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ABSTRACT—Rationale: Sepsis-induced acute kidney injury (AKI) is a common condition with high morbidity and mortality.

Neutrophil-derived heparin-binding protein (HBP) induces vascular leakage and is a promising biomarker of sepsis-induced

organ dysfunction. It remains unknown if HBP is prognostic of AKI in septic shock and if HBP could play a role in the

pathophysiology of sepsis-induced AKI. Objectives: To determine the association of plasma HBP levels with development

of AKI, investigate the role of HBP in the pathophysiology of sepsis-induced AKI, and test the effect of blocking HBP using

heparin derivatives. Methods: In 296 septic shock patients from the randomized multicenter Vasopressin and Septic Shock

Trial (VASST) plasma HBP levels were associated with development of AKI and need for renal replacement therapy (RRT).

Human renal tubular cells were exposed to recombinant HBP to evaluate inflammation and heparin derivatives were used to

abrogate these effects. Finally, mice were exposed to HBP with and without heparin derivatives and the kidneys examined for

signs of inflammation. Findings: Plasma HBP levels were significantly higher in patients with AKI and those requiring RRT.

HBP levels identified patients with moderate AKI with an area under curve (AUC) of 0.85. HBP increased IL-6 production in

renal tubular epithelial cells. Different heparin derivatives abrogated the HBP-induced increased inflammatory response in

vitro and in vivo. Conclusion: Elevated plasma HBP is associated with development of sepsis-induced AKI and HBP is

involved in its pathophysiology. Our studies suggest that heparin(s) could be tested for efficacy and safety of prevention of

sepsis-induced AKI.

KEYWORDS—Acute kidney injury, heparin derivatives, heparin-binding protein (HBP), infection, septic shock

ABBREVIATIONS—AKI—acute kidney injury; HBP—heparin-binding protein; ICU—intensive care unit; LMWH—low

molecular weight heparin; RRT—renal replacement therapy; UFH—unfractionated heparin
INTRODUCTION

Patients who develop acute kidney injury (AKI) in septic

shock have higher short- and long-term mortality (1–3) than

those who do not. The 2012 Kidney Disease: Improving Global

Outcomes (KDIGO) Guidelines highlight the need for accurate
Copyright © 2017 by the Shock Society. Unauthorize
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assessment of increasing severity of AKI after renal injury (4).

Novel AKI biomarkers diagnose AKI prior to increased crea-

tinine (5, 6), but lack the sensitivity to predict worsening AKI

and the need for renal replacement therapy (RRT) (7). Sepsis-

induced AKI has commonly been attributed to acute tubular

necrosis and apoptosis (8). Recently, a combination of vascular

leakage/hypoperfusion, local renal tubular inflammation, and

cell cycle arrest has been suggested to mediate sepsis-induced

AKI (9).

Heparin-binding protein (HBP, also known as azurocidin or

CAP37), stored by neutrophils, is released early upon neutro-

phil adhesion and extravasation (10, 11). Bacterial products

induce HBP release (12) and HBP is the key mediator of

neutrophil-dependent vascular permeability increases (13,

14). Elevated plasma levels of HBP are a promising early

biomarker of severe sepsis in the emergency department

(15, 16) and correlate with the development of septic shock

(17). Whether HBP induces renal tubular cell inflammation or

cell cycle arrest is unknown. Also to date, there have been no

studies of the association of HBP with AKI in general.

Heparin is a multifunctional negatively charged glycosami-

noglycan (18) that binds to HBP (19). Heparin derivatives may

be beneficial in sepsis treatment (20) and mitigate progression

to AKI in a murine sepsis model (21). Because heparin has
d reproduction of this article is prohibited.
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many biological effects apart from anticoagulant activity,

including anti-inflammatory properties, it is a potentially inter-

esting therapeutic option in sepsis.

Accordingly, we hypothesized that elevated plasma HBP

levels are associated with sepsis-induced AKI. Second, we tested

whether HBP induces renal inflammation and investigated

potential mechanisms mediating this effect. Third, we tested

if heparin derivatives could block HBP in vitro and in vivo.
PATIENTS AND METHODS

Patient selection and definitions

Plasma samples were obtained from the Vasopressin and Septic Shock Trial
(VASST) cohort of septic shock patients (22). Approval, enrollment, and consent
in the VASST trial have been described previously (22). Patients receiving chronic
renal replacement therapy (RRT) were excluded, leaving 296 patients with
baseline plasma samples. At least two consecutive serum creatinine (sCr)
measurements over the first 5 days were available from 284 (96.7%) patients
and 257 (86.6%) patients had 5 or more sCr measurements available.

The primary clinical outcome investigated was development of any stage
AKI over the first 5 days. AKI was staged according to the KDIGO classifi-
cation guidelines using sCr (4). The lowest sCr in the 5 days following plasma
sample collection was defined as baseline and the magnitude of change in sCr
anytime in the first 5 days was used to classify AKI stage. A secondary outcome
was needed for acute RRT. Development of coagulation (platelets �80 � 103/
mm3), hepatic (bilirubin �2.0 mg/dL), and central nervous system dysfunction
(Glasgow score � 12) were defined as a progression to a moderate Brussels
score within the first 28 days following study enrollment.

Laboratory analysis
Plasma samples—Plasma HBP concentration was measured in duplicate

using a commercial HBP ELISA (Axis-Shield Diagnostics, Dundee, UK)
according to the manufacturer’s directions. Analyses were performed with
positive and negative controls and blinded to clinical outcomes.

Interleukin-6 (IL-6) in plasma was measured at baseline and at 24 h as part of
a Luminex multiplex cytokine panel. Concentrations were converted to pM as
described previously (23, 24) and log-transformed.

Renal cell culture—HK-2 cells (American Type Culture Collection, Man-
assas, Va), a proximal tubular epithelial cell line, were cultured in keratinocyte
serum-free media supplemented with bovine pituitary extract and epidermal
growth factor 1–53 (Life Technologies, Thermo Fisher Scientific Inc., Wal-
tham, Mass). Cells were stimulated with HBP and/or inhibitors in
supplemented media.

HBP-induced renal inflammation—HK-2 cells were cultured as above and
stimulated with 0, 1, and 10 mg/mL of HBP (R&D Systems). After 6, 24, and
48 h, supernatant was collected and analyzed by a Luminex multiplex quan-
titation assay (R&D Systems Minneapolis, Minn). Cytokines analyzed were
ICAM-1, IL-6, TNFa, IL-10, and VEGF. IL-6 was elevated in response to HBP
and thus chosen as a marker of HBP-induced inflammation for all further in
vitro experiments and was measured after 24 h of stimulation with 0 or 10 mg/
mL HBP using the IL-6 DuoSet ELISA (R&D Systems) according to the
manufacturer’s directions.

Signaling pathway inhibitors—HK-2 cells were pre-incubated with signal-
ing pathway inhibitors for 1 h and stimulated with HBP, and supernatant IL-6
levels were measured. The inhibitors used were RO 31-8220 (Tocris, 100 nM,
Minneapolis, Minn) and Calphostin C (Tocris, 50 nM) to inhibit Protein Kinase
C (PKC), pyrrolidine dithiocarbamate (PDTC) (Sigma Aldrich, 30 mM, St.
Louis, Mo) to inhibit interferon kappa-B alpha (IkBa) degradation, BIX 02189
(Tocris, 30 mM) to inhibit mitogen-activated protein kinase kinase 5 (MEK5),
JNKi plus control peptide (Millipore, 10 mM, Darmstadt, Germany) to inhibit c-
jun N-terminal Kinase (JNK), CI-1040 (Selleckchem, 10 mM, Houston, Tex) to
inhibit MEK1/2, and SB202190 (Millipore, 10 mM) to inhibit P38 mitogen-
activated protein kinase (MAPK).

Heparins as inhibitors of HBP—The heparin compounds used in this study
were unfractionated heparin (UFH, Leo) and three low molecular weight
heparins (LMWH): Dalteparin (Fragmin, Pfizer), Enoxaparin (Klexane, Sanofi
Aventis), and Tinzaparin (Innohep, Leo). Therapeutic plasma UFH levels occur
between 0.3 and 0.7 anti-Xa Units/mL (25). Therapeutic LMWH levels vary
between 0.6 and 1.3 anti-Xa Units/mL (26). UFH and all LMWH were used at a
concentration of 1 Unit/mL. HBP was pre-incubated with or without the
indicated heparin at 378C for 20 min. Cells were stimulated with this mixture
and IL-6 levels were measured.
Copyright © 2017 by the Shock Society. Unauthor
Glycosaminoglycan digestion

Since HBP binds to proteoglycans via glycosaminoglycan (GAG) moieties
(27), we examined whether cell surface GAGs are required for HBP-induced IL-
6 production. HK-2 cells were treated with 15 mU/mL of Heparinase III (New
England Biolabs, Ipswich, Mass) or 2.5 mU/mL Chondroitinase ABC (R&D
Systems) for 1 h at 378C (28). Cells were stimulated with HBP and IL-6 levels
were measured.

In vivo experiments

Anaesthetized mice (see Protocol—Animal Experiments, Supplemental
Digital Content 1, http://links.lww.com/SHK/A571) received one of four treat-
ments: bolus intravenous (i.v.) HBP (100 mg) followed by HBP infusion
(2.5 mg/g/h for 1 h) (n¼ 3), bolus i.v. UFH (0.4 E/g) (29) followed by i.v.
HBP (100 mg) followed by HBP infusion as above (n¼3), bolus i.v. vehicle
(100 mL 0.9% normal saline) followed by vehicle infusion (1.25 mL/g/h) (n¼
5), intraperitoneal injection of Lipopolysaccharide from Escherichia Coli
0111:B4 (LPS, Sigma-Aldrich) (0.25 mg) (30). One hour after treatments
1 to 3 or 4 h after treatment 4, the animals were killed by exsanguination.

Electron microscopy, histology, and
immunohistochemistry

Kidneys were prepared for histology, immunohistochemistry with anti-
albumin antibody, and electron microscopy. Images were acquired and staining
was quantified when applicable (see Protocol—Animal Experiments, Supple-
mental Digital Content 1, http://links.lww.com/SHK/A571). All analyses were
performed in a blinded manner.

Ethics

The VASST study was approved by the research ethics boards of all
participating institutions (22). The local Ethical Committee for Animal
Research (M80-14) approved the protocol for animal experiments. Animals
were treated in accordance with the National Institutes of Health for the Care
and Use for Laboratory animals.

Statistical analysis

Patient data were analyzed using GraphPad Prism (version 7.0) and SPSS
(version 19.0). Specific statistical tests used are described in the figure legends.
Receiver operator characteristic (ROC) curves were used to confirm the
association of HBP with the development of AKI. Cases were selected as
those who developed stage 2 AKI and controls were those who did not develop
AKI, and the whole range of measured HBP levels was used to generate the
curves. Adjusted analyses were done using a logistic regression model.

In vitro data were analyzed in GraphPad Prism with all values presented as
the mean and standard error of the mean (SEM). P values less than 0.05 were
considered significant.

RESULTS

Demographics

The 296 patients analyzed had a mean age of 60.1 years and

58.6% males (Table 1). Of these patients, 225 (76.0%) patients

had or developed AKI of any stage within 28 days: 71 patients

never had AKI (24.0%), 123 patients had AKI stage 1 (41.6%),

67 patients (22.6%) had stage 2, and 35 patients (11.8%) had

stage 3. There were no differences in age, gender, and ethnicity

between these subgroups. However, patients with any stage of

AKI had higher mean APACHE II scores, less lung infections,

and higher prevalence of positive blood cultures with gram

negative bacteria (Table 1).

Elevated plasma HBP levels are associated with
development of AKI

HBP levels were significantly higher in patients with any

stage AKI (median 38.9 ng/mL [IQR 18–98]), and with differ-

ent AKI stages, than in those with no AKI (9.5 ng/mL (4–23))

(P<0.01, Fig. 1A). ROC analysis confirmed that HBP could
ized reproduction of this article is prohibited.
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TABLE 1. Patient demographics

Characteristic No AKI (n¼71) Any AKI (n¼225) P value Stage 1 (n¼123) Stage 2 (n¼67) Stage 3 (n¼35)

Male, n (%) 42 (59.2) 132 (58.6) 1.00 70 (56.8) 37 (55.2) 25 (71.4)

Age, yr mean (SD) 60.2 (15.7) 59.0 (17.2) 0.68 60.3 (16.6) 58.1 (18.5) 56.6 (16.7)

Caucasian, n (%) 72 (94.7) 192 (87.3) 0.74 103 (87.3) 55 (82.1) 34 (97.1)

APACHE II, mean (SD) 21.7 (6.7) 27.1 (7.8) <0.01 25.8 (7.1) 28.8 (7.9) 28.0 (9.0)

Coagulopathy n (%) 15 (21.1) 107 (48.6) <0.01 46 (37.4) 42 (62.7) 19 (54.3)

Infection site

Lung, n (%) 43 (56.6) 88 (40.0) 0.02 50 (42.4) 24 (35.8) 14 (40.0)

Abdomen, n (%) 11 (14.5) 67 (30.5) <0.01 37 (31.4) 20 (29.9) 10 (28.6)

Other, n (%) 22 (28.9) 65 (29.5) 1.00 31 (26.3) 23 (34.3) 11 (31.4)

Blood culture

Gramþ bacteria, n (%) 21 (27.6) 63 (28.6) 1.00 30 (25.4) 21 (31.3) 12 (34.3)

Gram� bacteria, n (%) 8 (10.5) 49 (22.3) 0.03 28 (23.7) 15 (22.4) 6 (17.1)

Comorbidities

CHF, n (%) 6 (8.4) 13 (5.8) 0.30 5 (4.1) 6 (9.0) 2 (5.7)

COPD, n (%) 22 (31.0) 24 (10.7) 0.02 15 (12.2) 7 (10.4) 2 (5.7)

Chronic steroids, n (%) 11 (14.5) 46 (20.9) 0.24 26 (22.0) 12 (17.9) 8 (22.9)

Chronic hepatic failure, n (%) 7 (9.2) 28 (12.7) 0.54 16 (13.6) 8 (11.9) 4 (11.4)

Groups were compared using the Student t test or Mann–Whitney test or Chi-squared test as appropriate.
AKI indicates acute kidney injury (defined by KDIGO classification); APACHE II, Acute Physiology and Chronic Health Evaluation II; CHF, congestive
heart failure; COPD, chronic obstructive pulmonary disorder; SD, standard deviation.
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differentiate between patients with stage 2 AKI and those

without AKI with an area under curve (AUC) of 0.85 (0.79–

0.91) (P<0.01, Fig. 1B). HBP remained significantly associ-

ated with the presence of any AKI stage (P<0.01) in a logistic

regression model adjusting for age, gender, APACHE II, and

comorbidities (chronic heart failure, COPD, chronic steroid

treatment and chronic hepatic failure).
Copyright © 2017 by the Shock Society. Unauthorize

FIG. 1. Association of HBP with AKI in human septic shock. A, HBP levels i
AKI had significantly higher HBP levels than those with no AKI (P<0.01, P<0.01, P
post-test for multiple comparisons. B, Receiver operating characteristics curve show
AUC of 0.85 (95% CI 0.79–0.91). C, Receiver operating characteristics curve sho
within the first 48 h but later developed AKI with a AUC of 0.80 (95% CI 0.70–0.90
replacement therapy in the first 28 days, excluding patients with chronic dialy
RRT (median HBP 25.1 ng/mL) (P<0.01). AKI indicates acute kidney injury; AU
therapy.
Plasma HBP levels were correlated with increased serum

creatinine (not shown) and elevated plasma levels of HBP

were associated with an increased risk of development of AKI

after inclusion. We found that 100 patients did not have AKI in

the first 48 h. Of these, 29 later developed AKI. The patients

who developed AKI had significantly higher HBP levels than

those who did not (P<0.01). A ROC curve of HBP levels
d reproduction of this article is prohibited.

n plasma of patients with various stages of AKI. Patients with stages 1, 2, or 3 of
<0.01). Groups were compared using a one-way ANOVA followed by Dunns
ing that measuring HBP could identify patients with stage 2 AKI severity with a

wing that measuring HBP could identify patients who did not present with AKI
). D, HBP levels were significantly higher among patients who received renal

sis (median HBP 45.1 ng/mL) compared with patients who did not receive
C, area under curve; HBP, heparin-binding protein; RRT, renal replacement



FIG. 2. Heparin derivatives block IL-6 production by renal tubular epithelial cells. A, HK-2 cells were stimulated with varying doses of HBP and the
level of IL-6 was measured in the supernatant 24 h following stimulation. Groups were compared to stimulation with 0 mg/mL HBP (far left) using a one-way
ANOVA followed by Dunns post-test for multiple comparisons. B, HBP (10 mg/mL) was pre-incubated with the indicated heparin prior to stimulation of HK-2
cells. IL-6 levels were measured in the supernatant 24 h following stimulation. Groups were compared to stimulation with HBP alone (far left) using a one-
way ANOVA followed by Dunns post-test for multiple comparisons. Data are the mean IL-6 concentration n¼3. HBP indicates heparin-binding protein; IL-6,
interleukin-6.
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differentiated these two groups with an AUC of 0.80 (0.70–

0.90) (Fig. 1C). Finally, plasma HBP levels were significantly

higher (P<0.01) in patients who needed acute RRT compared

with those who did not (Fig. 1D). HBP levels were also

significantly correlated with plasma IL-6 levels at baseline

and 24 h (R¼ 0.29 P<0.001 and R¼0.26 P<0.001 respect-

ively, see Fig. 1A and B, Supplemental Digital Content 2,

http://links.lww.com/SHK/A572).

HBP and other organ dysfunctions

HBP levels were significantly negatively correlated with

platelet count for days 1–5 (R � �0.19, P< 0.001, see Table

1, Supplemental Digital Content 2, http://links.lww.com/SHK/

A572) and were significantly higher in patients with coagulop-

athy (determined by the Brussels score) anytime within 28 days

compared with those without (37.2 vs. 20.9 ng/mL, P<0.001)

and in patients with hepatic failure compared with those without

(33.9 vs. 23.0, P¼0.01) (see Fig. 2, Supplemental Digital

Content 2, http://links.lww.com/SHK/A572). HBP levels were

not significantly associated with mean arterial pressure, cen-

tral venous pressure or hepatic or central nervous system

dysfunction (not shown). The association of HBP with respir-

atory dysfunction in this cohort of patients has been reported

previously (14).

HBP increases renal tubular epithelial cell inflammation

Measurement of several cytokines in the supernatant of

HBP-stimulated HK-2 cells by a Luminex multiplex

quantitation assay indicated that IL-6 was a potential marker

for renal cell inflammation (not shown). To confirm this

result, cells were stimulated with varying doses of HBP

and IL-6 was measured in the supernatant after 24 h. Con-

centrations of HBP above 5 mg/mL significantly increased IL-

6 production (Fig. 2A). These results suggest that HBP

induces inflammation of renal epithelial cells and the relation-

ship between plasma HBP levels and AKI severity may indeed

be causative. Therefore finding inhibitors to block HBP is

of interest.
Copyright © 2017 by the Shock Society. Unauthor
Heparins inhibit HBP-induced inflammation

The effect of heparin derivatives on HBP-induced renal

cell inflammation was assessed by stimulating HK-2 cells

with HBP, pre-incubated with UFH or one of three LMWH,

and IL-6 was measured in the supernatant after 24 h. All four

forms of heparin significantly decreased IL-6 production

(Fig. 2B), suggesting that the particular LMWHs do not

significantly differ in their ability to inhibit HBP-induced

renal cell inflammation. The heparin concentrations used

(1 Unit/mL) were within the therapeutic range for LMWH

(0.6–1.3 Units/mL).

PKC and IkBa are involved in HBP-induced inflammation

To determine which signaling pathways are involved in

HBP-induced IL-6 production, HK-2 cells were pretreated with

signaling pathway protein inhibitors. The cells were then

stimulated with HBP, and IL-6 was measured after 24 h.

Pretreatment with PKC inhibitors Calphostin C and RO 31-

8220 and IkBa degradation inhibitor PDTC, all blocked the

HBP-induced increase in IL-6 (Fig. 3A). PDTC treatment

decreased IL-6 production slightly below the level of the

control, indicating that un-stimulated cells have a small back-

ground level of IkBa activity. The other inhibitors BIX

02189 (MEK5/ERK5), CI-1040 (MEK1/2), SB202190 (P38-

MAPK), and JNKi (JNK) had no effect on HBP-induced IL-

6 production (not shown). These results indicate that pathways

involving PKC and IkBa are necessary for HBP-induced IL-6

production by renal tubular cells.

Cell-surface glycosaminoglycans are necessary for HBP-
induced inflammation

Because HBP can bind to cell surface proteoglycans via their

GAGs (27), we tested the hypothesis that GAGs are required for

HBP-induced IL-6 production. Heparinase III or chondroiti-

nase ABC were used to cleave heparan or chondroitin/dermatan

sulfate respectively from the surface of HK-2 cells (31, 32).

Treatment with heparinase III and chondroitinase ABC

decreased HBP-induced IL-6 production (Fig. 3B), suggesting
ized reproduction of this article is prohibited.
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FIG. 3. HBP-induced IL-6 production requires PKC and IkBa, and the presence of cell surface heparan and chondroitin/dermatan sulfate. A, HK-2
cells were pretreated for 1 h with protein kinase C inhbitors RO 31-8220 or Calphostin C, or IkBa inhibitor PDTC, with all other conditions pretreated with an
equal-volume dimethylsulfoxide (DMSO) vehicle control. Cells were then stimulated with HBP and IL-6 levels were measured in the supernatant 24 h
following stimulation. Groups were compared with the condition with HBP with no pretreatment (far left) using a one-way ANOVA followed by Dunns post-test
for multiple comparisons. B, HK-2 cells were pretreated for 1 h with heparinase III (Hep. III) or Chondrotinase ABC (Chondro. ABC). Cells were then
stimulated with HBP and IL-6 levels were measured in the supernatant 24 h following stimulation. Groups were compared to the condition with HBP with no
pretreatment (far left) using a one-way ANOVA followed by Dunns post-test for multiple comparisons. Data are the mean, n¼3. IL-6 indicates interleukin-6;
PKC, protein kinase C.
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that both heparan sulfate and chondroitin/dermatan sulfate

chains are involved.

HBP and renal inflammation in vivo

The effects of HBP on renal inflammation were investigated

in a murine model. Plasma concentration of HBP at the end of

the experiment was 400� 157 ng/mL in HBP-treated animals

and 1.1� 1.5 ng/mL in controls. The kidneys were visualized

histologically, revealing interstitial hemorrhage in mice treated

with HBP that was not present in controls (Fig. 4A). HBP also

significantly increased the amount of albumin in kidney sec-

tions, as visualized by immunohistochemical staining. This is

suggestive of increased vascular leakage in the kidney (Fig. 4,

A and B). This was further confirmed by the appearance of

protein aggregates in the interstitial space, visualized by scan-

ning electron microscopy (SEM) (Fig. 4A). While UFH seemed

to decrease the amount of hemorrhage in the kidney visualized

by histology and the amount of protein aggregation visualized

by SEM, it did not significantly reduce the amount of albumin

measured by immunohistochemistry. Changes observed after

LPS administration were similar to those after HBP adminis-

tration (Fig. 4A).
DISCUSSION

Our major findings were that elevated plasma HBP is

associated with the presence and development of AKI in human

septic shock, and that HBP induces inflammation in renal

tubular cells in vitro and renal injury in a murine model,

suggesting a role for HBP in the pathophysiology of sepsis-

induced AKI. Finally, we showed that UFH and LMWHs block

HBP-induced renal tubular cell inflammation, suggesting

therapeutic potential for the prevention and/or treatment of

sepsis-induced AKI.
Copyright © 2017 by the Shock Society. Unauthorize
The mechanism(s) leading to development and progression

of AKI in septic shock are not fully understood and may involve

vascular leakage, local renal cell inflammation, and cell cycle

arrest (9). HBP has been shown to increase endothelial per-

meability (13), leading to lung damage in mice (14). Our in vivo

study HBP induced hemorrhage and vascular leak in the kidney.

Therefore, increased HBP may directly injure the kidneys by

increasing permeability and renal edema, which may alter

glomerular filtration and tubular function (9). Also, we describe

for the first time that HBP induces an inflammatory response in

renal tubular cells. Thus, HBP fulfills two out of three

suggested mechanisms in the recently proposed unified theory

of sepsis-induced AKI (9). Neutrophils may be culprits in AKI

development and our data support a significant role for neu-

trophil-derived HBP in sepsis-induced AKI.

The concentration of HBP required for the in vitro effects is

higher than median levels found in blood of sepsis patients with

AKI. The majority of HBP in neutrophils (74%) is stored in

azurophilic granules that are released after the neutrophils have

infiltrated into the tissues (33). The interstitial space of the

tissues is limited in volume and fluid is not circulated rapidly so

the HBP concentration in the tissues is likely far higher than

that in the blood. Therefore, it makes sense that the cells of the

kidney would have a high threshold for HBP exposure com-

pared with the levels found in the blood.

The cell-surface receptor for HBP on epithelial cells is

unknown. HBP binds to GAG moieties of proteoglycans on

the endothelium (27). Digestion of cell-surface GAGs prevents

HBP binding to endothelial cells (11) and prevents HBP-

induced endothelial permeability (14), but their role in renal

tubular epithelial cells was unknown. We found that digestion

of both chondroitin and heparan sulfate from the surface of

renal tubular epithelial cells blocked HBP-induced IL-6 pro-

duction, indicating that both heparan and chondroitin/dermatan
d reproduction of this article is prohibited.



FIG. 4. HBP induces hemorrhage and protein leakage in the kidneys. Mice were injected with intravenous HBP and/or unfractionated heparin (UFH)
followed by continuous infusion of HBP for 1 h. Controls received vehicle (0.9% normal saline). Mice injected with LPS served as a positive control. A, The kidneys
were fixed and stained with hematoxylin and eosin (left) or stained with anti-albumin antibodies and visualized with 3,3-diaminobenzidine as the chromogen
(middle) or analyzed by scanning electron microscopy (right). White arrows indicate areas of hemorrhage. B, The combined percentage of positive and high
positive pixels was quantified in kidney sections stained with anti-albumin antibodies with 3,3-diaminobenzidine as the chromogen using the ICH Profiler plugin in
Image J. Groups were compared using a one-way ANOVA followed by Dunns post-test for multiple comparisons. Data are the mean combined percentage of
positive and high positive pixels, n¼3.
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sulfate proteoglycans mediate HBP-induced renal cell inflam-

mation. This also provides a mechanism for the action of

heparin against HBP as heparin likely blocks GAG binding

sites on HBP (34), preventing its association with cell surface

GAGs. This may occur through electrostatic interactions, so

other negatively charged molecules may also be capable of

blocking HBP.

HBP activates PKC in corneal epithelial (35) and endothelial

cells (36). We found that HBP-induced renal tubular cell

inflammation is mediated by PKC and IkBa. IL-6 production
Copyright © 2017 by the Shock Society. Unauthor
is known to involve IkBa phosphorylation (37), and PKC

activation in certain tissues (38). Thus, HBP likely acts through

a cellular receptor that activates this pathway.

There are potentially important clinical implications of our

study of UFH and LMWHs. Our results suggest that heparin(s)

could be tested for efficacy and safety in prevention of sepsis-

induced AKI. UFH and LMWHs at least partially attenuated

HBP-induced renal vascular leakage in vivo and inflammation

in vitro. These results add further rationale for the potential role

of heparin derivatives in the treatment of septic shock (20). The
ized reproduction of this article is prohibited.
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heparins used in this study are relatively inexpensive and

readily available clinically. Further randomized, controlled

trials of heparin(s) in septic shock are needed to determine

their efficacy relative to the risk of hemorrhage.

The strengths of the current study are first, the large sample

size of a well-characterized cohort of patients who had septic

shock. Second, plasma samples were analyzed using a stand-

ardized, commercially available ELISA. Third, we tested the

effects of HBP and inhibition by UFH both in vivo and in vitro.

Relative weaknesses of this study include the timing of

plasma collection (median 18 h after development of septic

shock). Because neutrophil-derived HBP likely is an early

marker, measurement of HBP at 18 h could have limited the

prognostic potential and increased false-negative findings.

Assessment of changes in serial measurements of HBP could

improve prognostic accuracy. The cohort was not ideal for

the evaluation of HBP as an AKI biomarker; however, our

results indicate that this should be validated in the future in a

more suitable cohort. Also, we examined heparin administration

only as a pretreatment in vitro or directly after HBP adminis-

tration in vivo. The timing of heparin administration should be

examined in future studies. Additionally, immortalized cells

were used which may affect some cellular responses. Lastly,

the consequences of HBP on renal function in vivo were

not investigated.
CONCLUSIONS

Elevated levels of heparin-binding protein (HBP) were

associated with the presence and progression of acute kidney

injury (AKI) in septic shock patients. HBP is likely involved in

the pathophysiology of AKI by inducing inflammation in

renal tubular cells in vitro and hemorrhage and edema in vivo.

UFH and LMWHs blocked HBP and provide greater rationale

for future trials of heparin(s) in septic shock. Further

clinical studies are needed to validate these findings and further

define the mechanism(s) of HBP-induced kidney injury in

septic shock.
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