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Abstract

Purpose Vascular endothelial cells demonstrate severe injury in sepsis, and a reduction in endothelial inflammation would
be beneficial. Inter-a-Inhibitor (Ial) is a family of abundant plasma proteins with anti-inflammatory properties and has been
investigated in human and animal sepsis with encouraging results. We hypothesized that Ial may protect endothelia from
sepsis-related inflammation.

Methods Ial-deficient or sufficient mice were treated with endotoxin or underwent complement-induced lung injury.
VCAM-1 and ICAM-1 expression was measured in blood and lung as marker of endothelial activation. Human endothelia
were exposed to activated complement C5a with or without Ial. Blood from human sepsis patients was examined for VCAM-1
and ICAM-1 and levels were correlated with blood levels of Ial.

Results Ial-deficient mice showed increased endothelial activation in endotoxin/sepsis- and complement-induced lung injury
models. In vitro, levels of endothelial pro-inflammatory cytokines and cell growth factors induced by activated complement
C5a were significantly decreased in the presence of Ial. This effect was associated with decreased ERK and NF«B activation.

Ial levels were inversely associated with VCAM-1 and ICAM-1 levels in a human sepsis cohort.
Conclusions Ial ameliorates endothelial inflammation and may be beneficial as a treatment of sepsis.
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Introduction

Sepsis, defined as the systemic inflammatory response to
infection, remains a significant health problem worldwide.
In the United States, septic shock causes >200,000 deaths
annually at a cost of > $15 billion [1]. Sepsis treatment
remains largely supportive, and mortality is high at 30-50%
[2], mostly from multi-organ failure (MOF) [3].

Sepsis causes endothelial injury, which induces inflam-
matory mediators, tissue factors, and coagulation pathways,
leading to tissue hypoxia and MOF. Several mechanisms
lead to endothelial injury in sepsis, for example, recent evi-
dence suggests that oxidative stress and inflammation lead
to damage in the endothelial glycocalyx, a gel-like layer
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covering the luminal surface of endothelial cells and shed-
ding of glycocalyx components like heparin sulfate into
the circulation [4]. This in turn leads to a disruption in the
hemostatic function of endothelia and their ability to func-
tion effectively as a barrier [5]. The ultimate result is disrup-
tion of the microcirculation, leading to organ dysfunction
which is a major hallmark of severe sepsis. Several upstream
mediators promote endothelial injury, like bacterial endotox-
ins, reactive oxygen species, and inflammatory cytokines;
however, activation of the complement cascade is a major
contributor and resides at the apex of the pathophysiological
processes leading to endothelial injury and organ failure [6].

Complement is a family of serum proteins acting via
a catalytic cascade to amplify inflammation and induce
opsonization and chemotaxis. Activated complement com-
ponent 5 (C5a) is a central mediator of the complement
cascade, and promotes a strong inflammatory response [7].
Blockade of C5a generation improves survival and decreases
MOF in sepsis models [8].

Complement activation is central in endothelial injury [9].
CS5a directly activates endothelial cells causing upregula-
tion of cellular adhesion molecules E-selectin, vascular cell
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adhesion molecule-1 (VCAM-1), and intercellular adhesion
molecule 1 (ICAM-1) [10]. These molecules assist inflam-
matory cell binding to activated endothelia and infiltration
into the inflamed tissues [11-13].

Inter-alpha-inhibitor (IaI) is a family of plasma heavy-
and light-chain anti-inflammatory proteins which have been
investigated in sepsis with encouraging results (6). Two
major forms of the protein family are found in circulation:
Inter-a-inhibitor and Pre-a-inhibitor. Both proteins are col-
lectively referred to as Ial in this report. Ial administration
improves survival in sepsis models, e.g., after administra-
tion of lipopolysaccharide (LPS) [14—-16]. Importantly, Ial
administration in sepsis improves coagulation parameters
which are markers of endothelial dysfunction [16]. We have
shown that Ial inhibits complement activation and amelio-
rates lung injury in sepsis [17]. We now investigated the
Ial effect on LPS- and C5a-induced endothelial activation.
We show that Ial-deficient mice have increased markers of
endothelial activation (ICAM-1, VCAM-1) in two sepsis
models. We further show in vitro that Ial decreases ERK
and NFkB signaling and the downstream expression of
inflammatory cytokines after C5a exposure. Finally, we
demonstrate an inverse correlation of Ial serum levels with
VCAM-1 and ICAM-1 levels in human sepsis patients. In
aggregate, our results suggest that Ial protects endothelial
cells from inflammation by activated complement, thus
being beneficial in sepsis.

Materials and Methods
Experimental Animals

Ial-deficient mice have been described previously [17]. Mice
were backcrossed > 10 generations into the C57BL/6J mouse
strain before used. Experimental animals were provided
water and chow ad libitum and were kept in an enriched
environment with a 12-h day-night cycle. All protocols were
approved by the National Institute of Environmental Health
Sciences Animal Care Committee.

Endothelial Cell Exposures

HUVEC cells were plated at 5000 cells/cm? in 96-well
dishes. Cells were incubated in a humidified incubator at
37 °C with 5% CO, until they are 80% confluent in EGM
(Lonza, Anaheim, CA) with 2% FBS. 24 h prior to exposure,
cells were serum starved with basal EGM and incubated
with either C5a (50 nM), C5a (50 nM), and Ial (50 nM), or
media only. Supernatant was assessed using Bioplex (Bio-
rad, Hercules, CA).
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Western Blot Analysis

Lysates were collected after washing the cell layer twice
with 1 ml ice-cold TBS in RIPA (Sigma-Aldrich, St Louis,
MO) with HALT proteinase inhibitors (Thermo Scien-
tific, Waltham, MA). Protein levels were quantified by
BCA (Thermo Scientific). Western blot membranes were
blocked with 4% Milk/TBS overnight and incubated for
4 h in TBS/0.5% BSA. Primary antibodies were ERK1/2
p44/42, Phospho-p44/42 ERK1/2 (Thr202/Tyr204), and
NFKB p100/p52 (1:1000, Cell Signaling, Danvers, MA).
Goat anti-Rabbit HRP secondary antibody was incubated
at 1:10,000 and developed using Supersignal chemilumi-
nescent substrate (Thermo-Fisher Scientific, Waltham, MA)
and developed using BIOMax film (Kodak, Rochester, NY).
Densitometry analysis was with ImageJ (National Institutes
of Health, Bethesda, MD).

In Vivo Sepsis Model

LPS: Mice aged 6-8 weeks received i.p. LPS at 10 mg/kg
(low dose), or 40 mg/kg (high dose) body weight and were
sacrificed 24 h later by CO,.

C5a: Anti-BSA rabbit-fractionated antiserum (Sigma-
Aldrich) was reconstituted in sterile-filtered ddH2O, diluted
in LPS-free PBS to a concentration of 250 pg in 50 pl, and
instilled retropharyngeally in isoflurane-anesthetized mice.
Mice were then given 1 mg of LPS-free BSA (Equitech-Bio,
Kerrville, TX) in 400 pl of LPS-free PBS into the retro-
orbital sinus and sacrificed 4 h later by CO,.

For all mice, plasma was collected and lung tissue was
snap frozen and stored at -80°C until used.

Quantitative RT-PCR

RNA was isolated from mouse lungs via the Trizol method.
Expression of ICAM-1, VCAM-1, TNF-a, and E-selectin
was examined (primers are listed in Table 1). Results were
normalized to the ribosomal protein 18S.

Immunohistochemistry

Formalin-fixed mouse lungs were sectioned at 5 pm and
stained with rabbit anti-Ial (Dako, Carpinteria, CA), or
biotinylated HA binding protein (Seikagaku America, East
Falmouth, MA),

Human Clinical Sepsis Study

Plasma samples were from a previous prospective multi-
center phase III clinical trial of 266 patients with severe
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Table 1 Primer sequences

for adhesion molecules and Gene Forward Reverse

cytokines used in this study ICAM-1 GAG AGT GGA CCC AAC TGG AA GCC ACA GTT CTC AAA GCA CA
VCAM-1 CAA TGG GGT GGT AAG GAA GTC ACA GCG CAC AGG TAA GA
TNFa TGT TGC CTC CTC TTT TGC TT TGG TCA CCA AAT CAG CGT TA
E-selectin AGT CTA GCG CCT GGA TGA AA CCA GCG AGG AGA ACA AAA AC
18s CGG CTA CCA CAT CCA AGG AA GCT GGA ATT ACC GCG GCT

sepsis [18]. Specimens used for this study were exempt
from IRB approval according to 45 CFR Part 46.1 01 (b)
(4) because (a) this study used existing specimens collected
for other research purposes or non-research activities; (b)
subject identity and personal health information was de-
identified and no clinical data were prospectively collected.
Plasma samples were analyzed at admission (day 0) and day
5. Because some plasma samples had been used up, only
90 day-0 samples were analyzed for VCAM-1, 112 day-0
samples for ICAM-1, and 36 day-5 samples were analyzed
for either. Investigators were blinded to plasma Ial level
results. Duoset ELISA kits (R&D Systems, Minneapolis,
MN) were used for sVCAM-1 and sSICAM-1 measurements.
Absorbance was measured at 490 nm/540 nm using Biotek
Powerwave XS. Plasma Ial levels were measured by inves-
tigators who were unaware of sSVCAM-1/sICAM-1 results.
Ial levels were determined with a quantitative competitive
ELISA using a single monoclonal antibody (MAb 69.26).
Measurements were performed in triplicate.

Statistical Analysis and Regression Model

Analysis was performed using the GraphPad Prism 6 soft-
ware (GraphPad Software, La Jolla, CA). ANOVA with
Bonferroni post hoc test and Student’s ¢ test was used and
P <0.05 was considered significant.

Results

lai Deficiency is Associated with Increased Markers
of Endothelial Injury in Sepsis Models

E-selectin, VCAM-1, and ICAM-1 are well-described
markers of endothelial activation in sepsis, promote leuko-
cyte adhesion on activated endothelia, and have been asso-
ciated with morbidity, MOF, and prognosis [19, 20]. We
determined the effect of Ial deficiency on the expression
of endothelial activation in two sepsis and organ injury
models. Gene expression in lung tissue of Ial-deficient
mice showed significant increase in VCAM-1, ICAM-1,
and E-selectin (Fig. 1a) when compared to Ial-sufficient
mice. Soluble VCAM-1 (sVCAM-1) is shed from activated
endothelia, and n general is associated with severity of
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Fig. 1 Ial-deficient mice dosed with LPS had increased expression of
vascular adhesion molecules compared to Ial-sufficient mice. a Gene
expression in lung tissue of VCAM-1, ICAM-1, and E-selectin was
severalfold higher in Ial-deficient mice. b Increased levels of sVCAM
in LPS-exposed Ial-deficient mice for high- and low-LPS dose

endothelial inflammation in septic patients [20]. Because
measurement of VCAM-1 tissue expression is not eas-
ily feasible in septic patients, many investigators use
sVCAM-1 as a surrogate [19]. Since we investigated the
association of sVCAM-1 with serum Ial in sepsis patients
(see below), we tested whether sVCAM-1 levels parallels
tissue VCAM-1 expression in our mouse model. We found
a significant increase in serum sVCAM-1 in Ial-deficient
mice compared to sufficient mice, 24 h post intraperitoneal
exposure to 10 mg/Kg or 40 mg/Kg LPS (Fig. 1b), con-
firming that both tissue expression and serum levels are
increased in the absence of Ial. We also found significant
upregulation of VCAM-1 and ICAM-1 in lung tissue of
Ial-deficient mice compared to sufficient mice (Fig. 2a)
in a second sepsis model, immune complex lung injury
[17]. We then assessed serum cytokines and chemokines
linked to endothelial inflammation in the context of sepsis
[21-27]. We found significantly elevated levels of VEGF,
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Fig.2 Iol-deficient mice in the C5a-induced lung injury model had
increased endothelial injury and inflammation compared to Ial-
sufficient mice. a Gene expression in lung tissue of VCAM-1 and
ICAM-1 was 2- to 3-fold higher in Ial-deficient mice. b Endothe-
lial growth factors and relevant cytokine levels in lung lavage fluid
of exposed mice were higher in lal-deficient mice compared to Ial-
sufficient mice

PDGF, CXCL-9, M-CSF, IL-18, and GM-CSF in Ial-
deficient mice relative to sufficient mice (Fig. 2b).

lai Ameliorates Endothelial Inflammation Induced
by C5a In Vitro

We then investigated the effect of Il on endothelial inflam-
mation induced by C5a, using an in vitro model of human
umbilical vascular endothelial cells (HUVEC). We observed
a strong upregulation of inflammatory cytokines after expo-
sure of HUVEC to C5a. Ial significantly ameliorated C5a
effects on IL-6, FGF, GM-CSF, MCP-1, PDGF, and IFN-y.
For some cytokines, e.g., IL-9, Ial did not have a protective

@ Springer

effect on C5a-induced upregulation (Fig. 3a, b). Taken
together our results suggest that, in addition to inhibiting
complement activation [17], IaI also inhibits C5a-induced
inflammation in endothelial cells.

lai Ameliorates Nfkb And ERK Activation After
Endothelial Exposure To C5a In Vitro

To further elucidate the mechanism of Il protection against
C5a-induced endothelial inflammation, we investigated the
effect of Il on signaling pathways which are known to be
activated by C5a in endothelia, such as ERK [28] and NFkB
[10], in the HUVEC model. We found that Ial significantly
reduced ERK and NFxB activation after C5a exposure
(Fig. 3c, d).

Plasma lal Levels are Inversely Associated
with sVCAM-1 and sICAM-1 Levels in Human Sepsis
Patients

It has been previously shown that Ial plasma levels on
admission are directly associated with survival and inversely
correlated with organ failure scores and plasma IL-6 levels in
a cohort of sepsis patients [18]. We utilized the same cohort
to investigate whether there was an association between
plasma Ial levels and plasma VCAM-1 and ICAM-1 levels,
as markers of endothelial inflammation. We found a modest
but significant inverse correlation between Ial levels and
plasma VCAM-1 and ICAM-1 in sepsis patients on admis-
sion (day 0), but not at day 5 after admission (Fig. 4). This
finding agreed with the experimental results in mouse sepsis
models and in vitro endothelial injury models.

Discussion

It is increasingly recognized that sepsis therapy should not
be limited to antimicrobial treatment. Instead, great health
benefits may be realized by correcting the dysregulated
immune response which underlies septic shock pathobiol-
ogy [29]. Endothelial inflammation is a hallmark of sep-
sis [30-32] and leads to shock and MOF [33, 34]. Several
cytokines produced by activated endothelia have effects on
the endothelia themselves and immune cells that interact
with them: GM-CSF promotes inflammatory cell adhesion
to endothelia [35]; PDGF promotes endothelial integrity
[36] and is associated with survival in sepsis [27]; IL-6 has
a role in angiogenesis [37]; FGF-2 promotes endothelial
migration through activation of ERK1/2 [38]; and MCP-1
expression by endothelia promotes the accumulation of
monocytes in the injury site [39]. Endothelial activation
induces expression of VCAM-1 and ICAM-1, which are
involved in sepsis pathogenesis and are markers of end-organ
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Fig.3 In vitro exposure of HUVEC to C5a demonstrated ame-
lioration of the inflammatory response by lal. a Ial reduced lev-
els of IL-6, FGF-2 and GM-CSF that were increased by C5a. b Ial
increased levels of MCP-1, PDGF, and IFN-y that were reduced by

failure, morbidity, and mortality in severe sepsis [20, 40].
Thus, VCAM-1 and ICAM-1 are representative markers
of endothelial injury and activation in sepsis [19, 20]. We
have now demonstrated that Ial suppresses VCAM-1 and
ICAM-1 in two distinct models of sepsis lung injury (LPS
and C5a). Ia also normalized in vitro the expression of
relevant cytokines and endothelial factors. In addition, Ial
is inversely associated with soluble VCAM-1 and ICAM-1
levels in patients admitted with sepsis. Ial is abundant in
the circulation (normal levels of 0.2-0.6 mg/ml) and can
be found in direct contact with vascular endothelia (Fig. 5).
Thus, Ial is an excellent candidate modifier protein for
endothelial inflammation and dysfunction in sepsis.
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VCAM-1 and ICAM-1 upregulation in sepsis is medi-
ated by inflammatory stimuli present in the serum of septic
animals [41], including cytokines such as TNFa, IFN-y, and
IL-1B, glycosaminoglycans like short fragments of hyaluro-
nan [42] and bacterial components such as LPS [43], which
lead to the activation of NFxb in endothelial cells [42].
Ial is a potent anti-inflammatory protein and ameliorates
sepsis-induced inflammation through several pathways. The
Il light-chain inhibits LPS-induced increase of cytoplas-
mic free Ca**in immune and structural cells [44], and pro-
tects epithelia from injury after IL-1p and TNF-a exposure
[45] through a Ca** -inhibitory effect. Ca*™*inhibition was
seen in several cell types [44, 46, 47]. lad also inhibits the

@ Springer



366 Lung (2019) 197:361-369

Fig.4 Inverse association A sVCAM Day 0 sVCAM Day 5
between serum Ial and sVCAM 5.000-
aorICAM b levels sty 0 ! . p<0.001 e p=0.43
adamission, left panels) out nol —~ d 2, 2
at day 5 (right panels) E 4,000 . r'=0.21 LE\ 4,000 . . r=0.02
~ [ ] ~
23000 *o° D 3,000- .
E N
< 2,000 2 2,000 . s
3 S | | e
® 1,000 “ 1,000 -
® o.-Pg Q0,0 o
0 . . : . 0 e o o °
0 200 400 600 800 0 200 400 600 800
lal (mg/ml) lol (ng/mi)
B sICAM day 0 sICAM day 5
4,000+ 4,000+
= p< 0.001 = . 6
€ 3,0001 . 2= 0.18 € 3,000 r*=0.01
=) . B
£ £
s 2,000 = 2,000
< <
S} (S]
» 1,000 » 1,000
0 T T - T 1 0 T T T 1
0 200 400 600 800 0 200 400 600 800
lal (pg/mil) lal (ng/mil)

Fig.5 Mouse lung staining for hyaluronan (panel a, green), lal for structural reference. Panels e and f show merged images without
(panel b, red), and DAPI (panel ¢, blue) after i.p. endotoxin exposure and with transmitted light image, respectively. Note immune cells
shows deposition of hyaluronan and Ial along the luminal endothelial rolling along the endothelium which partially stain for Il as well
surface of a venule (arrows). Panel d (transmitted light) is provided (arrowheads). Magnification: X250
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activation of neutrophils after LPS exposure, by reducing
ERK1/2 and p38 [48]. Furthermore, Ial has been shown to
bind extracellular histones and neutralize histone-induced
adverse effects in sepsis [49]. Finally, we recently described
that Ial complexing with hyaluronan in septic animals lead-
ing to its rapid clearance and ameliorated sepsis mortality
[50, 51]. This suggests that ol is able to reduce the inflam-
matory cascade in injured endothelia through many path-
ways, ultimately leading to reduced VCAM-1 and ICAM-1
upregulation and secretion.

We investigated Ial in endothelial inflammation in vitro
by using C5a exposure. We believe that this is a representa-
tive model since C5a is central to endothelial injury and
MOF in sepsis [52—-54]; furthermore, complement activa-
tion occurs throughout the course of systemic inflammation
associated with sepsis [53]. A major pathway of C5a inflam-
mation in endothelia is via ERK [28] and NFxB [10] activa-
tion. These pathways may be connected, since ERK leads to
NFxB activation [55]. We demonstrate that Ial ameliorates
both ERK and NF«B activation in endothelia. The Iol light-
chain bikunin inhibits ERK activation in LPS-treated mono-
cytes in vitro and LPS-dosed rats in vivo [56]; the effect may
be at least partly due to inhibition of Ca**influx [57], since
bikunin inhibits LPS-induced Ca** influx in neutrophils [48]
and HUVEC [47]. Ca™influx occurs after C5a binding to
its receptor [58] and leads to the C5a-induced ERK activa-
tion [59]; thus, Ca**influx inhibition is a plausible mecha-
nism of Ial effects. The hypothesis that Ial effects target
ERK is supported by the observation that C5a-induced IL-9
upregulation, which is not modulated by ERK [60], was not
changed by Ial. Ial heavy chains may also contribute to its
effect. Endothelial cells express several integrins [61] which
Ial heavy chains can bind to [62]. Furthermore, Ial heavy
chains are necessary for binding to hyaluronan, a crucial
component of the endothelial glycocalyx [63]. Ial heavy
chains may provide the necessary attachment to endothelial
cells (see Fig. 5).

We established translational relevance of our findings by
replicating the inverse association of Ial with VCAM-1 and
ICAM-1 that we found in mice in a cohort of sepsis patients
which in a previous work had demonstrated an inverse asso-
ciation of Ial plasma levels with mortality, MOF score, and
serum IL-6 levels [18]. We found that Il and VCAM-1/
ICAM-1 levels are inversely associated in sepsis patients
on admission (day 0), but not at day 5 after admission. On
admission, patients have received very few treatment inter-
ventions. After 5 days, patients have received several poten-
tially confounding interventions and possible complications,
which may explain the absence of association. Thus, it may
be that the relative absence of confounders allowed us to
unmask the association between Ial and endothelial injury
during early sepsis. Alternatively, lal effects may be super-
seded by other factors that influence endothelial activation in

later sepsis stages. Admission levels of Ial and soluble adhe-
sion factors have been independently found to predict mor-
bidity and survival in sepsis [18, 20] and our work suggests
that there may be a causative connection between the two.

In conclusion, we show that Ial protects endothelia from
injury caused by sepsis and the activated complement factor
C5a. This find provides additional mechanistic insights into
the effects of Ial in sepsis and supports the use of lal as a
treatment in sepsis.
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