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Review Article

Review of cellular and molecular pathways linking thrombosis and
innate immune system during sepsis

Filip A. Konecny?

Abstract

Cellular and molecular pathways link thrombosis amthte immune system during sepsis. Extrinsicyayhactivation
of protease thrombin through FVlla and tissue fa€id-) in sepsis help activate its endothelial ¢EIC) membrane
Protease Activated Receptor 1 (PAR-1). Thrombimustdjthe EC cycle through activation of G prot€®42/13), and
later through Rho GEFs (guanine nucleotide exchdagmrs), and provides a path for Rho GTPases atelicy-
toskeletal responses involved in shape change emdeability of the EC membrane leading to an ineeeaf leakage
of plasma proteins.

At the same time, thrombin stimulates spontaneaitegenesis by inducing activation of the cell cyfrlem GO-G1 to

S by down-regulation of p27Kip1, a negative reqaiatf the cell cycle, in association with the ugrkation of S-phase
kinase associated protein 2 (Skp2). After transportytoplasm, p27 Kipl binds to RhoA thus prevadtivation of
RhoA by GEFs, thus inhibit GDP-GTP exchange mediateGEFs. In cytoplasm, releasing factor (RF) pEARho is
able to free RhoA. P27 RF-Rho binds p27kipl andgmts p27kipl from binding to RhoA. Exposed RhoAaisr able

to increase the expression of the F-box proteir?Skfter its Akt triggered 14-38-dependent cytoplasm relocation.
Skp2 increases cytoplasm ubiquitination-dependegtatiation of p27Kipl. Additionally, after septiwuction of ca-
nonical NF-kB pathway in EC through TLR4/IRAK4/TRAKB, an IKKa dimer phosphorylates the p52 precursor NF-
kB2/p100, leading to p100 processing and transimeaif RelB/p52 to the nucleus. By controlling tN&-kB-RelB
complex, IKKa signaling regulates the transcription of the Sipd correspondingly p27Kip1.
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he Role of Tissue Factor in Acti- gram-negative bacteria. Endotoxin consists of
vation of Coagulation-lnnate  lipopolysaccharide (LPS). As LPS requires
Immune System in Sepsis transfer to immune cells, the system of Toll-

In an organism, there are molecular and cellu- like receptor 4 (TLR4), CD14, and MD-2 repre-

lar components of coagulation and innate im-  Sent the LPS receptor Con?plex'invol‘ved in the
mune system sensing DAMPs (Danger Associ- Cellule?r rfec‘ogmtlon and‘ signaling. Since 1t‘ has
ated Molecular Patterns). Endogenous DAMPs amph1ph111c structure, its spontaneous diffu-
(alarmins) and exogenous pathogen associated ~ SIon to Ceuular binding sites appears to be very
molecular patterns (PAMPs) are recognized by slow for its t‘enden‘cy to form aggregates In
PRRs (Pathogen Recognition Receptors). PRRs ~ aqueous soluthn. ‘L‘1popoly‘sacchar1de binding
can be divided into NLRs (NOD-like recep-  Protein (LBP) significantly increases the trans-
tors), TLR (Toll-like receptors), and retinoic fer of LPS from aggregates to the CD14'TLR4
acid inducible gene I-like receptors or (RIG-I)- ~ receptor Complex (Figure 1)'1 LBP is an acute-
like helicases (RLHs). These receptors initiate thise protein that recognizes and binds the
the innate immune system and are later en-  1pPid-A portion of LP S. _ _

gaged in adaptive immune response. One of The rap@ recognition of the antigen in a
the molecules responsible for sepsis is en- mammal's circulation leads to the activation of

dotoxin, constituent of the outer cell wall of  the immune system. The innate immune
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Figure 1. During innate immune activation via LPS-LPB-TLR4,! a number of factors of the coagulation
pathway are activated, creating the cooperative immuno-coagulative response. Extrinsic pathway activa-
tion of protease thrombin through FVIla and tissue factor (TF) in sepsis help activate its EC membrane
PAR-1 receptor.?2 Reorganization of the endothelial cell (EC) cytoskeleton and cell adhesive complexes
provides a structural basis for an increased vascular permeability implicated in the pathogenesis of sep-
sis. Thrombin through G-proteins (G 12/13 and G alpha 11/q) 2 induces a rapid increase of the myosin
regulatory light chain (MLC) kinase which results in actin-myosin interaction, stress fiber formation. Ac-
tin-myosin interaction leads to an increased EC permeability.3
MLCK inhibitors significantly attenuate the effects of thrombin on EC permeability and actin stress-fiber
formation. As thrombin disrupts intercellular junctions, it creates formation of stress fibers and paracel-
lular gaps by inhibition of Rho GTP-ase.?
Activated protein C (APC) is augmented with presence of EPCR that is present on ECs. Activation of PC
by thrombin and thrombomodulin is restrained in sepsis. PAR-1 can be switched by APC, in presence of
its receptor EPCR, or by thrombin from permeability protective to permeability enhancing.*
LPS: Lipopolysaccharide; GEFs: Guanine Nucleotide Exchange Factors; RhoA: Ras Homologue Family
Member A; MLCK: Myosine Light Chain Kinase; CaM: Calmodulin; PLC: Phospholipase C; Skp 2: S-
phase Kinase-Associated Protein 2; ROCK: Rho-Associated, Coiled-Coil Containing Protein Kinase; PRK:
PKC Related Kinase; EPCR: Endothelial Protein C Receptor; TAB 1-TGF-beta: Activated Kinase 1/MAP3K7
Binding Protein 1; JNK: Jun N-Terminal Kinase; ERK: Extracellular Signal-Regulated Kinase.

EC permeability

system acts instantly followed by an early in-
duced response, which does not lead to the
lasting protective immunity.

During innate immune activation via LPS-
LPB-TLR4, factors of the coagulation pathway
are activated, creating the cooperative im-
muno-coagulative response. Activation of
thrombin signaling through its PAR receptors
constitutes coagulation pro-immuno activa-
tion. As the cascade progresses, cooperation of
membrane bound factors i.e. TF (Tissue Factor)
or factor Va, attachment of circulating cells to
the damaged region ensures the cooperation of
immune response with coagulation during

JRMS/ November & December 2010; Vol 15, No 6.

sepsis. The short-lived thrombin in circulation
and its only local production ensures the dis-
tinct area of such cooperative response. To
fully understand this vast amount of variations
of the activation of circulating cells with coagu-
lation proteases, a multitude of settings has to
be described to better understand the possible
variations.

One such scenario in circulation is observed
throughout activation of inactive innate sur-
veyors DCs (Dendritic Cells) and inactive
monocytes. Those cells are known to express
membrane-bound TF, the transmembrane gly-
coprotein, and the cellular receptor for the zy-
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mogen factor VII and VIIa. When factor Vlla is
bound to TF it activates cell signaling. Its bind-
ing potentiates intracellular calcium fluxes 2
and activates mitogen-activated protein kinases
(MAPK)3 It was assumed that TF is expressed
only in tissues, and not at circulating blood cells
and on vascular endothelium. Recently, Nijziel et
al observed that in the quiescent state, mono-
cytes express low levels of TF. After LPS stimula-
tion, submicron TF-membrane positive particles,
the fragments derived from activated and/or
apoptotic cells become localized on its mem-
brane.#5 Thus the circulating phagocytic DCs
and monocytic surveyors might represent a dual
element of activation of coagulation and innate
immune system during inflammation and sepsis.
DCs are professional antigen-presenting cells,
similar to other antigen-presenting cells i.e.
macrophages and B cells. They function by en-
trapping and presenting the antigen to the T
cells. DCs were for a very long time undistin-
guishable from the monocytes/macrophages
due to the scarcity of its cell markers. After
discovery of its surface markers, two major
populations were detected. A set of popula-
tion, which did not migrate to the periphery,
and produce the interferon (IFN) was called
plasmacytoid DCs. Migratory group, was called
the non-lymphoid tissue migratory or lymphoid
tissue resident DCs.

Monocytes in developing thrombus release
TF, reaching its peak in about 100 s,% in addi-
tion to the TF that already circulating in blood
(100-150 pg per ml).”8 Likewise, leukocytes in
the circulation constitutively express TF.? Ad-
ditionally, the activated leukocytes release
numerous mediators, such as cathepsin G and
elastase, activating both the coagulation cas-
cade and platelets.

After TF binds FVII/VIla the complex ac-
quires both procoagulant and signaling activi-
ties. As coagulation progresses through the
TF:FVIla complex, factor VII/ Vlla initiates f. IX
and X cofactor activation. Later, f. Xa converts
prothrombin to thrombin, while thrombin in-
duces transformation of fibrinogen into fibrin
with help of f. XIa. Factor XIIla helps with final
fibrin cross-linking. Varieties of fibrino-
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gen/fibrin products, as well as later products
of fibrin degradation, are released into circula-
tion, where they contribute to activation of TF.
This circulating TF and its amount are now in
the midst of an intense debate. Hoffman et al
reported occurrence of TF throughout clots,
where it was found to be incorporated into the
clot margins.1® This suggests that circulating
TF is integrated into clots. Butenas et al re-
ported that extremely low levels of circulating
TF are not likely to contribute to coagulation.!!
Circulating low levels of TF and its role in acti-
vation of coagulation could be seen as one of
the main building blocks interconnecting co-
agulation with the innate immune inflamma-
tory activation.

Recently, the role of tissue migratory DC's
signaling in severe sepsis was discussed by
Ruf.12 The non-lymphoid tissue migratory DCs
belong to the most important circulating cells
in LPS-sepsis, representing the intersection of
coagulation and inflammation. In comparison,
the unstimulated circulating plasmacytoid DCs
expressing undetectable levels of TLR 4, while
cardiomyocyte that express far more TLR 4 re-
sponds only weakly or not at all to LPS.13 In
addition, Li et al in 2008 confirmed that ligands
such as LPS, TNFa or CD40L are necessary
during the maturation of the immature DCs.14
After LPS induced maturation, DCs expressed
Protease Activated Receptors (PARs) 1 and 3,
but not PAR 4.4 Thrombin is a vital protease
responsible for the activation of DCs through
DC's PAR1-S1P3 (sphingosine 1 phosphate re-
ceptor 3) pathway. This coupling of coagula-
tion and innate inflammatory response takes
place in the draining lymphonodes, where DCs
migrate after thrombin-PAR 1 activation.'215 In
addition, PAR 1 is cleaved by other serine pro-
teases like activated protein C (aPC). At the
same time that thrombin up regulates the pro-
apoptotic genes; the aPC is counteracting
thrombin by suppressing the NFxB down-
stream signaling.16

PARs belong to the G-transmembrane cou-
pled protein receptors participating in two-
way coagulation-inflammatory response. PARs
are present on the cell membrane of numerous
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cells i.e. endothelial cells (ECs), platelets, leu-
kocytes, neurons, and myocytes. They are
known to be activated by the coagulation pro-
teases such as thrombin, TF-FVIla and TF-
FVIla-FXa complexes, and factor FXa.'” Throm-
bin exerts it cell activity partially through the
G-protein coupled PAR receptors (PAR 1, 3,
and 4); TF: Vlla and factor Xa and Trypsin, but
not thrombin activate PAR 2.18 PARs help to
activate the key signaling pathways of hemo-
stasis, enabling thrombin to activate platelets,
particularly PAR 4, which is in rodents essen-
tial for platelet activation by thrombin.
Interestingly, in PAR single-knockout (KO)
mice (PAR 1, PAR 2, and PAR 4 KO) and in
double-KOs e.g. PAR 1: PAR 2 and PAR 2:
PAR 4 neither single PAR deficiency nor com-
bined PAR deficiency (such as PAR 1: PAR 2 or
PAR 2: PAR 4) had any significant role in
mouse survival during LPS-induced en-
dotoxemia.® PAR (PAR 1-PAR 4) receptors
expressed on circulating cells rather than on
tissue cells i.e. cardiomyocyte, pneumocytes,
neurons etc, at different stages of its activation
and in different amounts, regulate the en-
dotoxemic-coagualtion-innate  inflammatory
response through activity of its TLR's. Thus the
amount of TLR's might not play a role in the
final activation of the innate response, and
rather the PARs cooperation with other circu-
lating cells or vascular endothelium might ac-
tivate the adaptive immune system. This leads
to an overproduction of cytokines, which
causes a loss of cardiomyocytes or pneumo-
cytes. To further comprehend the condition(s)
of both TLRs and PAR presence and its signal-
ing capacities, a double KO mouse has to be
generated. Moreover, the specific tissue KO
mouse e.g. pneumocyte TLR 4 KO or the car-
diac TLR 4 KO tissue specific, PAR 1 systemic
KO mouse would be vital to study the coagula-
tion-innate immune response in endotoxemia.

The Role of Non-Phagocytic Platelets in
The Initiation of The Thrombo-Immuno
Response After The Induction of Sepsis

LPS exposure causes activation of coagulation
and fibrinolytic systems, platelet consumption,
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reduced numbers of circulating lymphocytes
and monocytes, and increased numbers of
granulocytes. In 2006 Camerer et al, contrary to
widespread belief, described in mice lacking
PAR 4 (PAR 4 KO) that thrombin is not the key
enzyme responsible for thrombocytopenia dur-
ing endotoxemia. Moreover, its signaling in
platelets is not necessary for endotoxin in-
duced thrombocytopenia, and thrombin-
induced platelet procoagulant activity is not
important for thrombin generation.®

LPS proteins, Gram-negative and Gram-
positive, including triacyl-cysteine-modified,
can be included into common strong endotox-
ins. Biochemically, endotoxin proteins have an
N-terminal cysteine residue that is modified by
the addition of an ether-linked diacylglyceride,
usually containing an N-terminal fatty acyl
amide. Such modified proteins are powerful
inflammatory agonists. When endotoxins are
inoculated, rapid thrombocytopenia is ob-
served. Unfortunately, there is limited publica-
tion characterizing LPS-induced platelet path-
ways and its relation to the innate immune sys-
tem. The action of thrombin, based on the
Camerer' et al results, is not a key to the
thrombocytopenia development.23

In 2003, Montrucchio et al found that LPS
alone did not activate platelet aggregation.
Rather the priming of platelets with the epi-
nephrine, adenosine diphosphate or the ara-
chidonic acid helped the aggregation.20 Results
were confirmed in 2009 by Zhang et al by add-
ing collagen or thrombin as the LPS-platelets
aggregation enhancers.?!

Platelet responses to thrombin include
shape change, synthesis, release of the throm-
boxane A2,2 activation of the integrins, and
binding of fibrinogen and von Willebrand Fac-
tor (vVWf) to mediate the aggregation.2* Throm-
bin enhances the aggregation by different
modes compared to collagen and is considered
as one of the most potent platelet agonist.
Thrombin binds to the platelet G-protein
membrane receptor, causing platelet shape
change an increase of cytosolic free Ca+, its
degranulation, and aggregation. Varying con-
centrations of alpha-thrombin or by beta- and
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gamma-thrombin activates platelets through
three thrombin receptors, PAR-1, PAR-4 and
GPIb alpha. Other enzymatic reaction(s) takes
place, rather than thrombin acting alone, in
commencement of thrombocytopenia after LPS
stimulation. However these confounding en-
zymatic, platelet priming reactions are un-
known at this time; they could partially help to
understand the Camerer's data.

LPS is recognized by platelet immune Toll-
like receptors. TLR 1, TLR 2, and TLR 6 % and
TLR 4 2627 were identified as one of the cell as-
sociated receptors that play role in an early de-
tection of the antigen circulating in blood.
Human platelets activated by thrombin in the
presence of Ca 2+ did not significantly affect
the expression of TLR2 or TLR4 but signifi-
cantly enhanced the expression of TLR 9.28
Thus the up regulation of TLR 9 in mouse
platelets, challenged with LPS, suggests that
other unknown TLRs might be derived from
intracellular compartments.2

Platelets express the LPS-receptor-signaling
complex, TLR 4, CD 14, MD2 and MyD88.2! In
low concentration of platelet agonists (collagen
or thrombin), in-vitro LPS enhances platelets
aggregation. Further, in-vitro LPS induces ATP
release, which is indicative of its dense gran-
ules secretion, but it is much less pronounced
compared to thrombin ATP release, partially
explaining LPS platelets signaling and aggre-
gation insufficiency.

LPS stimulates platelet a (P-selectin, PF-4)
and dense granules secretion. Amplification of
aggregation occurs through the TLR4/MyD88-
dependent mechanism and the cGMP/PKG
dependent pathway.2! After the LPS stimula-
tion thrombin is involved in the triggering of
platelet's P-selectin, the cell adhesive molecule
(CAM), and its release from within a-storage
granules to its surface. In addition, after stimu-
lation of platelet's TLR 2 by LPS, P-selectin sur-
face expression and activation of platelet GP
IIbIlla increases. Integrin GP IIbllla is neces-
sary for triggering the conversion of a dormant
cell surface into the highly receptive one
through its major agonists (collagen, fibrino-
gen, vWIf), which are present in circulation via

352

Konecny

activation of the phosphoinositide 3-kinase
(PI3-K)/ Akt signaling pathway.?> The distal
lectin-like domain of the P-selectin binds to a
carbohydrate group presented on mucin-type
glycoprotein i.e. P-selectin Glycoprotein
Ligand 1 (PSGL-1) on the leukocytes. The post-
LPS interaction through the TLR4/MyD88-
dependent pathway 2! is priming platelets to
further interact with other members of the in-
nate immune system. LPS primed monocytes
and to lesser degree polymorpho-nuclear neu-
trophils (PMNs) are able to adhere on plate-
lets.20 The role of P-selectin and its ligand
(PSGL-1) in the activation of subgroups of leu-
kocytes through platelet presentation and the
up regulation on its membrane is rather con-
troversial at this time. It suggests the role of P-
selectin as a leukocyte-derived mediator, pro-
posing that the activation of platelets by the
LPS is mainly dependent on leukocytes, mostly
monocytes as a result of CD14 and TLR4 en-
gagement.20 Consequently after platelet activa-
tion, P-selectin is released and expressed on
the cell surface. Binding of P-selectin to its
ligand PSGL-1, expressed on all leukocytes,
mediates the formation of platelet-leukocyte
aggregates in the circulation and on damaged
vascular surfaces on which platelets and fibrin
have been deposited.?

Another mechanism of platelet thrombo-
immune stimulation during the endotoxemia is
through a secretion of Platelet-Activating Fac-
tor (PAF). PAF (1-O-alkyl-2-(R)-acetyl-sn-
glyceryl-3-phosphonocholine) is a potent
phospholipid mediator of many leukocyte
functions. PAF induces platelet aggregation
and vessel dilation. PAF is locally active and
can be released from the adherent PMNs after
the endotoxin or thrombin stimulation.3 En-
dotoxic stimulation induces production of a
superoxide and the formation and shedding of
the microparticles with bound PAF. The re-
leased material activates platelets, and they co-
aggregates with endotoxin-stimulated PMNs.30
Recently the role of PAF in LPS induced en-
dotoxemia was revisited by Jeong et al.3! They
observed that dose dependent PAF injection
significantly attenuated organ injury, after LPS
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injection, including profound hypotension, ex-
cessive polymorphonuclear neutrophil infiltra-
tion, lymphocyte apoptosis, severe Multiple
Organ Dysfunctions (MODs), and death. PAF
induced changes in the production of cyto-
kines in response to LPS has two compensa-
tory results. First it produces circulating pro-
inflammatory cytokines (TNF-a, IL-1b, IL-
12p70, and IFN) and, secondly it increases the
production of compensatory anti-inflammatory
cytokine IL-10.31

Platelet receptors and the understanding of
its molecular functions and the downstream
signaling pathways needs to be further ex-
plored. The use of pharmacological inhibition
and knockout animals of known platelet recep-
tors, adhesion molecules, and many signaling
molecules might help to better comprehend
the platelet role in thrombo-immune system.
As an example, the case of TLRs and PARs on
the platelet membrane, highlighting the role of
platelets as both, the immunologic and throm-
botic surveyors (thrombin activated platelets,
in the presence of Ca 2+, significantly enhances
the expression of TLR 9).28

Thrombin Rolein Cell Cycleand ItsIm-
pact on Innate Immune System During
Sepsis

LPS induction of TF causes generation of
thrombin that is created after activation of TF:
VIla complex. TF: Vlla, factor Xa and trypsin
activate G-protein coupled thrombin receptor
PAR 2. It is the main protease of the coagula-
tion cascade after its induction. Thrombin can
induce the expression of pro-thrombotic fac-
tors i.e. TF and plasminogen activator inhibi-
tor-1 (PAI-1).32 It enhances amplification of
various chemokines (monocyte chemotactic
protein-1) 33 and cytokines (IL-6 and 8) 3* and
while inhibiting the expression of endothelial
NO synthase (eNOS) and endothelin-1, it alters
vascular tone.®> Thrombin exerts its cell activ-
ity partially through the G-protein coupled
protease activated receptors (PAR 1, 2, and 4)
limiting its activity to the place of its activa-
tion, while rapidly restricted by the action of
protein C. Effects of Activated Protein C (APC)
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are mediated through the Endothelial Protein
C Receptor (EPCR) and secondary through the
activation of PAR1 by the APC-EPCR complex
(Figure 1).3¢ On a constant basis APC loses the
competition for PAR1 with thrombin.?” The
cellular effects of APC in endotoxemia and se-
vere sepsis are under continuing investigation,
mostly because of its pleiotropism (i.e. coagu-
lation, fibrinolysis, inflammation, immune
cells, and vascular endothelial cells). New ge-
netically engineered recombinant APCs (rAPC)
are designed to control not only the anticoagu-
lation, but also bleeding and apoptosis.

Normal expression of EPCR and PAR1 is an
essential factor in mortality reduction by APC
in mouse models of lethal endotoxemia. APC
treatment of PAR1 KO mice challenged with
LPS reproducibly prolonged the time of sur-
vival in a study by Kerschen et al.® In addi-
tion, the selective direct thrombin inhibitor Hi-
rudin decreases sepsis mortality and fibrin
deposition in animal models of sepsis.!5 Inter-
estingly, partial KO mouse strains e.g. AT
II+/- and (or) PC+/- challenged with en-
dotoxin exhibit increased mortality and fibrin
deposition.3940

Generally, thrombin cellular responses con-
sist of a regulation of the blood vessel diameter
by an endothelial-dependent vasodilatation,
triggering the calcium signaling and other re-
sponses in T lymphocytes.#! In endothelial cells
(ECs), thrombin causes its shape change with
an increase of a plasma permeability and
edema.® In a recent report by Hu et al in 2009,
thrombin, after activation of its PAR 1 recep-
tor, becomes a growth factor (GF) that can
stimulate spontaneous mitogenesis by induc-
ing activation of the cell cycle from G0-G1 to S
by a down-regulation of p27Kipl. Its stimulat-
ing effect is equipotent with serum (a mixture
of GF). Thrombin down-regulates p27Kipl, a
negative regulator of the cell cycle, in associa-
tion with the up-regulation of Skp2 and MiR-
222, which decreases p27Kipl by a different
mechanism.#3 Thus, in that setting, thrombin
might operate posttranscriptionally by inacti-
vation of p27Kipl. Thrombin can use protein
complex SCF, Skp2-containing E3 ubiquitin
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ligase, and its cofactor cyclin dependent
kinase-Cdk subunitl (Cksl) (which recognize
Thr187-phosphorylated p27Kipl) promoting
its degradation by proteasome # or other pro-
tein-protein interactions.#> Additionally the
small protein Cksl participates in p27Kipl
ubiquitination by increasing the binding affin-
ity of Skp2 for p27Kip1.4> Thr187 phosphoryla-
tion directs p27Kipl to the SCF Skp2 ubiquitin
ligase complex (consisting of Skp2-Skp1-Cks1-
Cull-Rocl), which in turn promotes the
polyubiquitination and degradation of
p27Kipl.4¢ Through the activation of p27kipl
ubiquitination, thrombin actively promotes
ECs mitogenesis.

Skp 2 belongs into a family of proteins con-
taining the F box motif. The role of forkhead
box M1 (FoxM1) in the molecular mechanisms
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of endothelial barrier repair following a vascu-
lar injury was recently studied by Zhao et al.#’
In response to LPS, the endothelial cell re-
stricted FoxM1 deficient mouse (FoxM1 CKO)
displayed a significantly prolonged increase of
the lung vascular permeability and the mortal-
ity due to severe pulmonary edema. Following
the LPS-induced vascular injury, FoxM1 CKO
lungs demonstrated an impaired cell prolifera-
tion in association with a sustained expression
of p27Kipl and decreased expression of cyclin
B1 and Cdc25C. Zhao et al study suggests that
impairment of proteins containing F box motif
i.e. (FoxM1, Skp-2) might be an important de-
terminant of persistent vascular barrier leaki-
ness and edema formation associated with an
inflammatory disease (Figure 2).

cytoplasm

P27-RF Rho

p115 Rho GEF

p27kip 1

nucleus

Figure 2. Disruption of cell barrier at the level of inter-endothelial junctions leads to an increase of
leakage of plasma proteins and exudation of fluid in sepsis. Activation of the Rho GTP-ases was de-
scribed in EC to prevent disassembly of inter-endothelial junctions and the increase in endothelial
permeability.

The Rho family GTP-ases (including Rho, Rac, and Cdc42) are crucial in regulation of permeability
through spatio-temporal signaling.#® Rho proteins are activated through GDP-GTP exchange induced
by guanine nucleotide exchange factors (GEFs) and are inactivated by GTPase-activating proteins.

After transport in cytoplasm, p27 Kipl binds to RhoA and prevent activation of RhoA by GEFs,%0 thus
inhibit GDP-GTP exchange mediated by GEFs.50 In cytoplasm, releasing factor (RF) of p27-RF-Rho
was shown to be able to free RhoA. P27 RF-Rho binds p27kipl and prevents p27kipl from binding to
RhoA. Exposed RhoA is later able to increase the expression of the F-box protein Skp2, after its Akt
triggered 14-3-3-B-dependent cytoplasm relocation. Skp2 increases cytoplasm ubiquitination-
dependent degradation of p27Kip1.

RSK1 (p90 ribosomal S6 kinase) phosphorylates p27, promoting p27-RhoA binding.5!
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The activity of a PAR-1 receptor plays a sig-
nificant role in thrombin signaling. PAR-1 is
activated by a proteolytic activation and later
discarded. Naive PAR-1 is delivered from the
intercellular pool of PAR-1 to the endothelial
cell (EC) surface in order to maintain thrombin
responsiveness.®® At the beginning, thrombin
locally activates its PAR-1 receptor on the EC
and couples it to the members of small G pro-
teins (G12/13, Gq, and Gi/z).17 Later, thrombin
through Rho GEFs (guanine nucleotide ex-
change factors) provides a path for Rho
GTPases mediated cytoskeletal responses that
are involved in shape change and permeability
of the EC membrane. The Rho GTPases are
members of a Ras superfamily of GTP-binding
proteins that act as molecular switches while
cycling between inactive GDP-bound and ac-
tive GTP-bound forms. This activity is con-
trolled by e.g. guanine nucleotide exchange
factors (GEFs) that catalyze exchange of GDP
for GTP to activate the switch.# Originally,
Rho was identified as a signaling molecule that
is involved in cellular functions. Rho was asso-
ciated, for example, in cytoskeletal rearrange-
ment and cytoskeleton organization during
smooth muscle cell contraction, in the distinc-
tive ability to induce specific filamentous actin
structures in fibroblasts, and in platelet aggre-
gation. Activation of Rho led to an assembly of
contractile Actin-Myosin filaments, or actin
rich filopodia or lamelliopodia.#>5 Recent
studies support the original evidence and re-
veal RhoA and Racl activation by p27kip1.5! In
addition, RhoA is able to increase the expres-
sion of the F-box protein Skp2 required for
ubiquitination-dependent = degradation  of
p27Kipl.52

P27Kipl is a well-known cyclin-dependent
kinase inhibitor (CDKI); a member of the
Cip/Kip family. It is an essential cell cycle in-
hibitor that functions largely during the
GO0/G1 phase promoting the assembly of the
cyclin D1-CDK4 complex and inhibits the
kinase activity of the cyclin E-CDK2 complex
in the G1-S phase. P27kip1 is contained in the
nucleus, which functions largely during the
GO0/G1 phase, promoting assembly of the cy-
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clin D1-CDK4 complex and inhibits the kinase
activity of the cyclin E-CDK2 complex in the
G1-S phase. P27Kipl is also a phospho-protein
with multiple Ser/Thr phosphorylation sites,
including Ser-10, Ser-178, and Thr-187. In the
latest review by Besson et al,>* authors showed
that p27kip1 localization and its regulation de-
pends on its amino acid phosphorylation. Thus
e.g. the cytoplasmic localization of p27kipl can
be linked to Ser-10 phosphorylation that causes
p27 Kipl1 to be transported from the nucleus in
G1 phase, leading to the progression of S/G2
phase.55 Ser-10 phosphorylation in dormant
cells was proposed through Mirk/Dirk kinase,
while in proliferating cells, there are reports
implicating kinase interacting with stathmin
(KIS), PKB/Akt, and extracellular signal-
regulated kinase-2 (ERK2).5! Another phos-
phorylation site on p27 that regulates its local-
ization in cytoplasm includes Thr-157 and Thr-
198. The phosphorylation of Thr-187 directs
p27Kipl to a SCFSkp2 ubiquitin ligase com-
plex and promotes its polyubiquitination and
degradation. Phosporylation of Thr-157 or Thr-
198 by PKB/Akt causes cytoplasmic localiza-
tion of the phosphorylated p27 and its reten-
tion in cytoplasm.5 By promoting an associa-
tion of p27 with 14-3-3 proteins, which pre-
vents p27 from interacting with Importin q,
p27 transport to the nucleus can be limited.
These findings indicate that 14-3-3 protein
suppresses importin ao/p-dependent nuclear
localization of Thr157-phosphorylated p27.55
The extent to which altered cellular localiza-
tion modulates the many biological effects of
Kip/Cip proteins is an area of considerable
interest. In the case of p27 Kip phosphorylation
by PKB/Akt or kinase-interacting stathmin
(KIS), which mediates its translocation from
the nucleus to the cytoplasm,5¢ cytoplasmic C-
terminal end of p27kipl binds RhoA 3! and
prevents activation of RhoA by GEFs. A
novel protein was found by Hoshino et al,%
which might be able to augment activation of
RhoA by releasing it from inhibition by
p27kipl and thus might regulate actin struc-
tures. This novel protein, p27RF-Rho (p27kipl
releasing factor from RhoA), binds p27kipl,
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thus preventing its binding to RhoA (Figure 2).
Inhibition of p27 kipl or its deficiency results
in increased numbers of actin stress fiber for-
mation, and focal adhesions. Disruption of the
cell barrier during sepsis activated by throm-
bin at the level of inter-endothelial junctions

Konecny

and exudation of fluid in sepsis. The role of
thrombin in modulation of levels of p 27 kipl
through e.g. RhoA that increases the expres-
sion of the F-box protein Skp2 required for
ubiquitination-dependent = degradation  of
p27Kipl is in the midst of scientific debates.

leads to increase of leakage of plasma proteins

Conflict of Interests

Author has no conflict of interests.

References

1. Wright SD, Ramos RA, Tobias PS, Ulevitch RJ, MathigC. CD14, a receptor for complexes of lipopatgba-
ride (LPS) and LPS binding protein. Science 1998(2475):1431-3.

2. Butenas S, Bouchard BA, Brummel-Ziedins KE, Parh8stien B, Mann KG. Tissue factor activity in wholeod.
Blood 2005;105(7):2764-70.

3. Camerer E, Rottingen JA, Gjernes E, Larsen K, 8&arAH, Iversen JG, et al. Coagulation factorsaviind Xa
induce cell signaling leading to up-regulationiuf £gr-1 gene. J Biol Chem 1999;274(45):32225-33.

4. Nijziel M, van Oerle R, van ‘t Veer C, van PampusLihdhout T, Hamulyak K. Tissue factor activity uman
monocytes is regulated by plasma: implications tfee high and low responder phenomenon. Br J Haémato
2001;112(1):98-104.

5. Coughlin SR. Protease-activated receptors in hemsigstthrombosis and vascular biology. J Thromb nitest
2005;3(8):1800-14.

6. Satpathy M, Gallagher P, Lizotte-Waniewski M, Sras SP. Thrombin-induced phosphorylation of theulagry
light chain of myosin Il in cultured bovine cornealdothelial cells. Exp Eye Res 2004;79(4):477-86.

7. Riewald M, Petrovan RJ, Donner A, Mueller BM, Ruf Wttivation of endothelial cell protease activatedeptor
1 by the protein C pathway. Science 2002;296(5388D-2.

8. Camerer E, Rottingen JA, Iversen JG, Prydz H. Clatign factors VII and X induce Ghoscillations in Madin-
Darby canine kidney cells only when proteolyticalltive. J Biol Chem 1996;271(46):29034-42.

9. Gross PL, Furie BC, Merrill-Skoloff G, Chou J, FuB. Leukocyte-versus microparticle-mediated tistactor
transfer during arteriolar thrombus developmetteukoc Biol 2005;78(6):1318-26.

10.Hoffman M, Whinna HC, Monroe DM. Circulating tissdi@ctor accumulates in thrombi, but not in hemastat
plugs. J Thromb Haemost 2006;4(9):2092-3.

11.Butenas S, Orfeo T, Mann KG. Tissue factor in ctatipn: which? where? when? Arterioscler Thromb ¢/B%ol
2009;29(12):1989-96.

12.Giesen PL, Rauch U, Bohrmann B, Kling D, Roqué Mildn JT, et al. Blood-borne tissue factor: anotfiew of
thrombosis. Proc Natl Acad Sci U S A 1999;96(5)2-51

13.Falati S, Liu Q, Gross P, Merrill-Skoloff G, ChouMandendries E, et al. Accumulation of tissuedaaito devel-
oping thrombi in vivo is dependent upon micropéetie-selectin glycoprotein ligand 1 and plateletdifectin. J Exp
Med 2003;197(11):1585-98.

14.Li X, Syrovets T, Paskas S, Laumonnier Y, SimmeMature dendritic cells express functional thromtgneptors
triggering chemotaxis and CCL18/pulmonary and atin-regulated chemokine induction. J Immunol
2008;181(2):1215-23.

15.Ruf W, Furlan-Freguia C, Niessen F. Vascular andddéc cell coagulation signaling in sepsis praggien. J
Thromb Haemost 2009;7 Suppl 1:118-21.

16. Tavener SA, Long EM, Robbins SM, McRae KM, Van Rannid, Kubes P. Immune cell Toll-like receptor 4 is
required for cardiac myocyte impairment during eénaemia. Circ Res 2004;95(7):700-7.

17.Del Conde I, Shrimpton CN, Thiagarajan P, Lopez Tidsue factor-bearing microvesicles arise frormtlifts and
fuse with activated platelets to initiate coagwatiBlood 2005;106(5):1604-11.

18.Niessen F, Schaffner F, Furlan-Freguia C, PawliRskBhattacharjee G, Chun J, et al. Dendritic PAR1-S1P3
signalling couples coagulation and inflammationtusa 2008;452(7187):654-8.

19.Camerer E, Cornelissen |, Kataoka H, Duong DN, gh¥kV, Coughlin SR. Roles of protease-activated pems
in a mouse model of endotoxemia. Blood 2006;1078B0Y-21.

356 JRMS/ November & December 2010; Vol 15, No 6.



Dual roles of participants in sepsis Konecny

20. Montrucchio G, Bosco O, Del Sorbo L, Fascio PecBtthupia E, Goffi A, et al. Mechanisms of the prigeffect
of low doses of lipopoly-saccharides on leukocyepehdent platelet aggregation in whole blood. Thrdiaemost
2003;90(5):872-81.

21.Zhang G, Han J, Welch EJ, Ye RD, Voyno-YasenetslayaMalik AB, et al. Lipopolysaccharide stimulatpkte-
let secretion and potentiates platelet aggregatiariTLR4/MyD88 and the cGMP-dependent protein kénpath-
way. J Immunol 2009;182(12):7997-8004.

22.Camerer E, Huang W, Coughlin SR. Tissue factor-fantbr X-dependent activation of protease-actiasxeptor
2 by factor Vlla. Proc Natl Acad Sci U S A 2000;90@):5255-60.

23.Joyce DE, Gelbert L, Ciaccia A, DeHoff B, GrinnBW. Gene expression profile of antithrombotic piote de-
fines new mechanisms modulating inflammation amapégsis. J Biol Chem 2001;276(14):11199-203.

24, Hamberg M, Svensson J, Samuelsson B. Thromboxanasw group of biologically active compounds detive
from prostaglandin endoperoxides. Proc Natl Acad B8 A 1975;72(8):2994-8.

25.Hughes PE, Pfaff M. Integrin affinity modulationtehds Cell Biol 1998;8(9):359-64.

26.Hawiger J, Brass LF, Salzman EW. Signal transdocéind intracellular regulatory processes in platels: Col-
man RW, Hirsh J, Marder VJ, Salzman EW, editoranblgtasis and thrombosis: basic principles andoainprac-
tice. 3rd ed. Philadelphia: Lippincott Williams awdlkins; 1994. p. 3-18.

27.Blair P, Rex S, Vitseva O, Beaulieu L, Tanriverdi®hakrabarti S, et al. Stimulation of Toll-likeceptor 2 in hu-
man platelets induces a thromboinflammatory respdghsough activation of phosphoinositide 3-kinaSec Res
2009;104(3):346-54.

28.Ward JR, Bingle L, Judge HM, Brown SB, Storey RFhyé¢ MK, et al. Agonists of toll-like receptor (T)Rand
TLR4 are unable to modulate platelet activationaignosine diphosphate and platelet activating ifadtioromb
Haemost 2005;94(4):831-8.

29. Andonegui G, Kerfoot SM, McNagny K, Ebbert KV, Pat®, Kubes P. Platelets express functional Tdelire-
ceptor-4. Blood 2005;106(7):2417-23.

30.Aslam R, Speck ER, Kim M, Crow AR, Bang KW, Nedté#l, et al. Platelet Toll-like receptor expressiardoiates
lipopolysaccharide-induced thrombocytopenia and otunmecrosis factor-alpha production in vivo. Blood
2006;107(2):637-41.

31.Jeong YI, Jung ID, Lee CM, Chang JH, Chun SH, Ndh &t al. The novel role of platelet-activatingtfarcin pro-
tecting mice against lipopolysaccharide-inducedogmdc shock. PLoS One 2009;4(8):e6503.

32.Watanabe J, Marathe GK, Neilsen PO, Weyrich ASyistam KA, Murphy RC, et al. Endotoxins stimulateutre-
phil adhesion followed by synthesis and releaseplatelet-activating factor in microparticles. J BiGhem
2003;278(35):33161-8.

33.Stahl AL, Sartz L, Nelsson A, Békassy ZD, Karpman $higa toxin and lipopolysaccharide induce platele
leukocyte aggregates and tissue factor releadwombotic mechanism in hemolytic uremic syndromeo® One
2009;4(9):6990.

34.Gelehrter TD, Sznycer-Laszuk R. Thrombin inductadrplasminogen activator-inhibitor in cultured humando-
thelial cells. J Clin Invest 1986;77(1):165-9.

35. Colotta F, Sciacca FL, Sironi M, Luini W, Rabiet Mdantovani A. Expression of monocyte chemotactimtgin-1
by monocytes and endothelial cells exposed to thiorAm J Pathol 1994;144(5):975-85.

36.Marin V, Montero-Julian FA, Grés S, Boulay V, Boagd P, Farnarier C, et al. The IL-6-soluble |L-Giel
autocrine loop of endothelial activation as anrimediate between acute and chronic inflammatiorexgrerimental
model involving thrombin. J Immunol 2001;167(6):34&2.

37.Minami T, Sugiyama A, Wu SQ, Abid R, Kodama T, AWIC. Thrombin and phenotypic modulation of the endo
thelium. Arterioscler Thromb Vasc Biol 2004;24(11):83.

38.Kerschen EJ, Fernandez JA, Cooley BC, Yang XV, SRptMosnier LO, et al. Endotoxemia and sepsis rityrta
reduction by non-anticoagulant activated proteild Exp Med 2007;204(10):2439-48.

39.Bae JS, Yang L, Manithody C, Rezaie AR. The ligandupancy of endothelial protein C receptor swiscthe pro-
tease-activated receptor 1-dependent signalingfaycof thrombin from a permeability-enhancing & barrier-
protective response in endothelial cells. Blood72000(12):3909-16.

40.Yanada M, Kojima T, Ishiguro K, Nakayama Y, Yamamét, Matsushita T, et al. Impact of antithrombirfide
ciency in thrombogenesis: lipopolysaccharide anesstinduced thrombus formation in heterozygouihaambin-
deficient mice. Blood 2002;99(7):2455-8.

41.Levi M, Dorffler-Melly J, Reitsma P, Buller H, Flquin S, van der Poll T, et al. Aggravation of emdn-induced
disseminated intravascular coagulation and cytoldotvation in heterozygous protein-C-deficient eni&lood
2003;101(12):4823-7.

JRMS/ November & December 2010; Vol 15, No 6. 357



Dual roles of participants in sepsis Konecny

42.Mari B, Imbert V, Belhacene N, Far DF, Peyron JBuysségur J, et al. Thrombin and thrombin receagmmist
peptide induce early events of T cell activation agnergize with TCR cross-linking for CD69 expressand in-
terleukin 2 production. J Biol Chem 1994;269(11)8%3.

43.Hu L, Ibrahim S, Liu C, Skaar J, Pagano M, KarpatRi Thrombin induces tumor cell cycle activation sponta-
neous growth by down-regulation of p27Kip1, in a&saton with the up-regulation of Skp2 and MiR-2Z2ancer
Res 2009;69(8):3374-81.

44. Lum H, Malik AB. Regulation of vascular endotheltrrier function. Am J Physiol 1994;267(3 Pt 1pB241.

45. Carrano AC, Eytan E, Hershko A, Pagano M. SKP2diired for ubiquitin-mediated degradation of tHekCin-
hibitor p27. Nat Cell Biol 1999;1(4):193-9.

46. Xu K, Belunis C, Chu W, Weber D, Podlaski F, Hua, et al. Protein-protein interactions involvedfie recog-
nition of p27 by E3 ubiquitin ligase. Biochem J 2087 1(Pt 3):957-64.

47.Zhao YY, Gao XP, Zhao YD, Mirza MK, Frey RS, Kalthienko VV, et al. Endothelial cell-restricted distion of
FoxM1 impairs endothelial repair following LPS-irahd vascular injury. J Clin Invest 2006;116(9):2333

48.Hao B, Zheng N, Schulman BA, Wu G, Miller JJ, Pagdh et al. Structural basis of the Cks1-dependecdgni-
tion of p27(Kipl) by the SCF(Skp2) ubiquitin ligaddol Cell 2005;20(1):9-19.

49. Etienne-Manneville S, Hall A. Rho GTPases in caldgy. Nature 2002;420(6916):629-35.

50.Besson A, Gurian-West M, Schmidt A, Hall A, Robeld. p27Kip1l modulates cell migration through tlegula-
tion of RhoA activation. Genes Dev 2004;18(8):8&2-7

51.Larrea MD, Hong F, Wander SA, da Silva TG, HelfnianLannigan D, et al. RSK1 drives p27Kipl phosplery
tion at T198 to promote RhoA inhibition and increa=ll motility. Proc Natl Acad Sci U S A 2009;108§:9268-
73.

52.Hein L, Ishii K, Coughlin SR, Kobilka BK. Intracellar targeting and trafficking of thrombin rece@oA novel
mechanism for resensitization of a G protein-codipereptor. J Biol Chem 1994;269(44):27719-26.

53.Besson A, Dowdy SF, Roberts JM. CDK inhibitorsi cgtle regulators and beyond. Dev Cell 2008;14(29:69.

54, Mammoto A, Huang S, Moore K, Oh P, Ingber DE. Rafld&RhoA, mDia, and ROCK in cell shape-dependent con
trol of the Skp2-p27kipl pathway and the G1/S fitaors J Biol Chem 2004;279(25):26323-30.

55.Schmidt A, Hall A. Guanine nucleotide exchange destfor Rho GTPases: turning on the switch. Geneg D
2002;16(13):1587-609.

56.Hoshino D, Tomari T, Nagano M, Koshikawa N, Seiki Mnovel protein associated with membrane-typeatrim
metalloproteinase binds p27(kipl) and regulatesARactivation, actin remodeling, and matrigel inwasiJ Biol
Chem 2009;284(40):27315-26.

358 JRMS/ November & December 2010; Vol 15, No 6.



