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Abstract
Pattern recognition is an integral part of the innate immune
system. The human contact system has been shown to inter-
act with the surface of many bacterial and fungal pathogens,
and once activated leads to the generation of antimicrobial
peptides and the proinflammatory mediator bradykinin.
Here we show that apart from these surfaces also neutrophil
extracellular traps (NETs) provide a surface that allows the
binding and activation of the contact system. In addition, we
present evidence that M1 protein, a streptococcal surface
protein, in concert with human fibrinogen triggers polymor-
phonuclear neutrophils to form NETs.

Copyright © 2009 S. Karger AG, Basel

Introduction

Apart from antimicrobial peptides, leukocyte-borne
proteinase, and reactive oxidative species, polymorpho-
nuclear neutrophils (PMNs) may also release their nu-
clear content to form web-like structures upon activa-
tion. These neutrophil extracellular traps (NETs) con-
sist of DNA and granule-derived proteins such as
neutrophil elastase, cathepsin G, bactericidal/permea-

bility-increasing protein and antimicrobial peptides [1,
2]. As such, NETs are capable to assemble and kill vari-
ous bacterial and fungal species and, thus, they are now
considered as an important part of the innate immune
system [1]. Assuming that most neutrophil-released pro-
teins stick to NETs because of their positive net charge,
it is tempting to speculate that also other positively
charged proteins, derived for instance from plasma, in-
teract with NETs. Notably, activation of the contact sys-
tem requires the assembly of its factors on a negatively
charged artificial or biological surface [3-6]. The con-
tact system comprises 3 serine proteinases factor XI
(FXI), factor XII (FXII), plasma kallikrein (PK) and 1
nonenzymatic cofactor high molecular weight kinino-
gen (HK), which is in complex with either PK or FXI [for
a review, see 7]. Upon activation, 3 events occur: (1) ac-
tivation of the intrinsic pathway of coagulation via acti-
vation of FXI by activated FXII, (2) release of bradykinin
(BK) from the HK precursor by the action of activated
PK and (3) the generation of antimicrobial peptides [for
a review, see 7].

Streptococcus pyogenes is a major human pathogen
that mainly causes superficial and self-limiting skin and
throat infections, which can occasionally develop into se-
rious and life-threatening conditions such as streptococ-
cal toxic shock syndrome (STSS) and necrotizing fasciitis
[for a review, see 8]. It was recently published that M1
protein, one of the classical virulence determinants of
S. pyogenes, forms complexes with fibrinogen which then
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are able to activate PMNs [9]. In the present study we
show that this activation also evokes very efficiently the
formation of NETs. We further show that purified DNA
as well as NET-DNA absorbs purified HK and FXII, and
when added to plasma activates the contact system.

Methods

PMN Purification and Activation

PMN s were purified from blood of healthy donors using Poly-
morphprep (Fresenius) as described earlier [9]. The cells were
washed and diluted in ME-Medium (Invitrogen) with HEPES
buffer. Fifty microliters of 3 X 10° cells/ml were seeded on poly-
lysine-treated slides and activated with 100 mU/ml glucose oxi-
dase (GO; Sigma) or 100 nM IL-8 (Pepro Tech) or 5 pl of pre-
formed M1 protein/fibrinogen complexes for 60 min (20 pg puri-
fied M1 protein [10] added to 6 mg fibrinogen; the precipitate was
suspended in 100 pwl MEM).

DNA Preparation
DNA from purified PMNs was isolated using the DNazol Re-
agent (Invitrogen) as described by the manufacturer.

Measurement of PK Activity

PK activity in human plasma was measured after activation
with purified DNA as follows. Ten microgram per milliliter DNA
together with the chromogenic substrate (52302) was incubated
with human plasma for 60 min at 37°C. The absorbance was then
measured after different time points at 405 nm. As a control, DNA
were degraded with 200 mU DNase I (Ambion) for 30 min at 37°C
before adding to plasma. To measure PK activity on activated
PMNSs, 200 wl PMNs in MEM (3 X 10° cells/ml) were stimulated
with GO or IL-8 as described above. DNase I (200 mU; Ambion)
was added to the controls and incubation was continued for 30
min at 37°C. The supernatants were gently removed and the cells
were incubated with human plasma from the same donor for an-
other 15 min at 37°C. After removing the plasma, cells were in-
cubated in physiological salted sodium citrate buffer (13 mm)
containing the chromogenic substrate (52023). Absorbance was
measured over a time period of 60 min at 37°.

BK Measurements

Different concentrations of purified DNA (1, 10 and 100 p.g/
ml) were incubated with human plasma for 15 min at 37°C, and
the BK content was measured as described earlier [11]. As con-
trols, DNA samples were degraded with DNase I prior to incuba-
tion with plasma.

Statistical Analysis

Statistical analysis was performed using GraphPadPrism 4.00.
The p value was determined by using the unpaired t test (com-
parison of 2 groups).

Scanning Electron Microscopy

Activated PMNs were immobilized on poly-lysine cover slides,
before and after treatment with DNase I, fixed in 2.5% (v/v) glu-
taraldehyde and prepared for scanning electron microscopy as
described earlier [9].
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Transmission Electron Microscopy

PMNs were activated as described above, and incubated with
gold-labeled HK and FXII for 30 min at room temperature. Cells
were then fixed with 2.5% glutaraldehyde, dehydrated and em-
bedded in Epon as described earlier [9]. For negative staining,
purified DNA (20.g/ml) were mixed with 20 nM HK and 20 nM
FXII for 20 min at room temperature. Samples were then pro-
cessed as previously reported [12].

Results and Discussion

Activation of the Contact System by Soluble DNA

Purified from PMNs

In the present study we wished to investigate whether
NETs can provide a surface that allows the assembly and
activation of contact system. As the skeletal structure of
NETs is primarily built up by PMN-derived DNA [1], in
the first set of experiments we focused on soluble DNA
purified from PMNs (also see Materials and Methods)
and tested its interaction with the contact factors HK and
FXII. To this end, purified human HK and FXII were in-
cubated with DNA, negative stained, and examined with
a transmission electron microscope. Figure 1a shows neg-
ative-stained DNA, HK and FXII. When all components
were mixed together, the micrographs revealed that DNA
avidly recruited HK and FXII, which, interestingly, were
always found in proximity to each other. To test whether
binding of HK and FXII to soluble DNA is followed by an
activation of the contact system, we monitored PK hydro-
lysis in DNA-treated plasma. As shown in figure 1b, an
increase in the cleavage of a PK-specific substrate was
seen when soluble DNA was added to plasma, but not
with DNase I-treated DNA. It should be noted that the
DNase treatment had no influence on the activity of PK
in kaolin-activated plasma, implying that hydrolysis of
the PK substrate is not influenced by DNase or contami-
nants thereof (data not shown). Finally, we measured
whether activation of PK is followed by the release of BK,
which was indeed seen when DNA was mixed with plas-
ma and prevented when DNA was degraded by DNase I
prior adding to plasma (fig. 1c). Taken together, the data
demonstrate that purified DNA has the ability to assem-
ble and activate the contact system.

The Contact System Is Bound and Activated on NETs

To test whether not only soluble DNA but also NETs
can activate the contact system, PMNs were stimulated
with glucose oxidase or IL-8. Both substances have been
earlier reported to trigger NET formation [13] and this
was also confirmed in our studies by fluorescence and
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Fig. 1. Purified DNA binds and activates
the contact system. a Transmission elec-
tron microscopy of negative-stained DNA
(yellow pseudo color) HK (red pseudo col-
or), FXII (green pseudo color) or a mixture
of all 3 molecules. b Measurement of PK
activity after incubation of plasma with
purified DNA (10 pg/ml). As a control,
DNA was pretreated with 200 mU DNase
I for 30 min at 37°C before incubating in
plasma. ¢ BK release after incubation of
DNA (10 or 100 pg/ml) and the DNase I-
pretreated controls in human plasma for
15 min at 37°C. All Data represent the
mean + SD (n = 3) of 1 representative of
3 independently performed experiments.
** p < 0.01; *** p < 0.0001. Scale bar = 10
nm.
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scanning electron microscopic analysis of PMNs activat-
ed with GO (fig. 2a) or IL-8 (data not shown). As expect-
ed, incubation of GO-stimulated PMNs with DNase I, led
to a complete degradation of the NET structures (fig. 2a).
In the next series of experiments, GO-activated PMNs
were mixed with gold-labeled HK and FXII and further
analyzed by transmission electron microscopy (Fig. 2b).
Ultrathin sections of the stimulated PMNs revealed fine
extracellular fibers, which were absent in the DNase I-
treated control (fig. 2b). Furthermore, HK (small gold
particles) and FXII (large gold particles) were exclusively
attached to these fibers (fig. 2b) and, importantly, they
were always found in close proximity to each other as
seen before in experiments with soluble DNA (fig. 1a). To

Activation of the Human Contact System
on NETs

test whether the contact system is activated on NETs, we
measured PK activity in plasma treated with nonactivat-
ed and activated PMNs. Figure 2c¢ depicts that the addi-
tion of nonactivated PMNs to plasma did not trigger an
increase in PK activity, while GO- or IL-8-stimulated
PMNs induced a significant rise, which was reduced to
background levels when DNase I was added to the PMNs.
Based on these findings we conclude that the contact ac-
tivation occurs on NET fibers.

M1 Protein/Fibrinogen Complexes Induce NET

Formation

There is a growing body of evidence showing that
NETs can be generated upon activation of PMNs by im-
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Fig. 2. NET-DNA binds contact system
proteins, which is followed by activation of
the contact system. a Light and scanning
electron microscopy of nonactivated
PMNs and PMNs activated with 100 mU/
ml GO for 60 min. As a control, PMNs
were incubated with 200 mU DNase I for
30 min after activation. Scale bar = 10 pm.
b Transmission electron microscopy of
nonactivated PMNs as well as PMNs stim-
ulated with 100 mU/ml GO and incubated
with gold-labeled HK (small gold parti-
cles) and FXII (larger gold particles). Scale
bar = 1 pm. A higher magnification of 2
areas (marked with * and *¥*) showing the
binding of gold-labeled contact factors to
NETs is shown on the lower right (Scale
bar = 100 nm). Arrowheads point to gold-
labeled proteins. PMNs incubated with
200 mU DNase I after stimulation and be-
fore adding to gold-labeled proteins are
shown on the lower left. ¢ PK activity after
incubation of GO- and IL-8-stimulated
PMNs in human plasma. Results shown
are a representative of at least 3 experi-
ments with PMNs from 3 different do-
nors.
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Fig. 3. NET formation after stimulating
the PMNs with M1 protein/fibrinogen
complexes. a, b PMNs were incubated with
M1 protein/fibrinogen complexes for 60
min and investigated by light and scan-
ning electron microscopy. ¢, d For light
microscopy, the PMNs were stained with
DAPI. As a control, the stimulated cells
were treated with 200 mU DNase I for 30
min. Arrowheads point to PMNs. Scale
bar = 10 pm.

portant clinical pathogens such as Streptococcus pneu-
moniae, Salmonella typhimurium, Staphylococcus aureus
or Shigella flexneri [13, 14]. Also, lipopolysaccharide, a
bacterial membrane component of Gram-negative bacte-
ria, was proven to evoke NET formation [1]. We recently
reported that soluble M1 protein of S. pyogenes forms
complexes with fibrinogen which then trigger PMNs to
mobilize their granular proteins [9]. Based on these find-
ings, we were wondering whether this interaction also
leads to the formation of NETs. PMNs were therefore in-
cubated with M1 protein/fibrinogen complexes for 60
min and then subjected to analysis by fluorescence and
scanning microscopy. Figure 3a shows that the treatment
of PMNs with M1 protein/fibrinogen complexes induced
a clumping of cells and the release of DNA. Analysis of
the cell aggregates by scanning electron microscopy re-
vealed that PMNs were entrapped within an amorphous
precipitate built up by M1 protein/fibrinogen complexes
and overlaid with NET fibers (fig. 3b). In PMN controls
using M1 protein or fibrinogen alone, no aggregates or
NET formation were observed (data not shown). Al-
though DNase I treatment was able to dissolve the NET
fibers, PMNs were still found in aggregates made up by
M1 protein/fibrinogen complexes (fig. 3¢, d).

The concept of contact activation on oligonucleotides
is not entirely novel, as Kannemeier et al. [6] showed in
2007 that extracellular RNA provides a surface that al-
lows activation of the contact system. However, we show
here for the first time that extracellular DNA is also able

Activation of the Human Contact System
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to activate the contact system. Keeping in mind that con-
tact activation leads to the processing of HK followed by
the release of antibacterial peptides [15] and BK, a potent
inflammatory mediator [for a review, see 16], it is tempt-
ing to speculate that the recruitment and activation of the
contact system by NETs amplifies the innate immune re-
sponse. On the other hand, streptococci may take advan-
tage of the host defense mechanism and counteract in
that they immobilize PMNs distantly from the infectious
site by releasing M proteins which in concert with fibrin-
ogen crosslink the cells and form an insoluble layer made
of M1 protein/fibrinogen complexes around the PMNSs.
Whether or not the activation of PMNs by streptococci
can neutralize the protective effect of NETs or even lead
to systemic inflammatory reaction, needs to be unrav-
eled.
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