different sizes. In all cas-
es, C3a-like fragments were generated. Incubation of C3 
with kallikrein (180 min) resulted in the complete trans-
formation of C3 into C3b-like proteins (Fig. 1c). 

To further characterize C3 cleavage by kallikrein, puri-
fied kallikrein was incubated with C3 and cleavage was 
evaluated by Western blotting. Kallikrein cleaved C3 to 
yield C3b- and C3a-like molecules, but no further cleav-
age products were observed, even at higher kallikrein 
concentrations (100 nM; Fig.  2a). Incubating C3b with 
kallikrein did not result in any cleavage products (Fig. 2a), 
confirming that kallikrein targets a single cleavage site. 
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Fig. 1. C3 cleavage by proteases. a C3 is cleaved by kallikrein, plas-
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Incubation of C3 with plasmin (lane 3) and NE (lane 5) generates 
further cleavage products of C3 as indicated by additional C3 
bands in a (arrows) using Western blot analysis. c Kallikrein (100 
nM) incubated with C3 (50 nM) for 180 min completely cleaves C3 
to C3b-like fragments (lanes 1–4). Purified C3b is shown in lane 5. 
Proteins were separated by SDS-PAGE and immunoblotted using 
C3 (a, c) and C3a (b) antibodies. Representative Western blots are 
shown.
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These results demonstrate that kallikrein cleaves C3 at a 
single site to yield C3b- and C3a-like fragments. In con-
trast to kallikrein, incubation of plasmin with C3 or C3b 
(Fig. 2b) generated C3 cleavage products with molecular 
weights of 60 and 30 kDa, respectively. To confirm C3 

cleavage by kallikrein in plasma, we incubated human 
plasma with kallikrein and examined C3 cleavage by 
Western blotting. Kallikrein also cleaved plasma C3 to 
yield C3b-like and C3a-like molecules. Cleavage was ob-
served in EGTA-treated plasma (which inhibits the clas-
sical pathway) and in EDTA-treated plasma (which in-
hibits all 3 complement pathways; Fig. 2c). In contrast to 
kallikrein, plasmin cleaved C3 to yield additional frag-
ments. The addition of properdin to plasma resulted in 
cleavage of plasma C3 to C3b and C3a via the alternative 
pathway; this was not the case in complement-blocked 
plasma (Fig. 2c). In summary, kallikrein cleaves C3 in hu-
man plasma to yield 2 cleavage products. 

Kallikrein Cleaves C3 in a Manner Similar to the 
Alternative Pathway C3 Convertase
To identify the kallikrein cleavage site in C3, we incu-

bated C3 with kallikrein, separated the cleavage products 
by SDS-PAGE and transferred them to a PVDF mem-
brane (Fig. 3a). After staining the proteins with Coomass-
ie blue, the C3b-like cleavage product was isolated from 
the membrane and the N-terminal amino acid sequence 
was determined. The sequence was N’749–SNLDEDI-
IAEENIVSRS–C’765 (Fig. 3a), with the kallikrein cleavage 
site in C3 located between amino acids R748 and S749. This 
cleavage site is identical to that targeted by the C3 con-
vertase C3bBb (N’739–ARASHLGLARSNLDEDIIAEEN-
IVSRS–C’765) [24]. The identical cleavage sites suggest 
that kallikrein-cleaved C3 generates a functional C3b 
molecule that binds to cell surfaces and forms C3 conver-
tases.

C3b Incubated with Kallikrein Still Forms an Active 
C3 Convertase
We next queried whether preincubating kallikrein 

with C3b generates active C3 convertases. C3b was im-
mobilized on a microtiter plate and then incubated with 
either kallikrein or plasmin, followed by a wash step and 
addition of factor B and factor D to allow formation of a 
C3 convertase, C3bBb. Functional activity of the formed 
convertase was examined by adding the substrate C3 and 
detection of C3b by Western blotting. Preincubating 
coated C3b with kallikrein led to formation of a C3 con-
vertase and cleavage of C3 to C3b (Fig. 3b). Similarly, in-
cubation of C3b with factor B and factor D formed a C3 
convertase that cleaved C3. In contrast to kallikrein, plas-
min pretreated C3b failed to form an active convertase, as 
seen by the lack of C3b formation. (Fig. 3b). These ex-
periments demonstrate that kallikrein allows C3b to form 
active convertases, whereas plasmin probably degrades 
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C3b into inactive products. Kallikrein cleaves more C3 
molecules and forms more C3a over time as compared to 
similar amounts of thrombin (Fig. 3c). 

Kallikrein Cleaves C3 to Yield the Functional Cleavage 
Products C3b and C3a
To confirm activity of kallikrein-generated C3b, we 

preincubated NHS with kallikrein and then added it to 
HK2 cells. Kallikrein and plasmin were used to confirm 
the activity of the generated C3b. Deposition of kalli-
krein-generated C3b on the HK2 cell surfaces was deter-
mined by flow cytometry. HK2 cells were used because 
these kidney proximal tubular endothelial cells are sensi-
tive to complement (unpubl. data). The amount of C3b 
deposited on the HK2 cell surface in the presence of NHS/
kallikrein was significantly greater than that deposited in 

the presence of NHS/plasmin or NHS alone (control; 
Fig. 4a). These data demonstrate that kallikrein-generat-
ed C3b acts as an opsonin that attaches to the surface of 
HK2 cells. To show that kallikrein is activated upon con-
tact with C. albicans, C. albicans cells were incubated in 
NHS and activation of kallikrein was followed by cleavage 
of a kallikrein-specific chromogenic substrate (S-2302). 
C. albicans activated the contact system in NHS and kal-
likrein was formed as measured by enhanced cleavage of 
the substrate (Fig. 4b). Next, we examined the activity of 
the kallikrein-derived C3a. C3a exerts antimicrobial ac-
tivity [25]; therefore, we preincubated C3 with kallikrein 
and added it to E. coli expressing a fluorescent protein in 
the cytoplasm. The antimicrobial activity of the newly 
formed C3a was determined by measuring the fluores-
cent signal in the supernatant (A = 450 nm), which is a 
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ance of the C3bα′ chain. No C3 convertases formed when coated 
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representative for 3 independent experiments. The arrow indi-
cates the sequence of incubation. c Kallikrein cleaves C3 more ef-
ficiently than similar amounts of thrombin. C3 cleavage was fol-
lowed over time by the generation of C3a using Western blot, 
followed by densitometric analysis. Data represent mean values ± 
SE of 3 independent experiments. One-tailed t test, * p < 0.05. 
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marker for lysed E. coli. We observed significantly more 
fluorescence in the supernatant of E. coli incubated with 
kallikrein plus C3 (Fig. 4c) than in that of E. coli incubat-
ed with kallikrein alone. These data confirmed that kal-
likrein cleaves C3 to yield functional C3b and C3a mole-
cules.

Kallikrein Cleaves Factor B to Yield Active Bb
Kallikrein is a serine protease that cleaves complement 

factor B [14]. To examine whether cleavage is enhanced 
when factor B binds C3b, we incubated kallikrein with 
factor B in the presence of increasing concentrations of 
C3b. Cleavage of factor B was then determined by West-
ern blotting. The amount of factor B cleavage increased 
with the concentration of C3b. Thus, factor B was cleaved 
by kallikrein, a process that was enhanced in the presence 
of C3b (Fig. 5a). In addition, the factor B cleavage prod-
ucts generated by kallikrein had molecular weights of 63 
and 37 kDa, similar to factor Bb and factor Ba, respec-
tively, generated by factor D (Fig.  5a). However, when 
C3b-bound factor B was incubated with plasmin, we de-
tected several fragments of 80, 60, 58, 48, 40, and 30 kDa 
(Fig. 5b). Thus, kallikrein cleaves factor B, whereas plas-
min degrades factor B.

Next, we asked whether the kallikrein-generated factor 
Bb forms active C3 convertases when bound to C3b. To 
answer this, we immobilized C3b on a microtiter plate and 
incubated it with factor B and kallikrein or with factor B 
and plasmin. Factor Bb generation in the presence of C3b 
was then detected by a specific monoclonal antibody. The 
amount of C3b-bound Bb increased along with the kalli-
krein concentration (Fig.  5c). As expected, plasmin did 
not result in Bb formation. To confirm the activity of the 
kallikrein-generated C3 convertase, we added the sub-
strate C3 to the washed convertases and detected cleavage 
of C3 to C3b by Western blot analysis. Preconvertase 
C3bB yielded C3b when factor B was cleaved by kallikrein 
or factor D, but not by plasmin (Fig. 5d). Similarly, kalli-
krein-generated convertases yielded C3a (Fig. 5e). 

Factor H Regulates Kallikrein-Generated Convertases
To find out whether factor H also regulates kallikrein-

generated convertases, we incubated C3 and factor B with 
kallikrein to generate C3 convertases. Factor H was added 
to these C3 convertases at increasing concentrations and 
factor B binding was assayed using factor B antiserum. 
Factor H but not FHR1 dissociated factor B from kalli-
krein-cleaved C3b, as seen by reduced binding of factor B 
upon addition of factor H (Fig. 6a). This effect was dose 
dependent. Similarly, factor H dissociated the alternative 

pathway C3 convertase generated by factor D (Fig. 6b). In 
contrast, addition of plasmin did not form convertases. 
Kallikrein-generated C3b was also incubated with factor 
H and factor I, and degradation of C3b was detected by 
Western blotting. Both factor H- and factor I-degraded 
kallikrein converted C3b to iC3b (Fig. 6c). Similar C3b 
cleavage products (86, 46, and 43 kDa) were generated by 
kallikrein and C3 convertases. Taken together, these data 
suggest that factor H decays kallikrein-generated C3 con-
vertases and acts as a cofactor for factor I during the deg-
radation of kallikrein-generated C3b. 
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C. albicans Triggers the Contact Activation System 
The contact system is spontaneously activated upon 

recognition by and attachment of factor XII (FXII) to 
negatively charged surfaces [26, 27]. To examine whether 
C. albicans triggers the contact activation system, we in-
cubated C. albicans cells with purified FXII and detected 
binding of FXII to the surface by whole-cell ELISA. Puri-
fied FXII bound to the C. albicans surface in a dose-de-
pendent manner (Fig. 7a). Next, we measured FXII bind-
ing to C. albicans in vivo in tissues from C. albicans-in-
fected mice. Liver sections were stained with antibodies 
specific for FXII and the fungal surface protein Pra1 (pH-
regulated protein 1). Binding of FXII was assessed by laser 
scanning microscopy. FXII was detected on the surface of 
C. albicans in liver tissue, indicating in vivo activation of 
the contact activation system (Fig. 7b). Purified kallikrein 
added to NHS enhanced C3b deposition on C. albicans, 

showing the complement-enhancing effect of this en-
zyme (Fig. 7c). Also, C3b deposited onto C. albicans in 
complement inhibited NHS and serine protease inhibi-
tors AEBSF and PMSF reduced C3b deposition (Fig. 7d). 
Thus, the contact system is activated on C. albicans in hu-
man plasma and supports C3b opsonization. As shown 
here, factor H regulates the kallikrein-generated conver-
tases. Both here and previously, we demonstrated in vitro 
recruitment of factor H to C. albicans in the presence of 
NHS (Fig. 7e) [21]. To find out whether C. albicans re-
cruits factor H to the surface also in vivo, we stained liver 
sections from mice infected with C. albicans for 6 h for 
both C. albicans and mouse complement factor H. Factor 
H was present on C. albicans infecting the liver tissue, 
thereby confirming recruitment of the complement regu-
lator in vivo (Fig. 7f). 
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upon incubation with C3 and factor B. Kallikrein was incubated 
with C3 and factor B in the presence of NiCl2. Convertase forma-
tion was followed by the generation of C3b (lanes 3 and 4, arrow) 
and in parallel C3a using immunoblotting (e; lanes 3 and 4). As-
sembly of a C3 convertase by C3b, factor B, factor D, and C3 also 
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Discussion

Bacterial and fungal surfaces are immediately recog-
nized by the host complement and contact systems. Once 
activated, both systems trigger a coordinated immune re-
sponse that comprises opsonization, phagocytosis, acute 
and chronic inflammation, vascular permeability, pain, 
and fever [1, 2, 5, 7]. Here, we have shown that kallikrein 
(generated from prekallikrein by the induced contact sys-
tem) activates the complement system by cleaving C3 and 
factor B, with subsequent formation of an active comple-
ment C3 convertase. Damage to host cells caused by this 
convertase is regulated by factor H, which decays kalli-
krein-generated C3 convertase and assists factor I-medi-
ated degradation of C3b. The human pathogenic fungus, 
C albicans, activates both the complement and contact 
systems in human serum. However, C. albicans expresses 
microbial proteins that bind factor H to the surface [21], 
thereby conferring protection from complement compo-
nents generated by the alternative pathway and contact 
system. C3 degradation products on C. albicans may also 
help to adhere via complement receptors to endothelial 
cells.

Kallikrein cleaves plasma C3 at the amide bond be-
tween R748 and S749 to generate active C3b and C3a. The 
cleavage site in C3 is identical to that recognized by the 
C3 convertase. In contrast to plasmin, kallikrein cleaves 
C3 exclusively at this position and no further cleavage 
products appear. Mature human prekallikrein, a precur-

sor of plasma kallikrein, comprises 619 amino acids [28] 
and activation of prekallikrein to kallikrein is induced by 
cleavage at the amide bond between R371 and I372, result-
ing in production of a heterodimer comprising an N-ter-
minal heavy chain and a C-terminal light chain contain-
ing a C364–C484 bond [28]. The light chain includes a ser-
ine protease domain harboring a triad of catalytic residues. 
The main substrate of kallikrein is kininogen, and cleav-
age of the latter generates kallidin (lysil-bradykinin), 
which induces vascular permeability and promotes nitric 
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Fig. 7. C. albicans activates the contact system and recruits factor 
H. a Purified factor XII binds to C. albicans in a dose-dependent 
manner. Data represent mean values ± SE of 3 independent ex-
periments. One-tailed t test, ** p < 0.01, *** p < 0.001. b FXII is also 
recruited to the surface of C. albicans in liver tissue sections de-
rived from C. albicans-infected mice (BALB/c). Blue, FXII; red, 
fungal protein Pra1. c C. albicans activates complement upon in-
cubation in NHS and C3b is deposited on the surface. The addition 
of kallikrein enhances C3b deposition. d Inhibition of serine pro-
teases in complement-inactive NHS reduces C3b deposition on C. 
albicans cells. C. albicans was incubated in complement-inhibited 
NHS (NHSEDTA) with or without the serine protease inhibitors 
AEBSF or PMSF. C3b deposition on C. albicans cells was measured 
by flow cytometry. The data represent means ± SEM of 3–4 inde-
pendent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. e Puri-
fied factor H binds to the surface of C. albicans cells. Red, factor H; 
blue, DNA (DAPI). f Factor H is recruited to C. albicans in liver 
tissues. Green, erythrocytes; red, fungal protein Pra1; blue, mouse 
factor H. Images were taken with an LSM710 microscope (Zeiss) 
fitted with a ×40 1.4 NA oil-immersion lens. Scale bars, 10 µm.
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oxide and prostaglandin release by endothelial cells, re-
sulting in vasodilation [29–31]. Kallikrein also cleaves 
factor B; the cleavage patterns of kallikrein and factor D 
are indistinguishable. These results confirm previous ob-
servations by DiScipio [14], who demonstrated magne-
sium ion-dependent cleavage of factor B by kallikrein. 
Thus, kallikrein induces the C3 convertase amplification 
loop in the absence of factor D, and links the contact ac-
tivation and complement systems to enhance opsoniza-
tion, vascular permeability, and recruitment of inflam-
matory cells to generate a local immune response. Kalli-
krein can also activate the classical complement pathway 
[32]. Activation of both of these systems (contact and 
complement) causes signs and symptoms often seen in 
those with septic shock and hereditary angioedema. He-
reditary angioedema is a condition caused by a deficiency 
or defect in the C1 inhibitor [33, 34]. Similar to kallikrein, 
FXII can activate C1 of the classical pathway [35] and fac-
tor B of the alternative pathway [14].

Upon contact with NHS, C. albicans triggers the con-
tact system. Factor XII then binds strongly to the fungal 
surface and activates kallikrein and kinins. A recent study 
suggests that kinins released at the C. albicans cell wall 
promote host colonization by the pathogen, followed by 
the development of infection via increased vascular per-
meability and further dissemination of C. albicans [36]. 
Similarly, C. albicans and bacterial proteases activate up-
stream components (zymogens) of the host plasma kinin-
forming system [37, 38]. However, kallikrein cleaves 
HMWK to yield bradykinin, which is an important pro-
inflammatory mediator that recruits immune cells such 
as neutrophils to the sites inhabited by the infectious mi-
crobe. As shown herein, kallikrein also activates comple-
ment to boost the immune response. Since kallikrein also 
cleaves complement component C5, it also activates the 
terminal complement pathway [12]. In contrast to throm-
bin, kallikrein is a strong activator of C3 and so is more 
likely to play an “activating role” under physiological 
conditions. Low thrombin C3 cleavage activity was previ-
ously also described by Foley et al. [39].

Kallikrein-generated C3 convertases are inactivated 
by complement factor H. Factor H binds to stressed hu-
man cell surfaces and blocks the complement cascade. In 
the presence of low levels of factor H (as in patients har-
boring mutated or dysfunctional protein), the endothe-
lium is less well protected, resulting in diseases such as 
hemolytic uremic syndrome [8]. C. albicans and a num-
ber of other microbes recruit factor H to the cell surface 
where it inactivates C3b and C3 convertases. Bound fac-
tor H then dissociates the C3 convertases generated by 

complement and kallikrein. Here, we also showed that 
plasmin (in contrast to kallikrein) inactivates C3 conver-
tases. C. albicans expresses several receptor molecules 
that recruit plasminogen to the surface [21] where it is 
cleaved to plasmin. Taken together, these data suggest 
that C. albicans escapes the different complement activa-
tion pathways by recruiting diverse host regulators to the 
cell surface. 

Previous reports show that the contact system is acti-
vated by bacterial cell walls [40]. Similar to C. albicans, 
bacterial pathogens also use a variety of strategies, such as 
secreted proteinases, to increase kinin generation, there-
by facilitating dissemination via vasodilation. However, 
these pathogens also recruit and exploit factor H [41]. 
The full relevance of kallikrein-mediated complement ac-
tivation to host defense in vivo remains unclear; however, 
some individuals with a severe deficiency of contact fac-
tors are highly susceptible to bacterial infections [14]. 
Our findings support a role of kallikrein in the defense 
response to infections. Similarly, overactivation of the 
contact system is expected to also activate the comple-
ment system. Furthermore, complement activation via 
kallikrein may need to be considered in respect to thera-
peutic complement inhibition. 
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