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Tissue factor pathway inhibitor (TFPI) inhibits tissue factor-
induced coagulation, but may, via its C terminus, also modulate
cell surface, heparin, and lipopolysaccharide interactions as
well as participate in growth inhibition. Here we show that
C-terminal TFPI peptide sequences are antimicrobial against
the Gram-negative bacteria Escherichia coli and Pseudomonas
aeruginosa, Gram-positive Bacillus subtilis and Staphylococcus
aureus, as well as the fungi Candida albicans and Candida
parapsilosis. Fluorescence studies of peptide-treated bacteria,
pairedwith analysis of peptide effects on liposomes, showed that
the peptides exerted membrane-breaking effects similar to
those seen for the “classic” human antimicrobial peptide LL-37.
The killing of E. coli, but not P. aeruginosa, by the C-terminal
peptide GGLIKTKRKRKKQRVKIAYEEIFVKNM (GGL27),
was enhanced in human plasma and largely abolished in heat-
inactivated plasma, a phenomenon linked to generation of
antimicrobial C3a and activation of the classic pathway of
complement activation. Furthermore, GGL27 displayed anti-
endotoxic effects in vitro and in vivo in a mouse model of LPS
shock. Importantly, TFPI was found to be expressed in the
basal layers of normal epidermis, and was markedly up-regu-
lated in acute skin wounds as well as wound edges of chronic
leg ulcers. Furthermore, C-terminal fragments of TFPI were
associated with bacteria present in human chronic leg ulcers.
These findings suggest a new role for TFPI in cutaneous
defense against infections.

To control our microbial flora, humans and virtually all life
forms are armored with rapidly acting host defense systems
based on various antimicrobial peptides (1–3). The majority of
these peptides is characterized by an amphipathic structure and
comprise linear peptides, many of which adopt an�-helical and
amphipathic conformation upon bacterial binding, peptides
forming cysteine-linked antiparallel �-sheets, as well as cys-
teine-constrained loop structures. In addition, antimicrobial

peptides may be found among peptides not displaying such
ordered structures as long as these are characterized by an
over-representation of certain amino acids (1, 4–6). Although
interactions with bacterial membranes are fundamental for
antimicrobial peptide function, the exact modes of action are
complex and can be divided into membrane disruptive and
non-membrane disruptive (1, 3, 7, 8). During recent years it
has also become increasingly evident that many cationic and
amphipathic antimicrobial peptides, such as defensins and
cathelicidins, are multifunctional, also mediating immuno-
modulatory roles and angiogenesis (9–11), thus motivating the
recent and broader definition host defense peptides for these
members of the innate immune system.
Tissue factor pathway inhibitor (or TFPI)2 is a Kunitz-type

proteinase inhibitor that reversibly inhibits the tissue factor-
factor VII (TF-VII) complex in a factor X (FX)-dependentman-
ner, leading to inhibition of both FX and FIX activation. TFPI
consists of a highly negatively charged N terminus, three tan-
demly linked Kunitz-type domains, and a highly positively
charged C terminus. In plasma, TFPI exists in both full-length
and various C-terminal truncated forms (12). The first and sec-
ond Kunitz domains are involved in binding and inhibition of
the TF-VII complex and factor Xa, respectively (13). The third
Kunitz domain, in turn, may interact with heparin via its cati-
onic C-terminal end (14). This C-terminal region has also been
implicated in interactions with plasma lipoproteins, throm-
bospondin-1, clearance receptors (15), and lipopolysaccharide
(16) andmay also inhibit cell growth (17) and blood coagulation
(18, 19). Since various C-terminally truncated forms exist in
vivo, a potential role of proteolysis of the C terminus has been
implicated, and data indicate that TFPI can be cleaved by vari-
ous proteinases such as thrombin (20), plasmin (21), andmatrix
metalloptoteinase-8 (22), thereby releasing C-terminal frag-
ments. Up-regulators of TFPI expression include endotoxin,
IL-1, TNF-�, platelet-derived growth factor, heparin, and basic
fibroblast growth factor, all molecules involved in infection,
inflammation, and growth (15).
The above reported multifunctionality of TFPI and presence

of an exposed cationic and heparin-binding C terminus made
us raise the question as to whether the C-terminal region of
TFPI could exert antimicrobial activity. We here show that
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C-terminal TFPI peptides, found to be expressed in skin
wounds, and detected in fibrin of chronic leg ulcers,may indeed
function as host defense peptides. Furthermore, killing of the
Gram-negative Escherichia coli, but not Pseudomonas aerugi-
nosa, was markedly boosted by peptide-mediated complement
activation, including formation of the membrane attack com-
plex (MAC) and antimicrobial C3a.

EXPERIMENTAL PROCEDURES

Peptides—The TFPI-derived peptides (see Fig. 1) and the
control peptides GGL27(S) (GGLISTSSSSSSQRVKIAYEE-
IFVKNM) and DSE25 (DSEEDEEHTIITDTELPPLKLMHSF)
were synthesized by Biopeptide Co., San Diego, CA, whereas
LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES),
was obtained from Innovagen AB, Lund, Sweden. The purity
(�95%) of these peptides was confirmed bymass spectral analysis
(MALDI-ToF Voyager).
Microorganisms—Bacterial isolates E. coli ATCC 25922, P.

aeruginosa ATCC 27853, Staphylococcus aureus ATCC 29213,
Bacillus subtilis ATCC 6633, Candida albicans ATCC 90028,
andCandida parapsilosisATCC 90018were obtained from the
Department of Bacteriology, Lund University Hospital. Other
clinical isolates of E. coli and P. aeruginosa were from patients
with skin infections.
Biological Materials—Fibrin slough was collected from

chronic venous leg ulcers (chronic wound slough/surface)
with a sterile spatula and immediately fixed for electron
microscopy. Tissue sections from three patients with
chronic venous ulcers (duration � 6 months) were analyzed.
4-mm biopsies were taken from the edge of the wound and a
control area on the thigh. For acute wounds, a 4-mm biopsy
was taken from the thigh of one individual, and subsequent
biopsies from the wound edges were taken at days 5 and 8.
Biopsies from normal skin (n � 3, thigh) were also taken for
analysis. The research project was approved by the Ethics
committee, Lund University Hospital. Written consent was
obtained from the patients.
Radial Diffusion Assay—Essentially as described earlier (23,

24), bacteria were grown to mid-logarithmic phase in 10 ml of
full-strength (3% w/v) Trypticase soy broth (TSB) (Becton-
Dickinson). The microorganisms were then washed once with
10mMTris, pH 7.4. Subsequently, 4� 106 cfu were added to 15
ml of the underlay agarose gel, consisting of 0.03% (w/v) TSB,
1% (w/v) low electroendosmosis type agarose (Sigma-Aldrich)
and 0.02% (v/v) Tween 20 (Sigma-Aldrich). The underlay was
poured into a 144-mm diameter Petri dish. After agarose solid-
ification, wells of 4-mm diameter were punched and 6 �l of
peptide solution of required concentration was added to each
well. Plates were incubated at 37 °C for 3 h to allow peptide
diffusion. The underlay gel was then covered with 15 ml of
molten overlay (6% TSB and 1% low electroendosmosis type
agarose in distilled H2O). Antimicrobial activity of a peptide
was visualized as a clearance zone around eachwell after 18–24
h of incubation at 37 °C.
Viable Count Analysis—E. coli strains were grown to mid-

logarithmic phase in Todd-Hewitt agar. P. aeruginosa strains
were grown in Todd-Hewitt agar overnight. Bacteria were
washed and diluted in 10 mM Tris, pH 7.4, containing 5 mM

glucose. 2 � 106 cfu/ml bacteria were incubated in 50 �l, at
37 °C for 2 h with the C-terminal TFPI-derived peptides
GGL27, TKR22, or LIK17 at the indicated concentrations.
Additional experiments were performed in 10mMTris, pH 7.4,
containing 0.15MNaCl, either alone orwith 20%normal or heat
inactivated citrate-plasma. Serial dilutions of the incubation
mixture were plated on Todd-Hewitt agar, followed by incuba-
tion at 37 °C overnight and cfu determination.
Flow Cytometry Analysis—50 �l of bacteria (1–2 � 109 cfu)

were incubated with 450 �l of human plasma either alone or
supplemented with GGL27 (at 3 �M). Samples were incubated
for 30 min or 1 h at 37 °C, divided into two equal parts, centri-
fuged, washed with PBS, and resuspended in 100�l of PBSwith
rabbit polyclonal antibodies against either LGE27 (25), a C-ter-
minal epitope of human C3a, or rabbit polyclonal antibodies
against C1q (both at 1:100). The mixtures were subsequently
incubated for 1 h at room temperature. Bacteria were pelleted
and washed twice with PBS, incubated in 100 �l of PBS with
goat anti-rabbit IgG FITC-labeled antibodies (1:500, Sigma) for
30 min at room temperature, and washed twice with PBS. In
another experiment bacteria were incubated for 1 h in citrate
plasma together with 3 �M 5-carboxytetramethylrhodamine-
labeled GGL27 peptide, then pelleted and washed twice with
PBS. Flow cytometry analysis (BD Biosciences, Franklin Lakes,
NJ) was performed using a FACSCalibur flow cytometry system
equipped with a 15-milliwatt argon laser set at 488 nm. The
bacterial population was selected by gating with appropriate
settings of forward scatter and sideward scatter.
FluorescenceMicroscopy—Fluorescein isothiocyanate (FITC,

Sigma-Aldrich)was used formonitoring of bacterialmembrane
permeabilization. E. coli ATCC 25922 bacteria were grown to
mid-logarithmic phase in TSB medium. Bacteria were washed
and resuspended in buffer (10 mM Tris, pH 7.4, 0.15 M NaCl, 5
mM glucose) to yield a suspension of 1 � 107 cfu/ml. 100 �l of
the bacterial suspension was incubated with 30 �M of the
respective peptides at 30 °C for 30 min. Microorganisms were
then immobilized on poly (L-lysine)-coated glass slides by incu-
bation for 45 min at 30 °C, followed by addition onto the slides
of 200 �l of FITC (6 �g/ml) in buffer and a final incubation for
30min at 30 °C. The slideswerewashed, and bacteriawere fixed
by incubation, first on ice for 15min, then in room temperature
for 45 min in 4% paraformaldehyde. The glass slides were sub-
sequently mounted on slides using Prolong Gold Antifade rea-
gent mounting medium (Invitrogen). Bacteria were visualized
using an Eclipse TE300 (Nikon) inverted fluorescence micro-
scope equipped with a Hamamatsu C4742-95 cooled charge-
coupled device camera (Bridgewater, CT) and a Plan Apochro-
mat �100 objective (Olympus, Orangeburg, NY). Differential
interference contrast (Nomarski) imaging was used for visual-
ization of the microbes themselves.
Histochemistry—For immunostaining, wound biopsies were

fixed in 10% formalin, rehydrated, and embedded in paraffin.
Sections of 5-�m thickness were placed on polylysine-coated
glass slides, deparaffinized in xylene, and rehydrated in graded
alcohols. The slides were then treated with Dako antigen
retrieval solution (Dako) for 40 min at 97 °C and incubated for
24 h at room temperature in a 1:50 dilution of polyclonal anti-
bodies against TFPI (Sigma-Aldrich, in TBS with 1% BSA, 5%
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goat serum, 0.05% Tween 20). After three 20-min washes in
TBS with 0.05% Tween 20, the sections were incubated with
alkaline phosphatase-conjugated secondary goat anti-rabbit
IgG (Dako) diluted 1:1000 in the same buffer as the primary
antibody and incubated for another 24 h, followed by three
20-min washes. Sections were developed with Vulcan Fast Red
chromogen (Biocare Medical, Concord, CA), and the slides
were counterstained with Harris Hematoxylin (EM Science,
Gibbstown, NJ). For histological evaluation of lungs derived
from the in vivo LPS models in mice, tissues were embedded as
above, sectioned, and stained with hematoxylin and eosin by
routine procedures (Histocenter, Gothenburg, Sweden).
Electron Microscopy—For transmission electron microscopy

and visualization of peptide effects on bacteria, P. aeruginosa
ATCC 27853 (1–2 � 106 cfu/sample) was incubated for 2 h at
37 °C with the peptide GGL27 at 30 �M. LL-37 (30 �M) was
included as a control. P. aeruginosa sample suspensions were
adsorbed onto carbon-coated copper grids for 2 min, washed
briefly on two drops of water, and negatively stained on two
drops of 0.75% uranyl formate. The grids were rendered hydro-
philic by glow discharge at low pressure in air. In vivo experi-
ment; fibrin slough from patients with chronic venous ulcers
was fixed (1.5% paraformaldehyde, 0.5% glutaraldehyde, in 0.1
M phosphate buffer, pH 7.4) for 1 h at room temperature, fol-
lowed by washing with 0.1 M phosphate buffer, pH 7.4. The
fixed and washed samples were subsequently dehydrated in
ethanol and further processed for Lowicryl embedding (26).
Sections were cut with an LKB ultratome andmounted on gold
grids. For immunostaining, the grids were floated on top of
drops of immune reagents displayed on a sheet of parafilm. Free
aldehyde groupswere blockedwith 50mMglycine, and the grids
were then incubated with 5% (v/v) goat serum in incubation
buffer (0.2% acetylated bovine serum albumin (BSA-c) in PBS,
pH 7.6) for 15 min. This blocking procedure was followed by
overnight incubation at 4 °C with C-terminal TFPI goat poly-
clonal antibodies (1 �g/ml, Abcam, UK) alone, or in combina-
tion with rabbit polyclonal antibodies against the C-terminal
part of C3a (LGE27 antibodies, 1 �g/ml, Innovagen AB) (25).
Controls without primary antibodies were included. The grids
were washed in a large volume (200 ml) of incubation buffer,
floating on drops containing the gold conjugate reagents. For
detection of TFPI-peptides, 1�g/ml EMrabbit anti-goat IgG 10
nm Au (BBI) in incubation buffer was added, and the incuba-
tion was performed for 2 h at 4 °C. For simultaneous detection
of TFPI and C3a, 1 �g/ml EM rabbit anti-goat IgG 20 nm Au
(BBI) and 1 �g/ml EM goat anti-rabbit IgG 10 nm Au (BBI)
were used. After further washes by an excess volume of incuba-
tion buffer, the sections were postfixed in 2% glutaraldehyde.
Finally, sections were washed with distilled water and post-
stained with 2% uranyl acetate and lead citrate. All samples
were examined with a JEOL JEM 1230 electron microscope
operated at 80 kV accelerating voltage. Images were recorded
with a Gatan Multiscan 791 charge-coupled device camera.
SDS-PAGE and Immunoblotting—Human citrate plasma

(450 �l) was incubated with 50 �l of bacteria (1–2 � 109 cfu)
either alone or supplemented with the peptide GGL27 at 3 �M.
The mixture was incubated for 30 min or 1 h at 37 °C and cen-
trifuged, and supernatants and bacteria were collected. The

bacterial pellet was washed with PBS, and bound proteins were
eluted with 0.1 M glycine-HCl, pH 2.0. The pH of the eluted
material was raised to 7.5 with 1 M Tris. Eluted proteins were
precipitated by addition of 1 volume of TCA to 4 volumes of
sample, followed by incubation for 30 min on ice and centrifu-
gation at 15,000 � g (4 °C for 20 min). Precipitated material
and supernatants were dissolved in SDS sample buffer and
analyzed under reducing conditions by SDS-PAGE on 16.5%
Tris-Tricine gels (Clear PAGETM, C.B.S. Scientific). Proteins
and peptides were transferred to nitrocellulose membranes
(Hybond-C). Membranes were blocked by 3% (w/v) skimmed
milk, washed, and incubated for 1 h with rabbit polyclonal anti-
bodies against the C-terminal part of C3a (LGE27 antibodies,
1:1000), rabbit polyclonal antibodies to C1q (1:1000, Dako),
goat polyclonal antibodies recognizing the C-terminal TFPI
sequence VKIAYEEIFVKNM (Abcam), or rabbit polyclonal
antibodies to C5b-9 (1:1000, Abcam, England). The mem-
branes were washed three times for 10 min and incubated (1 h)
withHRP-conjugated secondary antibodies (1:2000,Dako), and
washed (3 � 10 min). Proteins were visualized by an enhanced
chemiluminescent substrate (LumiGLO�) developing system
(Upstate Cell Signaling Solutions).
LPS Effects on Macrophages in Vitro—3.5 � 105 cells were

seeded in 96-well tissue culture plates (Nunc, 167008) in phenol
red-free DMEM (Invitrogen) supplemented with 10% FBS
containing 1% Anti-Anti (Invitrogen). Following 20 h of incu-
bation to permit adherence, cells were washed and stimulated
with 10 ng/ml E. coli (0111:B4) or P. aeruginosa LPS (Sigma),
with andwithout the peptidesGGL27,GGL27(S), andDSE25 of
various doses. The levels of NO in culture supernatants were
determined after 24 h from stimulation using the Griess reac-
tion (27). Briefly, nitrite, a stable product of NO degradation,
was measured by mixing 50 �l of culture supernatants with the
same volume of Griess reagent (Sigma, G4410) and reading
absorbance at 550 nm after 15 min. Phenol-red free DMEM
with FBS and antibiotics were used as a blank. A standard curve
was prepared using 0–80 �M sodium nitrite solutions in
ddH2O.
Animal Infection Model—Animals were housed under stan-

dard conditions of light and temperature and had free access to
standard laboratory chow and water. P. aeruginosa 15159 bac-
teria were grown to logarithmic phase (A620 � 0.5), harvested,
washed in PBS, diluted in the same buffer to 2� 108 cfu/ml, and
kept on ice until injection. 100 �l of the bacterial suspension
was injected intraperitoneally into female Balb/c mice. Sixty
minutes after the bacterial injection, 0.5mg of GGL27 or buffer
alone was injected subcutaneously into the mice. In a corre-
sponding E. coli infection model, bacteria were grown to early
logarithmic phase (A620 � 0.4), harvested, washed in PBS,
diluted in the same buffer to 1 � 108 cfu/ml, and kept on ice
until injection. 100 �l of the bacterial suspension was injected
intraperitoneally into female Balb/c mice. Thirty minutes after
the bacterial injection, 0.2mg of GGL27 peptide or buffer alone
was injected intraperitoneally. Data from two independent
experiments were pooled.
LPS Model in Vivo—Male C57BL/6 mice (8–10 weeks, 22 �

5 g) were injected intraperitoneally with 18 mg of E. coli
0111:B4 LPS (Sigma) per kg of body weight. Thirty minutes
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after LPS injection, 0.5 mg of GGL27, GGL27(S), DSE25, or
buffer alone was injected intraperitoneally into the mice. Sur-
vival and status were followed over 7 days. For blood collection
and histochemistry, mice were sacrificed 20 h after LPS chal-
lenge, and lungs were removed and fixed. These experiments
were approved by the Laboratory Animal Ethics Committee of
Malmö/Lund.
Cytokine Assay—The cytokines IL-6, IL-10, MCP-1, INF-�,

and TNF-� were measured in plasma from mice subjected to
LPS (with or without peptide treatment) using the cytometric
bead array and mouse inflammation kit (BD Biosciences)
according to the manufacturer’s instructions.
Hemolysis Assay—EDTA-blood was centrifuged at 800 � g

for 10min, thereafter plasma and buffy coat were removed. The
erythrocytes were washed three times and resuspended in PBS,
pH 7.4, to get a 5% suspension. The cells were then incubated
with end-over-end rotation for 60 min at 37 °C in the presence
of peptides (60�M). 2%TritonX-100 (Sigma-Aldrich) served as
positive control. The samples were then centrifuged at 800 � g
for 10 min, and the supernatant was transferred to a 96-well
microtiter plate. The absorbance of hemoglobin release was
measured at 540 nm and expressed as % of Triton X-100-in-
duced hemolysis.
LDHAssay—HaCaTkeratinocyteswere grown to confluency

in 96-well plates (3000 cells/well) in serum-free keratinocyte
medium supplemented with bovine pituitary extract and
recombinant EGF (Invitrogen). The medium was then re-
moved, and 100 �l of the peptides was investigated (at 60 �M,
diluted in serum-free keratinocyte medium/bovine pituitary
extract-recombinant EGF or in keratinocyte-serum-free kerat-
inocyte medium supplemented with 20% human serum) were
added. The lactate dehydrogenase (LDH)-based TOX-7 kit
(Sigma-Aldrich) was used for quantification of LDH release
from the cells. Results represent mean values from triplicate
measurements and are given as fractional LDH release com-
pared with the positive control consisting of 1% Triton X-100
(yielding 100% LDH release).
Liposome Preparation and Leakage Assay—The liposomes

investigated were anionic (1,2-dioleoyl-sn-glycero-3-phos-
hoetanolamine/1,2-dioleoyl-sn-glycero-3-phosphoglycerol,
monosodium salt; 75/25 mol/mol). 1,2-Dioleoyl-sn-glycero-3-
phosphoglycerol, monosodium salt and 1,2-dioleoyl-sn-glyc-
ero-3-phoshoetanolamine were both from Avanti Polar Lipids
(Alabaster, AL) and of �99% purity. Due to the long, symmet-
ric, and unsaturated acyl chains of these phospholipids, several
methodological advantages are reached. In particular, mem-
brane cohesion is good, which facilitates very stable, unilamel-
lar, and largely defect-free liposomes (observed from cryo-
TEM), allowing detailed studies on liposome leakage. The lipid
mixtures were dissolved in chloroform, after which solvent was
removed by evaporation under vacuum overnight. Subse-
quently, 10 mM Tris buffer, pH 7.4, was added together with
0.1 M carboxyfluorescein (CF, Sigma). After hydration, the lipid
mixture was subjected to eight freeze-thaw cycles consisting of
freezing in liquid nitrogen and heating to 60 °C. Unilamellar
liposomes of �140 nm diameter were generated by multiple
extrusions through polycarbonate filters (pore size, 100 nm)
mounted in a LipoFastminiextruder (Avestin,Ottawa, Canada)

at 22 °C. Untrapped CF was removed by two subsequent gel
filtrations (Sephadex G-50, Amersham Biosciences) at 22 °C,
with Tris buffer as eluant. CF release from the liposomes was
determined by monitoring the emitted fluorescence at 520 nm
from a liposome dispersion (10 �M lipid in 10mMTris, pH 7.4).
An absolute leakage scale was obtained by disrupting the lipo-
somes at the end of each experiment through addition of 0.8
mM Triton X-100 (Sigma-Aldrich). A SPEX-fluorolog 1650
0.22-mdouble spectrometer (SPEX Industries) was used for the
liposome leakage assay.Measurements were performed in trip-
licate at 37 °C.
CDSpectroscopy—CDspectra of the peptides weremeasured

on a Jasco J-810 Spectropolarimeter (Jasco, UK). The measure-
ments were performed at 37 °C in a 10-mm quartz cuvette
under stirring, and the peptide concentration was 10 �M. The
effect on peptide secondary structure of liposomes at a lipid
concentration of 100 �M was monitored in the range of 200–
250 nm. The fraction of the peptide in �-helical conformation,
X�, was calculated from Equation 1,

X� � � A � Ac�/� A� � Ac� (Eq. 1)

whereA is the recorded CD signal at 225 nm, andA� andAc are
the CD signal at 225 nm for a reference peptide in 100% �-helix
and 100% random coil conformation, respectively. 100% �-he-
lix and 100% random coil references were obtained from 0.133
mM (monomer concentration) poly-L-lysine in 0.1 MNaOHand
0.1 M HCl, respectively (28, 29). For determination of effects of
lipopolysaccharide on peptide structure, the peptide secondary
structure was monitored at a peptide concentration of 10 �M,
both inTris buffer and in the presence ofE. coli lipopolysaccha-
ride (0.02 wt%) (E. coli 0111:B4, highly purified, less than 1%
protein/RNA, Sigma). To account for instrumental differences
between measurements the background value (detected at 250
nm, where no peptide signal is present) was subtracted. Signals
from the bulk solution were also corrected for.
Phylogenetic Analyses of TFPI—The TFPI amino acid se-

quence was retrieved from the NCBI site. Each sequence was
analyzedwith Psi-Blast (NCBI) to find the ortholog and paralog
sequences. Sequences that showed structural homology �70%
were selected. These sequences were aligned using ClustalW
using Blosum 69 protein weight matrix settings. Internal
adjustments were made by taking the structural alignment into
account utilizing the ClustalW interface. The level of consis-
tency of each position within the alignment was estimated by
using the alignment-evaluating software Tcoffee.
Statistical Analysis—Bar diagrams (radial diffusion assay

(RDA) and visible count assay) are presented as mean and stan-
dard deviation, from at least three independent experiments.
Supplemental Data—RDA data on effects of GGL27 and

control peptides, permeabilization studies, and kinetic data are
available as supplemental data.

RESULTS

To elucidate whether C-terminal peptides of TFPI possess
antimicrobial activity, we investigated the effects of defined
regions of TFPI previously reported to be generated by proteo-
lytic action (plasmin and thrombin), as well as the peptide LIK-
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TKRKRKKQRVKIAY (LIK17) comprising the C-terminal hep-
arin-binding epitope of TFPI (see Fig. 1A for sequences). The
results showed that the peptides were indeed antimicrobial in
RDAs against Gram-negative E. coli and P. aeruginosa, Gram-
positive B. subtilis and S. aureus, as well as the fungiC. albicans
and C. parapsilosis (Fig. 1B). It is of note that the peptides dis-
played activities comparable to that of the “classic” AMP

human cathelicidin LL-37 (Fig. 1B). In contrast, the control
peptidesGGL27(S), having the central K/R residues replaced by
S, and the peptide DSE25, from the N terminus of TFPI (see
“Experimental Procedures” for sequences), yielded no antimi-
crobial effects against the abovemicrobes (supplemental Fig. 1).
The antibacterial results above were further substantiated by
matrix-free viable count assays. The results from these dose-
response experiments utilizing E. coli confirmed that particu-
larlyGGL27 andLIK17displayed significant antibacterial activ-
ity (Fig. 1C).
FACS analyses showed that plasmin-generated GGL27

avidly bound to E. coli and P. aeruginosa in human plasma (Fig.
2A). Studies employing the impermeant probe FITC showed
that LIK17 (Fig. 2B) and GGL27 (supplemental Fig. 2) perme-
abilized bacterial membranes of E. coli similarly to those seen
after treatment with LL-37 (30, 31) (Fig. 2B). Electron micros-
copy utilizingP. aeruginosa demonstrated extensivemembrane
damage, with cell envelopes of P. aeruginosa devoid of their
cytoplasmic contents, and intracellular material found extra-
cellularly (Fig. 2C). Again, similar findings were obtained with
LL-37. These data suggest that the TFPI-derived peptides act
on bacterial membranes; however, they do not demonstrate the
exactmechanistic events following peptide addition to bacteria,

FIGURE 1. Antimicrobial activities of TFPI-derived peptides. A, sche-
matic illustrating the structure of TFPI. Enzymatic cleavage sites are indi-
cated. B, antimicrobial activity (using RDA) of selected peptides against
the indicated microbes. For determination of antimicrobial activities,
E. coli ATCC 25922, P. aeruginosa ATCC 27853, S. aureus ATCC 29213, or B.
subtilis ATCC 6633 isolates (4 � 106 cfu) or C. albicans ATCC 90028 and C.
parapsilosis ATCC 90018 (1 � 105 cfu) were inoculated in 0.1% TSB agarose
gel. Each 4-mm-diameter well was loaded with 6 �l of peptide (at 100 �M).
The zones of clearance correspond to the inhibitory effect of each peptide
after incubation at 37 °C for 18 –24 h (mean values are presented, n � 3).
C, antibacterial effects of the TFPI-derived peptides and LL-37 against
E. coli ATCC 25922 in viable count assays. 2 � 106 cfu/ml bacteria were
incubated in 50 �l with peptides at the indicated concentrations in 10 mM

Tris, pH 7.4, buffer, and the cfu were determined.

FIGURE 2. Effects on bacterial membranes. A, binding of TFPI to bacterial
surfaces. The indicated bacteria (1–2 � 109 cfu/ml) were incubated with 3 �M

5-carboxytetramethylrhodamine-labeled GGL27 peptide in 500 �l of human
plasma, and samples were analyzed by FACS. B, permeabilizing effects of
peptides on E. coli. Bacteria were incubated with the indicated peptides, and
permeabilization was assessed using the impermeant probe FITC. C, electron
microscopy analysis. P. aeruginosa bacteria were incubated for 2 h at 37 °C
with 30 �M of LIK17 and LL-37 and visualized by negative staining. Scale bar, 1
�m. Control, buffer control.
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because secondary metabolic effects on bacteria also may trig-
ger bacterial death andmembrane destabilization. Therefore, a
liposome model was employed to study membrane permeabi-
lization of LIK17 and GGL27. The peptides caused CF release
(Fig. 3A), thus indicating a direct effect on lipid membranes.
Kinetic analysis showed that �80% of the maximal release
occurredwithin 5–10min, comparable to results obtainedwith
LL-37 (Fig. 3B). It is noteworthy that LIK17 and GGL27 dis-
played no significant conformational changes associated with
binding to liposomes (Fig. 3C) and only relatively minor ones
together with E. coli LPS (Fig. 3D), the latter originating from
peptide and/or LPS, contrasting to LL-37, which showed a sig-
nificant increase in helicity on liposome binding. AMPs that kill
bacteria may also exhibit hemolytic and membrane-permeabi-
lizing activities against eukaryotic cells. The results showed,
however, that there was no hemolytic activity of the TFPI-de-
rived peptides at doses of 3–60�M (Fig. 4A). This contrasted to
LL-37, which readily permeabilized erythrocytes at doses �6
�M. Likewise, the TFPI-derived peptides did not permeabilize
HaCaT cells, nor did they display any significant toxicity at the
concentrations studied (Fig. 4B).

Because the activity of many antimicrobial peptides is abro-
gated by the presence of physiological salt as well as presence of
“biomatrices” such as plasma or serum (32, 33), we also inves-

tigated the influence of salt andhumanplasmaonpeptide activ-
ity. As demonstrated in Fig. 5A, the bactericidal activity of all
three TFPI-derived peptides (GGL27, TKR22, and LIK17), par-
ticularly against E. coli, was not only retained in the presence of
human plasma, but significantly enhanced. It should here be
noted that killing of E. coli by C-terminal TFPI peptides was
recently shown to be mediated via the classic pathway and

FIGURE 3. Structure and effects on liposomes. A, effects of the indicated
peptides on liposome leakage. The membrane-permeabilizing effect was
recorded by measuring fluorescence release of carboxyfluorescein from PA
(negatively charged) liposomes. The experiments were performed in 10 mM

Tris-buffer. Values represents mean of triplicate samples. B, kinetics of CF
release from liposomes. 1 �M peptides was used. C, helical content of the
TFPI-derived C-terminal LIK16 and GGL27 peptides in the presence of nega-
tively charged liposomes (PA). LIK17and GGL27 structures were largely unaf-
fected by the addition of liposomes. D, CD spectra of LIK17 and GGL27 in Tris
buffer and in the presence of LPS. For control, CD spectra for buffer and LPS
alone are also presented.

FIGURE 4. Activities on eukaryotic cells. A, hemolytic effects of the indicated
peptides. The cells were incubated with different concentrations of the pep-
tides, 2% Triton X-100 (Sigma-Aldrich) served as positive control. The absorb-
ance of hemoglobin release was measured at � 540 nm and is expressed as %
of Triton X-100-induced hemolysis (note the scale of the y axis). Effects of
LL-37 are shown for comparison. In B, upper panel, HaCaT keratinocytes were
subjected to the indicated TFPI-peptides as well as LL-37. Cell-permeabilizing
effects were measured by the LDH-based TOX-7 kit. LDH release from the cells
was monitored at � 490 nm and was plotted as % of total LDH release. Lower
panel: the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay was used to measure viability of HaCaT keratinocytes in the pres-
ence of the indicated peptides (at 60 �M). In the assay, MTT is modified into a
dye, blue formazan, by enzymes associated with metabolic activity. The
absorbance of the dye was measured at � 550 nm.
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linked to formation of the MAC (34). Consequently, heat inac-
tivation of plasma abolished the potentiation, findings compat-
ible with previous results showing that the presence of an intact
complement systempromotes the killing of thismicrobe. Addi-
tionally, it should be noted that the TFPI-derived peptides also
mediated killing in heat-inactivated plasma, although at higher
concentrations (Fig. 5A), compatible with a direct peptide-me-

diated antimicrobial effect, as demonstrated in Figs. 2 and 3.
Interestingly, in contrast to the findings with E. coli, killing of P.
aeruginosa was not enhanced in human plasma when com-
pared with physiological buffer. Furthermore, the potentiating
effect of native plasma, when compared with heat-inactivated
plasma, was less significant (notably for GGL27 and LIK17).
The above findings were generalized using a panel of E. coli and
P. aeruginosa isolates (Fig. 5B). In addition, kinetic studies dem-
onstrated that the bacterial killing by the peptides occurred
within 5–20min indicating a fast direct action compatible with
many antimicrobial peptides (supplemental Fig. 3).
Western blot experiments (Fig. 6, A and B) and FACS analy-

ses (Fig. 6, C and D), showed that GGL27 enhanced binding of
C1q to E. coli resulting in increased formation of MAC (Fig. 6,
A,C, andD). It also induced a significant generation of C3a (Fig.
6,B–D), an anaphylatoxin previously shown to exert antimicro-
bial effects under physiological conditions against various bac-
teria, mediated by bacterial binding and membrane lysis (25).
Taken together, these observations provide a novel mechanism
for bacterial killing, based on initial bacterial binding of GGL27
(Fig. 2A), followed by boosting of formation and bacterial bind-
ing of antimicrobial C3a (Fig. 6, B–D), which therefore should
further add to the total antimicrobial effect induced by GGL27
(Fig. 5B). In contrast to these results, no significant C1q/MAC
alterations were induced after subjecting P. aeruginosa to
GGL27 (Fig. 6, A, C, and D). Considering C3a in relation to P.
aeruginosa, theWestern blots of bacteria-bound peptides iden-
tified minor C3a bands, as well as peptides of higher molecular
weight, containing the C-terminal epitope of C3a. FACS anal-
ysis showed increased generation and binding of these C3a-
containing fragments to the bacterial surface (Fig. 6, C and D).
TFPI is mostly considered a plasma protein, but is also

expressed by endothelial cells, monocytes, and macrophages
(12). Immunohistochemistry analyses showed that TFPI was
expressed in normal human skin, particularly in the basal epi-
dermal layers (Fig. 7A). Furthermore, the molecule showed a
ubiquitous expression at the wound edges of both acute
wounds and chronic leg ulcers. Chronic leg ulcers are charac-
terized by an excessive chronic inflammatory state, high levels
of proteinases (such as plasmin), and frequent bacterial coloni-
zationwithP. aeruginosa (35). Hence, we analyzed fibrin slough
from such an ulcer, infected with P. aeruginosa. As demon-
strated by electron microscopy and immunogold-labeled anti-
bodies against the C-terminal part of TFPI, these peptide
epitopes were found in association with bacterial membranes,
as well as fibrin fibers. Importantly, using double staining, C3a
was found to be particularly associated with these TFPI-pep-
tides (Fig. 7B). Hence, these in vivo data are compatible with
previous results (Fig. 6) on microbial binding of GGL27 and its
relation to enhanced generation of antimicrobial C3a in plasma
in vitro.
It is of note that the human TFPI peptides did not enhance

bacterial killing inmouse plasma (Fig. 8A). Nevertheless, a pro-
longation of survival in the mouse infection models was
observed (Fig. 8B). To delineate a possible mechanism under-
lying this observation, and considering the previously reported
LPS-binding property of TFPI (16), we investigated whether
GGL27 could exert anti-endotoxin effects in vitro and in vivo.

FIGURE 5. Activities of C-terminal TFPI-derived peptides. A, antibacterial
effects of the TFPI-derived peptides and LL-37 against E. coli or P. aeruginosa
in viable count assays. 2 � 106 cfu/ml bacteria were incubated in 50 �l with
peptides at the indicated concentrations in 10 mM Tris, 0.15 M NaCl, pH 7.4
(buffer), or in 0.15 m NaCl, 10 mM Tris, pH 7.4, containing 20% human citrate
plasma (CP), or in the same buffer but with heat-inactivated human citrate
plasma (HCP) (n � 3, S.D. is indicated). B, the indicated bacterial isolates were
subjected to GGL27 at 3 �M in buffer, native plasma (CP), or heat-inactivated
plasma (HCP) for 2 h, and the number of cfu was determined.
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FIGURE 6. The C-terminal TFPI peptide GGL27 enhances C1q, C3a, and MAC binding to E. coli. A, E. coli ATCC 25922 and P. aeruginosa 15159 bacteria were
washed, resuspended, and incubated with citrate plasma either alone or supplemented with GGL27 (at 3 �M) for 30 min or 1 h at 37 °C. The bacterial cells were
collected and washed with PBS, and bound proteins and corresponding supernatants were subjected to Tris-Tricine SDS-PAGE under reducing conditions,
followed by immunoblotting with antibodies recognizing C1q or C5b-9. CP, citrate plasma; S, supernatant or unbound bacteria; P, pellet or material bound to
bacterial cells. B, as in A, but antibodies against the C3a were used (25). In C: left panel, comparison of the mean proportion of bacteria positive for C1q/C3a
binding in citrate plasma (control, black columns) and in plasma supplemented with GGL27 (gray columns). Right panel, comparative degree of C1q and C3a
binding to E. coli and P. aeruginosa strains, expressed as means of the fluorescence index (FI; proportion of bacteria positive for C1q/C3a multiplied by the mean
intensity of C1q/C3a binding). (*, p � 0.05; **, p � 0.01; and ***, p � 0.001, t test). D, examples of flow cytometry histograms of C1q/C3a binding to E. coli and
P. aeruginosa in citrate plasma and in plasma supplemented with GGL27.
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The results showed indeed that the peptide inhibited LPS-me-
diated NO release from mouse-derived macrophages (RAW
264.7 cells) (Fig. 8C) and also significantly increased survival in
a mouse model of LPS shock (Fig. 8D). Analyses of cytokines
20 h after LPS injection, showed significant reductions of pro-
inflammatory IL-6, IFN-�, TNF-�, and MCP-1, whereas anti-
inflammatory IL-10 was increased (Fig. 8E). Furthermore, a
marked reduction of inflammation and vascular leakage in the
lungs of the GGL27-treated animals was observed (Fig. 8F). In
contrast, the two control peptides DSE25 from the N-terminal
region of TFPI, and the peptide GGL27(S), having the “core”
K/R residues substitutedwith S, did neither blockNO release in
vitro nor significantly alter overall cytokine release, as well as
survival in vivo (Fig. 8, C–E). These data demonstrate a specific

anti-endotoxic role of GGL27, compatible with the observed
improvement in the E. coli and P. aeruginosa mouse infection
models. Furthermore, the abrogated anti-endotoxic activity of
GGL27(S) also highlights the importance of the central cationic
K/R residues in this molecule. Taken together, the results are
indicative of differential and host-related effects of GGL27, a
host-independent anti-endotoxic effect and a host-dependent
and complement-based antimicrobial function, likely logical
consequences of different structural prerequisites for LPS and
complement interactions. In line with this reasoning, Fig. 9
illustrates the evolution of this region of TFPI and highlights
the conservation of the cationic “core” but also significant
sequence changes between mice and men in this C-terminal
region of TFPI.

FIGURE 7. Identification of TFPI in human skin and wounds. A, immunohistochemical identification of TFPI in normal skin, acute wound (AW), and in chronic
venous leg ulcer tissue (chronic wounds, CW). Skin biopsies were taken from normal skin (n � 3), from acute wounds (AW-1 and AW-2, 5 and 8 days after
wounding, respectively), and from the wound edges of patients with chronic venous ulcers (CW, n � 3). Representative sections are shown. In normal skin TFPI
is detected mainly in the basal layers of epidermis. TFPI in AW and CW are ubiquitously found in all epidermal layers. Scale bar, 100 �m. B, TFPI-derived peptides
are found in human wounds. Visualization of binding of C-terminal TFPI peptides to bacteria found in fibrin slough from a P. aeruginosa-infected chronic wound
surface. The peptides bind to fibrin (A), bacteria (B and C), and bacteria inside a macrophage (D). In E and F, TFPI and C3a peptides were visualized by
immunogold using gold-labeled antibodies of different sizes, specific for C3a (10 nm) and C termini of TFPI (20 nm), respectively. Evaluation of 50 bacterial
profiles showed that �70% of TFPI-molecules were associated with C3a. See inset for exemplification.
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DISCUSSION
The key findings in this study are the identification of a dual

antimicrobial activity of C-terminal TFPI peptides, based on
direct and complement-mediated bactericidal effects, the dem-
onstration of an anti-endotoxic effect, combined with the iden-

tification of TFPI in skin, its up-regulation during wounding,
and presence in wounds.
The presently disclosed direct antibacterial action of C-ter-

minal peptides of TFPI is in line with observations indicating
that heparin-binding proteins, such as complement C3 (25),
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kininogen (36, 37), heparin-binding protein (38), heparin-bind-
ing epidermal growth factor and other growth factors (39), hep-
arin/heparan sulfate-interacting protein (40), �2-glycoprotein
(41), histidine-rich glycoprotein (42), and human thrombin
(43) may, either as holoproteins or after fragmentation, exert
antimicrobial activities in vitro and, in several cases, in vivo (36,
37, 42). In addition, peptide-mediated C3a generation, along
with enhanced MAC formation, represents a mechanism by
which a host defense peptidemay selectively enhancemicrobial
killing by generation of additional complement-derived AMPs.
Recent evidence showing a significant cross-talk between the
coagulation and complement systems (44) further adds biolog-
ical relevance to the facilitated generation of C3a by the
TFPI-peptides.
Considering the C-terminal region of TFPI, peptides derived

from this region resemble other linear peptides of low helical
content. For example, antimicrobial peptides derived from
growth factors also display a low helical content in presence of
membranes, reflecting their low content of features typical of
classic helical peptides, such as regularly interspersed hydro-
phobic residues (39). Furthermore, studies on a kininogen-
derived antimicrobial peptide, HKH20 (HKHGHGHGKHKN-
KGKKNGKH) (45) showed that the HKH20 peptide displays
predominantly random coil conformation in buffer and at lipid
bilayers, the interactions dominated by electrostatics (45). It is
noteworthy that, like the TFPI-derived peptides, both HKH20
(36) and GKR22 (GKRKKKGKGLGKKRDPCLRKYK) (39), a
peptide derived from heparin-binding growth factor, retain
their antibacterial activity at physiological conditions. In
relation to the above, it is interesting that recent studies
indicate that certain low amphipathic peptides exhibit activ-
ity mainly by strong electrostatic interactions, e.g. leading to

negative curvature strains, to
membrane thinning, or to the for-
mation of lipid domains, some-
times resulting in bacterial mem-
brane fluidity changes affecting
biological function (46).
As previously mentioned, many

antimicrobial peptides, including
LL-37 (31), C3a (25), thrombin- and
kininogen-derived peptides (36, 37,
43), are released during proteolysis.

Considering TFPI, enzymes such as plasmin and thrombin
release distinct C-terminal fragments of relevance for physio-
logical events, such as wounding. Therefore, TFPI-derived pep-
tides generated in fibrin clots by thrombin (20) may contribute
to antimicrobial activity during wound healing. Furthermore,
subsequent proteolysis by plasmin (generating GGL27) (21)
may further add to the spectrum of host defense peptides
released. As mentioned above, it is of note that TFPI, in addi-
tion to its synthesis in microvascular endothelial cells and sub-
sequent occurrence in the endothelium, plasma, and platelets,
is also produced by the liver, and found in monocytes and
macrophages (12). Production of TFPI has also been demon-
strated in capillaries, megakaryocytes, several cell lines, as well
as neoplastic cells. This evidence combined with a marked up-
regulation of TFPI during wounding of human skin, as well as
its occurrence in fibrin and on bacteria, suggests that high local
levels of endogenous TFPI peptides may occur in vivo. The
finding that the peptides were particularly active in human
plasma against E. coli, and to a lesser extent against P. aerugi-
nosa, is particularly relevant and interesting, in the light of the
ubiquitous occurrence of P. aeruginosa in chronic leg ulcers,
contrasting to the very sparse E. coli colonization in these
wounds (35, 47). Furthermore, based on the demonstration that
bacterial omptins (such as OmpT from E. coli) may release
GGL27 fragments from TFPI, it was recently proposed that
TFPI has evolved sensitivity to omptin-mediated proteolytic
inactivation to potentiate procoagulant responses to E. coli
infection in certain conditions (48). Our data further substan-
tiate this hypothesis by adding another host-response mecha-
nism to E. coli infection: OmpT-mediated generation of the
host defense peptide GGL27.

FIGURE 8. In vitro and in vivo effects of GGL27. A, 2 � 106 cfu/ml E. coli were incubated in 50 �l with GGL27 peptide at the indicated concentrations in 10 mM

Tris, pH 7.4, buffer (Buffer), or in 0.15 m NaCl, 10 mM Tris, pH 7.4, containing 20% human citrate plasma (CP), or in the same buffer but with mice citrate plasma
(Balb/c or C57B/6) (n � 3, �S.D. is indicated). B, the GGL27 peptide prolongs survival in E. coli- and P. aeruginosa-infected mice. Mice were injected intraperi-
toneally with E. coli or P. aeruginosa bacteria. In the E. coli infection model GGL27 (200 �g) or buffer alone was injected intraperitoneally after 30 min (n � 10 in
each group, p � 0.001, Kaplan-Meier Survival Analysis Log-Rank test). In the P. aeruginosa infection model GGL27 (500 �g) or buffer alone was injected
subcutaneously after 1 h (n � 8 in each group, p � 0.001, Kaplan-Meier Survival Analysis Log-Rank test). C, GGL27 inhibits NO production. RAW264.7 mouse
macrophages were stimulated with LPS from E. coli (left panel) or P. aeruginosa (right panel) in presence of GGL27 or the two control peptides GGL27(S) and
DSE25 at the indicated concentrations. The difference between GGL27 and the control peptides is statistically significant (p � 0.01). D, GGL27 significantly
increases survival in LPS-induced shock. Mice were injected with E. coli LPS followed by intraperitoneal administration of GGL27 (500 �g). Buffer and the
peptides GGL27(S) and DSE25 (500 �g) served as controls. Survival was followed for 7 days (GGL27, n � 16; buffer, n � 15; GGL27(S), n � 8; DSE25, n � 8; the
difference between GGL27 and buffer, or the control peptides, is significant, p � 0.01, Kaplan-Meier Survival Analysis Log-Rank test). *, indicates that the lines
for GGL27(S), DSE25, and buffer are overlaid. E, GGL27 attenuates pro-inflammatory cytokines. In a separate experiment, mice were sacrificed 20 h after
intraperitoneal injection of LPS followed by treatment as above with GGL27 (500 �g), buffer, or the control peptides GGL27(S) or DSE25, and the indicated
cytokines were analyzed in blood (control, n � 8; GGL27, n � 12; GGL27(S), n � 7; DSE25; n � 8). In all cases, the difference between GGL27-treated animals and
buffer was significant. p values for the respective cytokines are IL-6, 0.0023; TNF-�, 0.0018; IFN-�, 0.0002; MCP-1, 0.0002; and IL-10, 0.0023. There was a
significant difference between controls and GGL27(S) with respect to IFN-�. F, lungs were analyzed 20 h after intraperitoneal LPS injection followed by
treatment with GGL27 (500 �g) or buffer. Histochemical analysis shows marked attenuation of inflammatory changes in GGL27-treated lungs (a representative
lung section is shown).

FIGURE 9. Evolution of TFPI. The phylogenetic tree and sequence similarities show that TFPI in Homo sapiens,
Pongo abelii, and Sus scrofa are closely related.
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Simultaneous control of inflammation and coagulation plays
a key role in maintaining homeostasis, and it is notable that
trials utilizing recombinant TFPI indicate that the protein pro-
tects from E. coli-induced severe sepsis (49), and furthermore,
TFPI is also under evaluation in a phase III clinical trial involv-
ing patients with severe community-acquired pneumonia. In
this context, it is interesting to note that the here observed
anti-endotoxic effect of GGL27 in vitro and in vivomay explain,
at least partly, the previously observed protective effects of
TFPI during E. coli sepsis (49). The current findings showing
direct and indirect, MAC- and C3a-mediated, antimicrobial
effects of the C-terminal epitope of TFPI, GGL27, may have
implications for future attempts in designing and developing
peptide-based therapeutics combating severe infection. Finally,
the finding that the TFPI-peptide did not significantly enhance
bacterial killing inmouse plasma ex vivo as well as increase total
survival during bacterial sepsis (although a prolonged survival
was observed), illustrates that mouse models might be disad-
vantageous when it comes to assessing certain aspects of the
physiological roles of humanC-terminal TFPI peptides, such as
those involving complement-mediated bacterial clearance.
Interestingly, whereas the TFPI-� form (having the C-terminal
cationic sequence) is the predominant form in humans, mice
appear to largely produce TFPI-� (a form lacking the C-termi-
nal sequence) (50), an observation compatible with the above-
mentioned evolution of unique C-terminal and OmpT-releas-
able peptides in humans.
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