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Proteolytic Activation Transforms Heparin Cofactor II into

a Host Defense Molecule

Martina Kalle,*! Praveen Papareddy,*' Gopinath Kasetty,* Douglas M. Tollefsen,’
Martin Malmsten,* Matthias Miirgelin,§ and Artur Schmidtchen*

The abundant serine proteinase inhibitor heparin cofactor II (HCII) has been proposed to inhibit extravascular thrombin. However,
the exact physiological role of this plasma protein remains enigmatic. In this study, we demonstrate a previously unknown role for
HCII in host defense. Proteolytic cleavage of the molecule induced a conformational change, thereby inducing endotoxin-binding
and antimicrobial properties. Analyses employing representative peptide epitopes mapped these effects to helices A and D. Mice
deficient in HCII showed increased susceptibility to invasive infection by Pseudomonas aeruginosa, along with a significantly
increased cytokine response. Correspondingly, decreased levels of HCII were observed in wild-type animals challenged with
bacteria or endotoxin. In humans, proteolytically cleaved HCII forms were detected during wounding and in association with
bacteria. Thus, the protease-induced uncovering of cryptic epitopes in HCII, which transforms the molecule into a host defense
factor, represents a previously unknown regulatory mechanism in HCII biology and innate immunity. The Journal of Immu-

nology, 2013, 190: 6303-6310.

eing the most abundant proteinase inhibitors in humans,

serine proteinase inhibitors (serpins) regulate multiple

proteolytic pathways in blood and tissues (1). Anti-
thrombin III (ATIII) and heparin cofactor I (HCII), which are both
present in human blood, inhibit proteases of the coagulation cas-
cade (1, 2). Although current data indicate a pivotal role for ATIII in
coagulation control, much less is known about the function of HCIL
For example, although inherited deficiency of ATIII is clearly as-
sociated with thrombotic disorders, neither humans nor mice defi-
cient in HCII present any evidence for thrombophilia under normal
conditions (2-4). However, both ATIII and HCII interact with
heparin and other glycosaminoglycans in a similar manner, under-
going significant conformational changes that facilitate protease
inhibition by the common serpin mechanism (1, 5). In contrast
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to ATIII, however, HCII exploits its conformational mobility in
a unique way. HCII has an unusual N-terminal acidic region, which,
upon binding of HCII to glycosaminoglycans, is expelled from the
molecules’ cationic site, followed by proteolytic scission of the
flexible N-terminal tail (6). Proteolysis of HCII by leukocyte
elastase subsequently releases chemoattractant peptides derived
from the N-terminal tail (7). Thus, although HCII shares similar
overall conformational characteristics with other serpins, mounting
evidence suggests that HCII may have evolved novel biological
functions (1). For instance, although ATIII levels are reduced in
almost all conditions associated with disseminated intravascular
coagulation, reduced plasma levels of HCII are primarily detected
during infection (8-11). Increasing evidence pointing toward a
close link between hemostasis, proteolysis, and host defense (12—
17) raised the hypothesis that HCII could play a role in host defense
against infections.

Materials and Methods

Proteins, peptides, and patient materials

Human HCII was obtained from Enzyme Research Laboratories. The peptides
KYE28 (KYEITTIHNLFRKLTHRLFRRNFGYTLR), GKS26 (GKSRIQR-
LNILNAKFAFNLYRVLKDQ), LKG23 (LKGETHEQVHSILHFKDFVN-
ASS), SDP18 (SDPAFISKTNNHIMKLTK), and SGM22 (SGMKTLEAQL-
TPRVVERWQKSM) were synthesized by Biopeptide Co. (San Diego, CA)
(>95% purity). Human acute and chronic wound fluids and chronic wound
sloughs (CWS) were collected as previously described (18). The project was
approved by the ethics committee, Lund University Hospital, and written
consent was obtained from the patients.

Microorganisms and cells

Bacterial isolates of Escherichia coli ATCC 25922 and Pseudomonas
aeruginosa 15159 were obtained from the Department of Bacteriology,
Lund University Hospital, and cultured in Todd-Hewitt (TH) broth.

Degradation of HCII

HCII (13.5 pg, 0.6 pg/ml) was incubated with human leukocyte elastase
(HLE) (0.3 pg, sp. act. 20 U/pg; Calbiochem) in a total volume of 45 pl
10 mM Tris (pH 7.4) at 37°C for 30 min. HCII degradation in wound fluid
was assessed by incubation of wound fluid with different concentrations of
HLE at 37°C for 1 h. The material was then subjected to SDS-PAGE under
reducing conditions followed by immunoblotting.
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Detection and analysis of HCII and HCII fragments

For sample separation with SDS-PAGE, 16.5% Tris-tricine gels (Bio-Rad)
were used, followed by staining with Coomassie brilliant blue. For iden-
tification of HCII fragments in chronic leg ulcer wound fluids, 1.5 pl sample
was analyzed by SDS-PAGE under reducing conditions. Proteins from
mouse tissues were isolated using a protein purification kit (Total Protein
Extraction Kit; Chemicon International). For detection of HCII during
infection ex vivo, human or mouse blood or human citrate plasma was
infected with P. aeruginosa 15159 (1:10 v/v inoculum/blood or plasma)
grown overnight in TH broth. Samples were incubated on rotation, and for
the blood samples, the material was centrifuged and plasma was prepared.
Material incubated for 0, 2, 4, and 6 h was then subsequently subjected to
analyses by SDS-PAGE and Western blot. Subsequent to separation by SDS-
PAGE, proteins and peptides were transferred to nitrocellulose membranes
(Hybond-C; GE Healthcare). Membranes were blocked by 3% (w/v)
skimmed milk, washed, and incubated with polyclonal anti-human HCII
(1:1000) or anti-mouse HCII Abs (1:1000; R&D Systems). After washing,
HRP-conjugated secondary Abs (1:2000; DakoCytomation) were applied,
and HCII bands were visualized by the Supersignal West Pico Chemi-
luminesent substrate developing system (Thermo Scientific). In pulldown
assays, E. coli bacteria (1 to 2 X 10° CFU) were incubated with native or
HLE-cleaved HCII for 2 h at 37°C. Heparin (10 mg/ml) was added for
binding competition. After centrifugation, the bacterial pellet was washed
with PBS, and bound proteins were eluted with 0.1 M glycine-HCI (pH 2).
The pH of the eluted material was raised to 7.5 with 1 M Tris. Eluted
proteins were precipitated by addition of 100 wl TCA to 400 pl sample,
followed by incubation for 30 min on ice and centrifugation at 15,000 X g
(4°C for 30 min). Precipitated material and supernatants were dissolved in
SDS sample buffer and analyzed under reducing conditions followed by
Western blot. For quantification of HCII in mouse plasma a commercial
ELISA (USCN Life Science) was used.

LPS binding

Peptides (1, 2, and 5 pg) or proteins (2 and 5 ng) were bound to nitro-
cellulose membranes (Hybond-C; GE Healthcare). Membranes were blocked
by 2% BSA in PBS (w/v) for 1 h at room temperature (RT) and subse-
quently incubated for 1 h with '*’I-labeled LPS (0.13 X 10° cpm/pg) with
or without unlabeled heparin (6 mg/ml). After incubation, membranes
were washed with PBS, and the radioactivity was visualized using a Bas
2000 radioimaging system (Fuji).

Fast protein liquid chromatography

Fifteen micrograms native or digested HCII was subjected to fast protein
liquid chromatography (AKTA purifier; GE Healthcare) using a HiTrap 1 ml
Heparin HP column (Amersham Biosciences). After injection, samples
were eluted with a linear gradient of 0-0.8 M NaCl in 10 mM Tris (pH 7.4).

HPLC

Peptide/protein fragments of HCII, digested with HLE, were separated by
HPLC (Series 200; PerkinElmer) on a reversed-phase column (Brownlee
Bio C18 5 wM 250 X 4.6 mm; PerkinElmer). After injection, samples were
eluted with a gradient of acetonitrile in 0.1% aqueous trifluroacetic acid at
1 ml/min. Fractions were collected and stored at —80°C. Samples were
freeze-dried, dissolved in water, and analyzed by radial diffusion assay
SDS-PAGE, or for binding to '**I-labeled LPS by a slot blot assay.

Antimicrobial assays

Direct antimicrobial effects of HCII, HCIIa (HLE-cleaved HCII), or HCII-
derived epitopes against E. coli ATCC 25922 and P. aeruginosa 15159 in 10
mM Tris HCI (pH 7.4) or by radial diffusion assay were determined as
described earlier (13, 19). For determination of bacterial growth in citrated
mouse blood, blood samples from HCII"*or HCII knockout (HCIT /™)
mice, or from HCII™’~ mice supplemented with 100 pwg/ml HCII, were
infected with P. aeruginosa 15159 grown overnight in TH medium (1:10 v/v
inoculum/blood, yielding an initial 1.7 X 10° CFU/ml at t = 0) and incubated
under rotation at 37°C, and the number of CFU was determined after 6 h.

Flow cytometry analysis

E. coli bacteria (1 to 2 X 10° CFU) were incubated with buffer or native or
cleaved HCII with or without heparin for 30 min at 37°C. The samples
were then divided equally, centrifuged, washed, and resuspended in PBS
with or without rabbit polyclonal Abs against human HCII. After incu-
bation for 1 h at RT, bacteria were pelleted, washed, and incubated in PBS
containing FITC-labeled goat anti-rabbit IgG Abs (1:500; Sigma-Aldrich)
for 30 min at RT. The bacterial population was selected by gating with
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appropriate settings of forward scatter and side scatter. Flow cytometry
analysis was performed using an FACSCalibur (BD Biosciences) and the
Cell Quest acquisitions software (BD Biosciences).

Circular dichroism spectroscopy

Circular dichroism spectra were measured by a Jasco J-810 Spectropo-
larimeter (Jasco, Easton, MD). Measurements were performed in at least
duplicate at 37°C in a 10-mm quartz cuvette under stirring with a peptide
concentration of 10 wM. The effect on peptide secondary structure of LPS
at a concentration of 0.2 mg/ml was monitored in the range of 200-260 nm.
To account for instrumental differences between measurements, back-
ground subtraction was performed routinely. Signals from the bulk solution
were also corrected for.

Electron microscopy

For transmission electron microscopy and visualization of HCII effects on
bacteria, E. coli or P. aeruginosa (1 to 2 X 10° CFU/sample) was incu-
bated for 2 h at 37°C in the absence or presence of heparin (10 mg/ml) and
with: 1) HCII (8 ng) incubated with buffer or HLE (0.3 pg) for 30 min; or
2) human acute wound fluid (5 wl) incubated alone or supplemented with
HLE (2.5 pg) for 1 h. To study HCII interactions with LPS, HCII was
digested in 10 mM Tris (pH 7.4) as described in the first point above,
followed by incubation with heparin or buffer (5 min at RT, 1:2 ratio)
before the addition of LPS (1:1 ratio) for 5 min at RT. For the negative
staining, suspensions were adsorbed onto 400 mesh carbon-coated copper
grids and stained with 0.75% (w/v) uranyl formate as described previously
(13). Fibrin slough from patients with chronic venous ulcers (CWS) was
processed as recently described (13). The labeling of HCII was performed
using polyclonal goat Abs against human HCIL, in combination with gold-
labeled EM rabbit anti-Goat IgG (H&L) and 20 nm Au (BB International).
All samples were observed in an FEI Tecnai BioTWIN (North America
NanoPort, Hillsbro, OR) transmission electron microscope operated at 60
kV accelerating voltage on a nitrogen-cooled stage (=—140°C). Images
were recorded with an Eagle 2k CCD camera (FEI) and the TIA acquisi-
tions software. To quantify colocalization of HCII/HCIIa with LPS, a total
of 300 HCII molecules in five different view fields were observed and
presented as percentage binding.

Fluorescence microscopy

The impermeant probe FITC (6 pg/ml FITC; Sigma-Aldrich) was used to
study membrane permeabilization of E. coli ATCC 25922 (1 X 107 CFU/
ml) by HCII (3 wM), HLE-cleaved HCII (3 uM), HLE (0.2 pg/ml), or
HCII-derived epitopes (30 wM) in 10 mM Tris (pH 7.4). The sample
preparation and analysis was performed as described earlier (13).

Animal models

All animal experiments were approved by the Laboratory Animal Ethics
Committee of Malmo/Lund, Sweden. The animals were purchased from
the animal facility in Lund and housed under standard conditions of light
and temperature with free access to laboratory chow and water. C57BL/6
wild-type (HCII**) and HCII ™/~ (3) mice were infected with P. aerugi-
nosa 15159 bacteria either i.p. (2 X 10® CFU/mouse) or s.c. (0.4-1 X 10°
CFU/mouse) or injected with 12 mg/kg E. coli LPS (O111:B4; Sigma-
Aldrich). To study bacterial dissemination to target organs, spleen, liver,
and kidney were harvested in PBS, placed on ice, homogenized, and
subsequently CFUs were determined. Cytokines in blood, coagulation
parameters, and HCII protein levels were determined 12-20 h after bac-
terial infection or LPS challenge.

Platelet analysis

Mouse blood (EDTA anticoagulated) was taken by cardiac puncture, and
the number of platelets was determined with the VetScan HM5 System
(Triolab).

Coagulation assays

All clotting times were analyzed using a coagulometer (Amelung, Lemgo,
Germany). Activated partial thromboplastin time (aPTT) was measured by
incubating 50 pl citrated plasma for 1 min followed by the addition of 50
w1 Dapttin (Technoclone) for 200 s at 37°C. Clotting was initiated by the
addition of 50 pl CaCl, (30 mM). For the prothrombin time (PT), clotting
was initiated by addition of 50 wl TriniClot-PT Excel (Trinity Biotech).

Cytokine assay

The levels of IL-6, IL-10, MCP-1, IFN-v, and TNF-a were assessed using
the Mouse Inflammation Kit (BD Biosciences) according to the manu-
facturer’s instructions.
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Statistics

CFU data from several ex vivo or in vivo experiments were pooled, and
the median is indicated. In other experiments, data are presented as mean
from two to three experiments, and error bars indicate SEM. Statistical
significance was evaluated with GraphPad Prism software 5.0 (Graph-
Pad) using the Mann—Whitney U test with *p < 0.05, **p < 0.01, and
##%p < 0.001.

Results
Cleaved HCII binds to LPS and bacteria

We first set out to determine the properties of HCII and its cleaved
form with focus on possible bacterial interactions. Digestion of
pure HCII with human leukocyte elastase (HLE) yielded one major
truncated HCII form with a m.w. ~50 kDa, designated HCIIa
below, which was promptly generated and appeared to be stable
during the course of the digestion. Along with this, minor frag-
ments of lower molecular weights were identified (Fig. 1A, Sup-
plemental Fig. 1A-C). Notably, HCIIa exhibited significantly
higher affinity for heparin in comparison with the intact molecule
(Fig. 1B), which is consistent with previous reports (20, 21). Given
the scission of the N-terminal, anionic fragment (having net charge
[Znet] —19) from HCII (total z,.; —5), calculations showed that the
residual HCIla was highly cationic (z,e, +14). Considering the
observed increase in heparin affinity and charge, enhanced inter-
actions with other anionic components, such as LPS, the main
outer cell wall component of Gram-negative bacteria, seemed
likely. In experiments addressing this, we found that in contrast to
HCII, HCIIa indeed bound LPS, and the interaction was com-
pletely blocked by an excess of heparin (Fig. 1C). Correspond-
ingly, FACS analyses demonstrated that only HCIla bound to
Gram-negative Escherichia coli bacteria, as illustrated by an in-
crease in fluorescence intensity as compared with intact HCII, and
that heparin inhibited this binding (Fig. 1D). Taking into account
the presence of multiple minor fragments, including the possible
release of the N-terminal tail of HCII (7), we set out to define the
major HCII form bound to bacteria. By again exploiting the af-
finity to E. coli, this time using a pulldown assay (coprecipitation
of HCII with bacteria), we identified the ~50 kDa, HLE-
releasable, HCIla form as the major form bound, whereas intact
HCII showed no affinity to bacterial cells (Fig. 1E). Compatible

FIGURE 1. Proteolytically cleaved HCII binds to A

LPS and bacteria. (A) SDS-PAGE analysis of HCII

subjected to HLE. Incubation times are indicated. (B) kDa
Comparison of heparin binding of HCII (black) and 55-
HLE-digested HCII (blue) using heparin affinity 45-
chromatography (fast protein liquid chromatogra-
phy). (C) Slot blot analysis for detection of binding
of HCII, HCIla (HCII+HLE), and HLE to '*I-la-
beled LPS with or without heparin. (D and E)
Analyses of interaction between HCII or HLE-
cleaved HCII and E. coli bacteria in presence or
absence of heparin. (D) The interaction between E.

HCII+HLE
0 5 305
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with the above results (Fig. 1C, 1D), heparin abolished the HCII
binding to E. coli.

Cleaved HCII is antimicrobial

Whether binding to bacterial surfaces leads to direct bacterial killing
was addressed by using E. coli bacteria for detection of possible
antibacterial effects. As judged by radial diffusion assay, digestion
of HCII with HLE yielded antimicrobial activity after 5 min di-
gestion, and the effect was retained after extended incubation with
the enzyme (Fig. 2A). Likewise, using viable counts, a direct an-
timicrobial activity was detected for cleaved HCII, but not for the
intact form, at HCII concentrations close to physiological levels
(=1.5 pM) (11) (Fig. 2B). Similar results were obtained using
Gram-negative P. aeruginosa bacteria (Supplemental Fig. 2A).
Analyses after HPLC purification of cleaved HCII demonstrated
that the isolated ~50 kDa HCIla molecule was of relatively high
hydrophobicity, that it bound LPS, and was antimicrobial (Sup-
plemental Fig. 1D), further linking the above antibacterial activities
to HClIla. At the ultrastructural level, only HCIla caused disruption
of bacteria, leading to disintegration and expulsion of cytoplasmic
components (Fig. 2C). Bacteria incubated with HCIIa and heparin
did not show any membrane damage and were similar to controls
(Supplemental Fig. 2B). These results were similar to the bacterial
destruction caused by membrane-acting antimicrobial peptides (12,
14, 15, 22). Correspondingly, studies using the impermeant fluo-
rescent probe FITC demonstrated that only HCIla caused mem-
brane permeabilization of bacterial cells (Fig. 2D). Taken together,
these results demonstrate that the generation of HCIla by HLE
is a prerequisite for binding to LPS and bacteria, bacterial per-
meabilization, and, ultimately, bacterial killing.

Proteolysis of HCII induces a conformational change
facilitating LPS binding

The observations of a dramatic functional change of HCII upon
cleavage by HLE, adding new LPS-binding and antibacterial capa-
bilities to the molecule, and the fact that addition of heparin seemed
to completely inhibit these effects suggested that release of the N-
terminal acidic tail of HCII facilitates the uncovering of a heparin
binding region of HCII, possibly by a conformational change,
which subsequently mediates the host defense activities of HCIIa.
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FIGURE 2. Proteolytically cleaved HCII exerts
antimicrobial effects. (A) Evaluation of antimicro-
bial activity of HLE, HCII, or HCIlIa (HCII+HLE)
against E. coli bacteria using a radial diffusion assay.
Inhibition zones (as illustrated above graph) were
measured and presented as means * SD (n = 3). (B)
Antimicrobial effect of HCII preparations against E.
coli in viable count assays. Bacterial survival (%) is
shown as mean values = SEM (n = 3). (C) Analysis
of E. coli treated with HCII or HLE-cleaved HCII in
10 mM Tris (pH 7.4) using electron microscopy. (D)
Fluorescence microscopy analysis of E. coli bacteria
subjected to HCII, HCII+HLE, and HLE in 10 mM
Tris (pH 7.4). Permeabilization was assessed using
the impermeant probe FITC. Top panel: Nomarski
images; bottom panel: fluorescence microscopy
images of the same view fields (original magnifica-
tion X100).

HLE HClI

E. coli

Indeed, electron microscopy studies of single HCII molecules
demonstrated that intact HCII presented a horseshoe-like structure,
in contrast to the HLE-cleaved form, which assumed an almost
stretched, linear shape (Fig. 3, fop panel). Moreover, the majority
of HClIIa forms (67 * 12%) were found to bind LPS (thin fibrillar
structures) (Fig. 3, middle panel, particularly clearly seen in the
right panel insets). In contrast, only 18 = 6% of the intact HCII
molecules colocalized with LPS. Compatible with the above an-
tibacterial experiments, the addition of heparin blocked the binding
of LPS to HCIIa (11 £ 5% colocalization), similar to the levels
observed for intact HCII and heparin (8 = 4% colocalization) (Fig.
3, bottom panel), further indicating that a conformational change
induced by proteolysis of HCII exposes a heparin- and LPS-binding
region in the molecule.

Definition of HCII epitopes mediating the antibacterial effects

HCII has two heparin-binding regions, located to the cationic and
amphipathic helices A and D (6). To further define the epitopes
responsible for the LPS-binding and antibacterial actions of intact
HClIa, peptides comprising those two helices, but also the other
exposed helical regions of HCII (marked by different colors
in Fig. 4A), were synthesized. Initial experiments using a slot-
binding assay demonstrated that peptides from helix A and to a
higher extent, helix D, bound LPS (Fig. 4B). The binding could
be blocked by excess heparin (Fig. 4B, bottom panel), further
verifying the overlap between heparin- and LPS-binding activities
of HCII. These results corresponded to the LPS-binding data for
HClIa (Figs. 1C, 3). For both helix A and D peptides (GKS26 and
KYE2S8, respectively), circular dichroism spectra revealed an in-
duction of a helical conformation in the presence of E. coli LPS
(Supplemental Fig. 3A). Furthermore, the helix A and D peptides
were antibacterial in viable count assays using E. coli (Fig. 4C)
and P. aeruginosa bacteria (Supplemental Fig. 3B), and it was
notable that the doses required were compatible with those found
to be effective for HCIla-mediated killing of these bacteria. Fi-
nally, using E. coli, only peptides of helix A and D exerted per-
meabilizing effects on the bacteria (Fig. 4D). In summary, these
data demonstrate that helix A and D mediate the LPS-binding and
bactericidal effects of HCIIa.
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o83
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HCII plays a role in protection against P. aeruginosa infection
in vivo

To explore the physiological significance of the above findings,
a series of experiments using HCII"/~ and wild-type C57BL/6
(HCII**) mice were subsequently performed. First, we investi-
gated whether a lack of HCII affects bacterial growth ex vivo. The
results revealed that P. aeruginosa bacteria indeed showed en-
hanced growth in whole blood from HCII ™/~ mice when com-
pared with blood from HCII*'* mice. Addition of physiological
amounts of HCII to blood from HCII '~ mice restored the bac-
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FIGURE 3. Cleavage of HCII induces a conformational change and LPS
binding. Electron micrographs showing intact HCII or HLE-cleaved HCII
(HCIIa), which were incubated with LPS or LPS with heparin or buffer
only. Arrows: white, native HCII; blue, HCIIa; and yellow, LPS.
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terial numbers in blood to those observed for normal controls (Fig.
5A). Hypothetically, the effects of HCII, as described in Fig. 5A,
could be related to the molecule’s inhibitory effect on thrombin
and hence, interference with coagulation. However, coagulation
assays showed a similar prolongation of the aPTT and PT in both
groups, indicating a similar activation of the coagulation system in
plasma derived from HCII*"* and HCII/~ mice during infection
ex vivo (Supplemental Fig. 4A). In separate experiments aimed at

FIGURE 5. HCII suppresses bacterial growth
ex vivo and in vivo. (A) P. aeruginosa was grown
in blood from HCII*or HCII™/~ mice or from
HCII™'~ mice supplemented with 100 wg/ml
HCII [HCII "/~ (+)]. The number of CFU at t =
0 was 1.7 X 10°. After incubation for 6 h, the
number of CFU was evaluated [HCIT™*, n = 19;
HCII /", n = 18; HCII '~ (+), n = 13]. (B-E)
HCII™* and HCII ™/~ mice were infected i.p.
with P. aeruginosa, and analyses were per-
formed after 12 h. Bacterial counts (HCII™*, n =
17; HCII_/_, n = 21) (B), cytokines in plasma
(HCII**, n=8; HCII /™, n = 8) (C), and platelet
counts (HCIT**, n = 17; HCII '™, n = 18) (D) in
comparison with noninfected mice (HCIT™*, n =
9; HCII_/_, n = 8). (E) Determination of aPTT
and PT coagulation times (HCII**, n = 7;
HCII/~, n=8). (F) Bacterial counts in organs of
HCII™* and HCII™'~ mice s.c. infected with
P. aeruginosa (HCII"*, n= 13; HCII '~ n=15).
In bar diagrams, data are presented as means =
SEM. #*p < 0.05, **p < 0.01, ***p < 0.001.
P. aer, P. aeruginosa.

>

cfuiml (log)

O

pg/ml (log)
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FIGURE 4. Definition and functional analyses of HCII-derived peptides. (A) Illustration of HCII structure. Exposed helical peptide regions are indicated:
helix A, GKS26 (green); helix D, KYE28 (orange); helix H, SGM22 (magenta); helix F, SDP18 (cyan); and helix C, LKG23 (yellow). (B) Slot blot assay for
detection of binding of the indicated HCII-derived peptides to '*’I-labeled LPS in the presence or absence of heparin. (C) Antimicrobial activity of HCII
peptides against E. coli in 10 mM Tris, 0.15 M NaCl, with or without 20% citrate plasma. Bacterial survival (%) is presented as mean values = SEM (n =
3). (D) Analysis of permeabilizing effects of HCII-derived peptides. E. coli bacteria were incubated with the indicated peptides and permeabilization
assessed using the impermeant probe FITC. Top panel: Nomarski images; bottom panel: fluorescence microscopy images of the same view fields (original

w

detecting HCII fragmentation during infection ex vivo, human or
mouse blood was incubated with P. aeruginosa up to 6 h. Western
blot analysis of samples taken every second hour showed that not-
withstanding levels of intact HCII were reduced, no cleaved forms
were detected in blood postinfection (Supplemental Fig. 4B). In
contrast, HCII fragments were indeed detected, when human plasma
was subsequently infected with P. aeruginosa (Supplemental Fig.
4C). Taken together, these results imply that bacteria-bound HCII
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is rapidly cleared in blood. Furthermore, the fact that HCII degra-
dation occurred in (cell-free) plasma suggests that HCII is also
sensitive to bacterial and/or other plasma-derived proteases.

To investigate a potential anti-infective role for HCII in vivo,
HCII** and HCII™'~ mice were infected i.p. with P. aeruginosa
bacteria, and bacterial dissemination was recorded in spleen,
kidney, and liver (Fig. 5B). Analogously to the ex vivo experi-
ments, significantly higher bacterial levels were observed in
HCII’~ mice when compared with control mice. This was ac-
companied by significantly elevated levels of cytokines in mice
deficient of HCII, particularly IL-6 and IFN-y (Fig. 5C). A sig-
nificant reduction in platelet counts (Fig. 5D), but no alterations
in PT and aPTT, was observed in HCII "/~ animals vis-a-vis
controls (Fig. SE). In an infection model using s.c. administration
of bacteria, HCII '~ mice also displayed higher bacterial counts
in the analyzed organs compared with wild-type animals (Fig. 5F).
Thus, these results indicate that the major role of HCII in vivo is
related to bacterial clearance and not coagulation control.

HCII levels are reduced and fragmented forms are present
during infection in vivo

We further hypothesized that if HCII interacts directly with bac-
teria, the levels of HCII should be reduced during bacterial in-
fection in vivo, analogously to the observations in infected blood
ex vivo. Thus, plasma samples taken at different time points from
C57BL/6 mice challenged with LPS, or infected with P. aerugi-
nosa, were analyzed for HCII. Indeed, a reduction in plasma levels
of HCII, as detected by Western blot (Fig. 6A) and ELISA (Fig.
6B), was observed over time. In the organs analyzed, reduced
levels of HCII, particularly in kidney and liver, were also observed
(Fig. 6C). We next investigated whether intact or proteolytically
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cleaved forms of HCII could be detected under inflammatory
conditions, such as wounding. The results showed that intact HCII
was found in wound fluids collected from patients with acute surgical
wounds (Fig. 6D, left panel). Notably, addition of increasing amounts
of HLE to these wound fluids, thus simulating conditions with ex-
cessive inflammation, such as those observed during infection, yielded
fragments similar to the HLE-cleaved HCIIa forms described
previously (Fig. 6D, middle panel) (21). Chronic wounds represent
a clinical situation characterized by a high influx of neutrophils
and excessive and uncontrolled levels of HLE (18, 23). Given this,
wound fluids from these patients were investigated for HCII, and,
as shown in Fig. 6D, right panel, these fluids contained mostly
forms similar to HCIIa, indicative of a unique compartmentaliza-
tion of HCIla generation to specific microenvironments charac-
terized by high inflammation. To further investigate the association
of HCIla with bacteria under physiological conditions, acute wound
fluid was incubated with P. aeruginosa bacteria with or without
HLE. Electron microscopy analysis using gold-labeled Abs di-
rected against HCII demonstrated that elastase activation of HCII
significantly increased its binding to bacteria (Fig. 6E, Supple-
mental Fig. 2C). Correspondingly, analysis of HCII in fibrin slough
derived from a patient wound infected with P. aeruginosa showed
that the molecule was indeed associated with bacterial surfaces
(Fig. 6F), corresponding to the in vitro data presented in Fig. 1 on
binding to bacteria. In summary, the data obtained from the mouse
models indicate that the observed decrease, particularly of HCII
plasma levels, is compatible with an extravascular consumption
of HCII during infection and associated release of endotoxins,
which is also compatible with observations of reduced HCII levels
in humans during infection (8-10). Furthermore, the data with
human wound fluids show that HCII, although present during
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FIGURE 6. Detection of HCII during infection and inflammation. (A—C) C57BL/6 (HCII*"*) mice were injected i.p. with P. aeruginosa bacteria or E. coli
LPS. Mice were sacrificed at indicated time points, and blood and organs were taken for analysis. (A) Western blot analysis of HCII in mouse plasma taken
at the indicated time points from animals infected with P. aeruginosa or subjected to LPS. (B) Analysis of HCII levels in plasma of control mice and plasma
of mice infected for 12 h with P. aeruginosa or challenged for 20 h with E. coli LPS. The data are presented relative to HCII levels in controls (n = 10, mean *=
SEM is presented). (C) HCII levels in organs derived from mice either infected with P. aeruginosa (P. aer) or subjected to LPS. Tissues were collected at
indicated times posttreatment, and detection was performed using Western blot analysis. -actin levels in these tissues are shown for comparison (rep-
resentative blots out of three experiments are shown). (D) Analysis of HCII in citrate plasma (CP) and various wound fluids by SDS-PAGE and Western blot
using polyclonal Abs against HCII. Left panel: HCII detection in CP and six acute wound fluids (AWF, 1-6). Middle panel: AWF was incubated for 1 h with
increasing amounts of HLE (indicated in pg) and analyzed for HCIL. Right panel: Detection of HCII forms in six chronic wound fluid samples (CWFE, 1-6).
(E) AWF incubated with buffer or HLE was added to P. aeruginosa bacteria. HCII at bacterial surfaces was visualized using gold-labeled Abs (marked with -).
The mean number of gold particles (Au) per wm? is indicated. (F) CWS: representative scanning electron micrograph of fibrin slough from chronic wounds
stained for HCII with gold-labeled Abs (marked with ). *p < 0.05, ***p < 0.001, Mann—Whitney U test. Con, plasma from noninfected mice.
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wounding, is fragmented, particularly in response to excessive
levels of HLE, conditions found in wounds characterized by high
neutrophil influx and activation. This generated HCIIa associates
with bacteria in human wound fluids ex vivo, as well as during
wounding in vivo.

Discussion

Serpins are a superfamily of proteins using dramatic conformational
changes, which enables them to control proteolytic events in various
organisms. However, the serpin family includes also members that
show no protease inhibitory activity. These serpins function in
diverse biological processes, such as hormone transport (thyroxine-
binding globulin) (24), blood pressure regulation (angiotensinogen)
(25), tumor suppression (maspin) (26), and angiogenesis (pigment
epithelium-derived factor) (27). In other cases, functional, inhibi-
tory serpins display additional activities, as exemplified by C1 in-
hibitor (C1 INH), which shows anti-inflammatory effects including
endotoxin binding (28), and protein C inhibitor (PCI), which exerts
direct antimicrobial effects (29). In this perspective, the unique
capacity of HCII to respond swiftly to proteases in inflammatory
milieus, acquiring a conformation critical for interactions with
bacteria and endotoxins, represents not only a conceptually novel
function for this well-known serpin, but also constitutes a previ-
ously undisclosed host defense mechanism, employing a unique
protease-dependent shape-shift.

From a structural perspective, several lines of evidence in this
work indicate that the previously characterized helix A and D
regions, known to interact with anionic glycosaminoglycans (6),
mediate the antimicrobial effects of HCIIa. These two helices are
both cationic and amphipathic (6), which are characteristics shared
with many classical antimicrobial and LPS-interacting peptides
such as LL-37 (22). Therefore, the current study implicates that
the exposure of these two regions in the elongated HCIla form
underlies the binding of HCIIa to LPS and bacteria and its func-
tional implications for bacterial clearance. In this context, it is
notable that binding of C1 INH to LPS depends on N-linked gly-
cosylation and on positively charged residues within the N-terminal
nonserpin domain (28), a region that differs significantly from the
highly anionic and chemotactic N terminus of HCII (6). With re-
spect to PCI, the heparin-binding and antimicrobial epitope is as-
signed to the H helix of the molecule (29, 30). As demonstrated in
Fig. 4, the corresponding region in HCII (peptide SGM22) showed
neither LPS-binding nor antimicrobial activity. These observations,
together with the fact that PCI shows remarkable protease stability
(29) further imply a separate mechanism for PCI’s action. Taken
together, these observations indicate that during evolution, the in-
nate immune functions of HCII, C1 INH, and PCI developed sep-
arately. Further, in contrast to the helical and antimicrobial LL-37
(31) and C-terminal thrombin peptides (12), found to be released
from their holoproteins hCAP18 and thrombin, respectively, the
herein described HCIla form per se mediates the bactericidal and
LPS-binding effects. In this perspective, the molecule therefore
belongs to the class of larger antimicrobial proteins such as an-
timicrobial RNases (32), eosinophil cationic protein (33), lacto-
ferrin (34), PCI (29), and histidine-rich glycoprotein (35), which
all exert bactericidal effects, albeit without the need for the crit-
ical and unique enzymatic activation, followed by the dramatic
shift in net charge, and the shape transition observed for HCII in
this work.

From a functional point of view, the results do not exclude that
the observed host defense role of HCII in vivo is mediated by
additional mechanisms, active in parallel, either independently of
bacteria, or as a result of the HCIIa-bacteria interaction. Indeed,
the history of classical antimicrobial peptides and proteins illus-
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trates that these molecules, initially attributed antimicrobial effects
only, have since then been assigned multiple and diverse immuno-
modulatory roles (36). Hence, the in vivo effects of HCIIa observed
in this study could go beyond direct antibacterial and LPS-binding
effects and also encompass other more indirect effects dependent
on the observed bacterial binding, such as enhanced phagocytosis,
an assumption compatible with the observed reductions of HCII ex
vivo and in vivo during infection. In summary, these results imply
that HClIlIa binding to bacteria, although being a prerequisite for its
antibacterial action, is not the sole effector underlying the mole-
cule’s observed anti-infective role in vivo. Receptor-mediated clear-
ance mechanisms have indeed been reported for serpin—enzyme
complexes (37, 38), and inspired by these previous observations,
present work addresses bacteria—HClla clearance in cell systems,
ex vivo, and in vivo. These experiments however, are well beyond
the scope of this present study focusing on the primary antibacte-
rial role of HCII's unique shape-shift. Finally, considering the role
of HCII as a thrombin inhibitor, reduced levels of HCII could lead
to enhanced coagulation. However, analyses of the intrinsic as well
as the extrinsic coagulation pathways during infection showed no
such influence of HCII on these parameters, a finding compatible
with the here proposed new role of HCII in innate immunity.

From a biological perspective, it may be envisioned that the
protease-induced initial release of HCII’s chemotactic N-terminal
peptide (7), paired with shape- and charge-shifting of the residual
main molecule, tunes HCII from an extracellular thrombin in-
hibitor to an activated host defense factor, thus facilitating a con-
trol of proteolytic as well as antibacterial activity in environments
of localized and high inflammation. This capacity of HCII should
be of particular importance during wounding and infection, sit-
uations in which an optimized host defense is critical for survival.
The observed decreased levels of the molecule during infections
in patients, paralleled by similar findings in animal models of
endotoxic shock and severe P. aeruginosa infection also imply
novel treatment possibilities for severe infections based on sup-
plementation with HCII or its functional correlates.

Acknowledgments
We thank Ann-Charlotte Stromdahl and Maria Baumgarten for excellent
technical assistance.

Disclosures

M. Malmsten and A.S. are founders of and own shares in XImmune AB, a
company developing anti-inflammatory peptides for human therapy. The
other authors have no financial conflicts of interest.

References

1. Huntington, J. A. 2006. Shape-shifting serpins—advantages of a mobile mech-
anism. Trends Biochem. Sci. 31: 427-435.

2. Rau, J. C, L. M. Beaulieu, J. A. Huntington, and F. C. Church. 2007. Serpins in
thrombosis, hemostasis and fibrinolysis. J. Thromb. Haemost. 5(Suppl 1): 102—
115.

3. He, L., C. P. Vicente, R. J. Westrick, D. T. Eitzman, and D. M. Tollefsen. 2002.
Heparin cofactor II inhibits arterial thrombosis after endothelial injury. J. Clin.
Invest. 109: 213-219.

4. Villa, P, J. Aznar, A. Vaya, F. Espaiia, F. Ferrando, Y. Mira, and A. Estellés.
1999. Hereditary homozygous heparin cofactor II deficiency and the risk of
developing venous thrombosis. Thromb. Haemost. 82: 1011-1014.

5. Tollefsen, D. M. 2010. Vascular dermatan sulfate and heparin cofactor II. Prog
Mol Biol Transl Sci 93: 351-372.

6. Baglin, T. P, R. W. Carrell, E. C. Church, C. T. Esmon, and J. A. Huntington.
2002. Crystal structures of native and thrombin-complexed heparin cofactor II
reveal a multistep allosteric mechanism. Proc. Natl. Acad. Sci. USA 99: 11079—
11084.

7. Hoffman, M., C. W. Pratt, R. L. Brown, and F. C. Church. 1989. Heparin co-
factor II-proteinase reaction products exhibit neutrophil chemoattractant activity.
Blood 73: 1682-1685.

8. Noda, A., H. Wada, F. Kusiya, M. Sakakura, K. Onishi, K. Nakatani,
E. C. Gabazza, N. Asahara, M. Tsukada, T. Nobori, and H. Shiku. 2002. Plasma



6310

10.

12.

13.

18.

19.

20.

21.

22.

levels of heparin cofactor II (HCII) and thrombin-HCII complex in patients with
disseminated intravascular coagulation. Clin. Appl. Thromb. Hemost. 8: 265-271.

. Kario, K., T. Matsuo, K. Kodama, S. Katayama, and H. Kobayashi. 1992.

Preferential consumption of heparin cofactor II in disseminated intravascular
coagulation associated with acute promyelocytic leukemia. Thromb. Res. 66:
435-444.

Rossi, E. B., C. L. Duboscq, and L. C. Kordich. 1999. [Heparin cofactor II,
a thrombin inhibitor with a still not clarified physiologic role]. Medicina (B.
Aires) 59: 95-104.

. Tollefsen, D. M., and C. A. Pestka. 1985. Heparin cofactor II activity in patients

with disseminated intravascular coagulation and hepatic failure. Blood 66: 769—
774.

Papareddy, P., V. Rydengérd, M. Pasupuleti, B. Walse, M. Morgelin, A. Chalupka,
M. Malmsten, and A. Schmidtchen. 2010. Proteolysis of human thrombin gen-
erates novel host defense peptides. PLoS Pathog. 6: e1000857.

Papareddy, P., M. Kalle, G. Kasetty, M. Mdorgelin, V. Rydengard, B. Albiger,
K. Lundqvist, M. Malmsten, and A. Schmidtchen. 2010. C-terminal peptides of
tissue factor pathway inhibitor are novel host defense molecules. J. Biol. Chem.
285: 28387-28398.

. Nordahl, E. A., V. Rydengérd, M. Morgelin, and A. Schmidtchen. 2005. Domain

5 of high molecular weight kininogen is antibacterial. J. Biol. Chem. 280:
34832-34839.

. Frick, I. M., P. Akesson, H. Herwald, M. Morgelin, M. Malmsten, D. K. Négler,

and L. Bjorck. 2006. The contact system—a novel branch of innate immunity
generating antibacterial peptides. EMBO J. 25: 5569-5578.

. Loof, T. G., O. Schmidt, H. Herwald, and U. Theopold. 2011. Coagulation

systems of invertebrates and vertebrates and their roles in innate immunity: the
same side of two coins? J. Innate Immun. 3: 34-40.

. Esmon, C. T., J. Xu, and F. Lupu. 2011. Innate immunity and coagulation. J.

Thromb. Haemost. 9(Suppl 1): 182-188.

Lundqvist, K., H. Herwald, A. Sonesson, and A. Schmidtchen. 2004. Heparin
binding protein is increased in chronic leg ulcer fluid and released from gran-
ulocytes by secreted products of Pseudomonas aeruginosa. Thromb. Haemost.
92: 281-287.

Lehrer, R. I., M. Rosenman, S. S. Harwig, R. Jackson, and P. Eisenhauer. 1991.
Ultrasensitive assays for endogenous antimicrobial polypeptides. J. Immunol.
Methods 137: 167-173.

Pratt, C. W., R. B. Tobin, and F. C. Church. 1990. Interaction of heparin cofactor
II with neutrophil elastase and cathepsin G. J. Biol. Chem. 265: 6092-6097.
Maekawa, H., H. Sato, and D. M. Tollefsen. 2000. Thrombin inhibition by HCII
in the presence of elastase-cleaved HCII and thrombin-HCII complex. Thromb.
Res. 100: 443-451.

Zasloff, M. 2002. Antimicrobial peptides of multicellular organisms. Nature
415: 389-395.

. Schmidtchen, A. 2000. Degradation of antiproteinases, complement and fibro-

nectin in chronic leg ulcers. Acta Derm. Venereol. 80: 179-184.

24.

25.

26.

27.

28.

29.

30.

31.

35.

36.

37.

38.

HEPARIN COFACTOR II IN HOST DEFENSE

Pemberton, P. A., P. E. Stein, M. B. Pepys, J. M. Potter, and R. W. Carrell. 1988.
Hormone binding globulins undergo serpin conformational change in inflam-
mation. Nature 336: 257-258.

Kim, H. S., J. H. Krege, K. D. Kluckman, J. R. Hagaman, J. B. Hodgin,
C. F. Best, J. C. Jennette, T. M. Coffman, N. Maeda, and O. Smithies. 1995.
Genetic control of blood pressure and the angiotensinogen locus. Proc. Natl.
Acad. Sci. USA 92: 2735-2739.

Bodenstine, T. M., R. E. Seftor, Z. Khalkhali-Ellis, E. A. Seftor, P. A. Pemberton,
and M. J. Hendrix. 2012. Maspin: molecular mechanisms and therapeutic
implications. Cancer Metastasis Rev. 31: 529-551.

Dawson, D. W., O. V. Volpert, P. Gillis, S. E. Crawford, H. Xu, W. Benedict, and
N. P. Bouck. 1999. Pigment epithelium-derived factor: a potent inhibitor of
angiogenesis. Science 285: 245-248.

Davis, A. E., III, F. Lu, and P. Mejia. 2010. C1 inhibitor, a multi-functional
serine protease inhibitor. Thromb. Haemost. 104: 886-893.

Malmstrom, E., M. Morgelin, M. Malmsten, L. Johansson, A. Norrby-Teglund,
O. Shannon, A. Schmidtchen, J. C. Meijers, and H. Herwald. 2009. Protein C
inhibitor—a novel antimicrobial agent. PLoS Pathog. 5: ¢1000698.

Pratt, C. W., H. C. Whinna, and F. C. Church. 1992. A comparison of three
heparin-binding serine proteinase inhibitors. J. Biol. Chem. 267: 8795-8801.
Sgrensen, O. E., P. Follin, A. H. Johnsen, J. Calafat, G. S. Tjabringa, P. S. Hiemstra,
and N. Borregaard. 2001. Human cathelicidin, hCAP-18, is processed to the anti-
microbial peptide LL-37 by extracellular cleavage with proteinase 3. Blood 97:
3951-3959.

. Simanski, M., B. Kéten, J. M. Schroder, R. Gléser, and J. Harder. 2012. Anti-

microbial RNases in cutaneous defense. J. Innate Immun. 4: 241-247.

. Boix, E., M. Torrent, D. Sanchez, and M. V. Nogués. 2008. The antipathogen

activities of eosinophil cationic protein. Curr. Pharm. Biotechnol. 9: 141-
152.

. Garcia-Montoya, I. A, T. S. Cendén, S. Arévalo-Gallegos, and Q. Rascon-Cruz.

2012. Lactoferrin a multiple bioactive protein: an overview. Biochim. Biophys.
Acta 1820: 226-236.

Rydengard, V., O. Shannon, K. Lundqyvist, L. Kacprzyk, A. Chalupka, A. K. Olsson,
M. Morgelin, W. Jahnen-Dechent, M. Malmsten, and A. Schmidtchen. 2008.
Histidine-rich glycoprotein protects from systemic Candida infection. PLoS Pathog.
4: e1000116.

Choi, K. Y., L. N. Chow, and N. Mookherjee. 2012. Cationic host defence
peptides: multifaceted role in immune modulation and inflammation. J. Innate
Immun. 4: 361-370.

Maekawa, H., and D. M. Tollefsen. 1996. Role of the proposed serpin-enzyme
complex receptor recognition site in binding and internalization of thrombin-
heparin cofactor II complexes by hepatocytes. J. Biol. Chem. 271: 18604—
18609.

Perlmutter, D. H., G. I. Glover, M. Rivetna, C. S. Schasteen, and R. J. Fallon.
1990. Identification of a serpin-enzyme complex receptor on human hepatoma
cells and human monocytes. Proc. Natl. Acad. Sci. USA 87: 3753-3757.



