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Abstract

Numerous studies have revealed the involvement of fibrinogen in the inflammatory response. To
explain the molecular mechanisms underlying fibrinogen-dependent inflammation, two bridging
mechanisms have been proposed in which fibrin(ogen) bridges leukocytes to endothelial cells. The
first mechanism suggests that bridging occurs via the interaction of fibrinogen with the leukocyte
receptor Mac-1 and the endothelial receptor ICAM-1, which promotes leukocyte transmigration
and enhances inflammation. The second mechanism includes bridging of leukocytes to the
endothelium by fibrin degradation product E; fragment through its interaction with leukocyte
receptor CD11c and endothelial VE-cadherin to promote leukocyte transmigration. The role of

E, in promoting inflammation is inhibited by the fibrin-derived p15-42 fragment, and this has
been suggested to result from its ability to compete for the E;1-VE-cadherin interaction and to
trigger signaling pathways through the Src kinase Fyn. Our recent study revealed that the 15-42
fragment is ineffective in inhibiting the E4- or fibrin-VVE-cadherin interaction, leaving the proposed
signaling mechanism as the only viable explanation for the inhibitory function of p15-42. We

have discovered that fibrin interacts with the VLDL receptor, and this interaction triggers a
signaling pathway that promotes leukocyte transmigration through inhibition of src kinase Fyn.
This pathway is inhibited by another pathway induced by the interaction of p15-42 with a

putative endothelial receptor. In this review, we briefly describe the previously proposed molecular
mechanisms underlying fibrin-dependent inflammation and their advantages/disadvantages and
summarize our recent studies of the novel VLDL receptor-dependent pathway of leukocyte
transmigration which plays an important role in fibrin-dependent inflammation.
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Introduction

Fibrinogen is mainly known as the blood coagulation protein playing an important

role in haemostasis. Activation of the blood coagulation cascade upon vascular injury

or other events leads to generation of a proteolytic enzyme thrombin which converts
monomeric fibrinogen into polymeric fibrin. Fibrin polymerization results in formation

of blood clots that seal damaged vasculature thereby preventing the loss of blood upon
vascular injury or formation of thrombi in pathological states. Besides its prominent

role in haemostasis, fibrinogen participates in various physiological and pathological
processes including inflammation, which represents an integral part of wound healing and

is an attribute of many pathological processes. That fibrin(ogen) is a component of the
inflammatory process was recognized more than 50 years ago.12 For example, it was

shown that the severity and duration of joint inflammations relate to the amount of fibrin
deposited,3 fibrin is required for efficient inflammatory responses /n vivo during delayed-
type hypersensitivity skin reaction,* and fibrin deposition contributes to the pathogenesis

of intraabdominal abscess formation.> It was also shown that fibrinogen mediates acute
inflammatory responses to biomaterials.8 Based on the early studies, it was proposed

that fibrin(ogen) contributes to inflammation by promoting migration of leukocytes.3*7
Later, several studies revealed that fibrin(ogen) may modulate inflammation via increased
cytokine/chemokine response and via fibrin degradation products. These studies have been
reviewed by Jennewein and collaborators.® In this regard, fibrinogen is up-regulated during
inflammation and y’ fibrinogen, a product of alternative splicing of the fibrinogen y

chain associated with inflammation,? is disproportionally up-regulated by proinflammatory
cytokine interleukin-6.19 It was also shown that the aB, (Mac-1) integrin receptor interacts
with fibrin through the P2 binding site of the later (y chain residues 377-395)11 and this
interaction plays an important role in driving inflammation. This inflammatory pathway and
its role in inflammatory diseases and bacterial infection has been recently reviewed by M.
Flick and collaborators.12 The role of this pathway in neurological diseases has been revied
by K. Akassoglou and collaborators.13:14 The major objectives of the present article are to
briefly describe the other previously proposed molecular mechanisms (pathways) underlying
fibrin-dependent inflammation and to review our recent studies of the novel very low density
lipoprotein (VLDL) receptor-dependent pathway of leukocyte transmigration which plays an
important role in fibrin-dependent inflammation. Before describing these pathways, we will
introduce the major fibrin-related species participating in them.

Fibrinogen, fibrin, and fibrin degradation products

The fibrinogen molecule consists of two identical subunits each of which is composed
of three non-identical polypeptide chains, Aa, BB, and y1° (Fig. 1A). The chains and
subunits are linked together by disulfide bonds and are folded into a number of distinct
domains!617 (Fig. 1B). The N-termini of two pairs of the Aa and B chains, which are
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located in the central part of the molecule denoted as E region,6 contain fibrinopeptides

A and B (amino acid residues Aa1-16 and Bp1-14, respectively) (Fig. 1A). Proteolytical
removal of these fibrinopeptides with thrombin results in the exposure of two pairs of
polymerization sites, which start with Gly17-Pro-Arg (knobs “A”) and Gly15-His-Arg (knobs
“B”) sequences, and spontaneous polymerization of fibrin monomers into insoluble fibrin
polymers or fibrin clots (Fig. 2A). Polymerization occurs through non-covalent interaction
between the newly exposed polymerization sites “A” and “B” located in the central part

of one fibrin molecule (E region) and complementary binding sites “a” and “b” located in
the terminal parts (D regions) of two neighboring fibrin molecules (DD:E interaction) (Fig.
2A); non-covalent interaction between the a.C-domains also contribute to this process.18
Subsequent covalent crosslinking of such fibrin polymers with activated factor X111 (factor
Xllla), which occurs between the C-terminal portions of the -y chains of fibrin (Fig. 2) and
between the C-terminal portions of its a chains forming the a.C-domains, reinforces fibrin
structure increasing its mechanical stability.

Insoluble crosslinked fibrin is dissolved /n vivo mainly by proteolytic enzyme plasmin
resulting in soluble fibrin degradation products (FDP). Numerous /n vitro studies revealed
that the proteolytic cleavages first occur in the C-terminal portions of fibrin a chains

and then in between the D and E regions (Fig. 2A-B). The resultant soluble early fibrin
degradation products include some short fibrin polymers (Fig. 2B) and the D-D:E; complex
(Fig. 2C). It was previously shown that the D-D:E; complex is the primary soluble FDP
released from crosslinked fibrin upon fibrinolysis.1® This complex is maintained by non-
covalent interaction between two covalently crosslinked D fragments (D-D or D dimer)

and the E; fragment, which represents the central region E of the fibrin molecule.® Thus,
the DD:E; interactions providing fibrin polymerization, as well as the conformation of the
D and E regions of fibrin, are preserved in the D-D:E; complex. Therefore, this complex
represents the simplest soluble model of fibrin polymers. The D-D:E; complex is very stable
in solutionZC and its dissociation /7 vivo occurs only upon its further digestion with plasmin
during which its Eq fragment component is converted into the E3z fragment in which a17-19
(Gly-Pro-Arg) and p15-53 sequences are proteolytically removed.18:21 The major terminal
products of crosslinked fibrin are the E3 fragment, the D-dimer, and the p15-42 fragment
derived from the p15-53 region of E; (Fig. 2D). The latter, B15-42, can be purified from
fibrin digest or synthesized and has been widely used in functional studies.

Fibrinogen-(ICAM-1)-dependent pathway of leukocyte transmigration

Recruitment of leukocytes from the circulation to sites of inflammation is an integral

part of the inflammatory response and migration of leukocytes through the endothelium
(transendothelial migration) is a key step in such recruitment.22:23 Numerous data indicate
that fibrinogen plays a prominent role in leukocyte transmigration. The first mechanism

to explain how fibrinogen may stimulate leukocyte transmigration and thereby promote
inflammation was proposed by D. Altiery and collaborators. They identified intercellular
adhesion molecule-1 (ICAM-1) as fibrinogen receptor on endothelial cells and suggested
that fibrinogen mediates leukocyte adhesion to vascular endothelium through the ICAM-1-
dependent pathway.24 Further, since previous studies identified ap; integrin (Mac-1 or
CD11b/CD18) as fibrinogen receptor on leukocytes,25-27 they proposed that fibrinogen
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promotes leukocyte transmigration by bridging leukocytes to the endothelium through the
interaction with leukocyte receptor Mac-1 and endothelial receptor ICAM-124 (Fig. 3). This
bridging mechanism, which is the essence of the proposed ICAM-1-dependent pathway of
leukocyte transmigration, has been reviewed by D. Altiery.28

It should be noted that although the fibrinogen-ICAM-1 interaction was well characterized
and the proposed bridging role of fibrinogen in the (Mac-1)-fibrinogen-(ICAM-1)-dependent
pathway?28 is mostly accepted, subsequent studies revealed signaling role for this interaction.
Specifically, using a reconstituted mammalian cell expression model it was shown that

this interaction promotes leukocyte (neutrophil) transmigration, and this process was

almost totally abolished by the specific anti-ICAM-1 monoclonal antibody (mAb) which
blocks fibrinogen-ICAM-1 interaction.29 At the same time, anti-Mac-1 mAb OKM1,

which specifically blocks fibrinogen-Mac-1 interaction, only partially inhibited leukocyte
transmigration.29 Further, leukocyte transmigration, but not adhesion, was totally abolished
when the ICAM-1 cytoplasmic domain was deleted, indicating that signaling inside the

cell is required to mediate the fibrinogen-ICAM-1 effect on leukocyte transmigration.2°

It was also shown that this signaling pathway, which promotes leukocyte transmigration,
involves the GTP-binding protein Rho.2° In another study it was found that bladder high
grade tumor cell lines express ICAM-1, this expression induces a fibrin-mediated migration,
and this phenomenon was dependent on fibrinogen-ICAM-1 interaction as well as RhoA
activity.30 These findings are in agreement with the previous observation that lymphocyte
migration through brain endothelial cell monolayers involves signaling through endothelial
ICAM-1 via a Rho-dependent pathway.3! These findings also raise a question of whether
(Mac-1)-fibrinogen interaction suggested by the bridging mechanism?428 is required to
trigger the signaling Rho-dependent pathway by the fibrinogen-ICAM-1 interaction. Further
studies are required to address this question.

The fact that fibrinogen is involved in the Mac-1-(fibrinogen)-ICAM-1 bridging mechanism
is surprising since this molecule is usually inert in the circulation and exhibits its binding
properties only being converted into fibrin or adsorbed onto a surface. Indeed, subsequent
studies from two independent laboratories including our own32:33 revealed that fibrinogen
in solution does not interact with leukocyte receptor Mac-1 and it binds to this receptor
only being immobilized onto a surface or converted into fibrin. Furthermore, our recent

in vitro study revealed that highly purified fibrinogen has only a very small stimulating
effect on leukocyte transmigration.3# These findings raise a question about the validity of the
involvement of fibrinogen in the proposed bridging and signaling mechanisms. A probable
explanation for such a controversy is that commercially available or in home prepared
fibrinogen usually contains high molecular fraction which, from our experience, has fibrin-
like activity. Thus, such fibrinogen fraction may be responsible for the observed stimulating
effect in the proposed bridging and signaling mechanisms. It should be noted that in

our studies mentioned above34 we used only monomeric fraction of fibrinogen (highly
purified fibrinogen) which was prepared by size-exclusion chromatography and utilized
immediately in our binding/stimulating experiments. Therefore, no binding to Mac-1 or
very little stimulation of leukocyte transmigration were observed. Thus, the question about
the involvement of fibrinogen in the fibrinogen-(ICAM-1)-dependent pathway needs further
clarification. Now one can only speculate that the bridging and/or signaling in this pathway
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may occur through fibrin, not fibrinogen. Further studies with highly purified fibrinogen are
required to test this speculation.

E; fragment-(VE-cadherin)-dependent pathway of leukocyte transmigration

Another pathway of leukocyte transmigration, E4 fragment-(\VVE-cadherin)-dependent, was
proposed more than a decade ago by Petzelbauer and collaborators.3536 They found that
the NDSK-11 fragment,37 which derives from the central E region of fibrin and includes

a pair of fibrin’s pN-domains,16:38 promotes transendothelial migration of leukocytes in a
VE-cadherin-dependent manner and the p15-42 fragment, which represents a part of the
BN-domain, inhibits this process.3>36 Based on this and some other observations, they
proposed that the naturally occurring fibrin degradation product Eq fragment, an analogue
of NDSK-II (Fig. 1B), promotes leukocyte transmigration /in vivo by bridging leukocytes
to the endothelium through the interaction with CD11c (integrin a.x chain) on leukocytes
and VE-cadherin on endothelial cells.32:3 In this bridging model, E; binds to leukocyte
integrin CD11c through its a chain Gly17-Pro-Arg sequence, which was previously shown
to interact with this integrin receptor,39 and to endothelial VE-cadherin through its p15-42
sequence. The inhibitory property of the p15-42 fragment was explained by its ability to
compete for the E;-VE-cadherin interaction thereby blocking this interaction and reducing
leukocyte transmigration (Fig. 4A).

Cardioprotective effect of the fibrin-derived p15-42 fragment.

As mentioned above, the p15-42 fragment is a naturally occurring fibrin degradation product
released from the fibrin BN-domains upon degradation of fibrin with plasmin. It was used in
several studies for testing functional properties of these domains. For example, it was shown
that 315-42 inhibits fibrin-induced angiogenesis, albeit at a very high concentration;40:41
however, no subsequent studies of the anti-angiogenic properties of this fragment were
performed. In contrast, the discovery of the inhibitory activity of the p15-42 fragment on
leukocyte transmigration3® sparked numerous studies of its anti-inflammator6y properties
using different animal models. First, Petzelbauer and collaborators3® using rat model

of myocardial ischemia-reperfusion injury demonstrated that this fragment protects the
myocardium against ischemia-reperfusion injury by decreasing leukocyte accumulation in
the ischemic heart tissues and significantly reducing myocardial inflammation, infarct size,
and scar formation. The cardioprotective effect of p15-42 was subsequently confirmed in
rodent and pig models of myocardial ischemia-reperfusion injury.#243 Because of its potent
cardioprotective effect in animal models, the p15-42 fragment was under development

as an anti-inflammatory drug called FX06.44 The results of Phase 1 trials conducted on
human patients with early acute myocardial infarction revealed that administration of f15-42
(FXO06) as an adjunctive agent along with reperfusion resulted in a significant reduction of
the necrotic core zone and infarct size.446

Although the results obtained with FX06 were encouraging, this fragment is not the best
inhibitor of E; fragment-VE-cadherin interaction due to its low affinity to VE-cadherin.#7:48
To address this problem, we tested VE-cadherin-binding properties of a number of BN-
domain-derived recombinant fragments and synthetic peptides including the recombinant
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(B15-66), dimer mimicking the dimeric arrangement of the pN-domains in fibrin, as

well as the synthetic (B15-44), dimer representing a pair of the N-terminal portions of
these domains. The results obtained revealed that both dimeric fragments, (f15-66), and
(B15-44),, had much higher affinity to VE-cadherin than p15-42 and exhibited at least
two-fold higher inhibitory effect on leukocyte infiltration into the peritoneum in our /n
vivo experiments using mouse model of peritonitis.48 Furthermore the (815-44), fragment
exhibited a prominent cardioprotective effect in mouse model of myocardial ischemia-
reperfusion injury.48

Other anti-inflammatory properties of the B15-42 fragment.

In addition to its cardioprotective effect, the f15-42 fragment exhibited its protective

effect in other inflammation-related animal models. It was subsequently shown that this
fragment reduces pulmonary, myocardial, liver, and small intestine damage in a pig model
of hemorrhagic shock and reperfusion,*® and exhibits organ protective effect in a pig

model of hemorrhagic shock and resuscitation.®0 It was also demonstrated that p15-42
significantly attenuates ischemia-reperfusion injury in cardiac and renal transplantation
models,®1:52 protects against kidney and liver ischemia-reperfusion injury,>3-5% and exerts
protective effect during acute lung injury.>® Furthermore, it was shown that B15-42 preserves
endothelial barrier function in animal models for Dengue shock syndrome and LPS-induced
shock,>” improves survival and neurocognitive recovery, and ameliorates vascular leakage
after cardiopulmonary resuscitation.?® The p15-42 fragment was also used in combination
with other procedures for successful treatment of vascular leak syndrome in the patient with
Ebola virus disease.>®

Such a variety of functions of the p15-42 fragment is connected not only with its inhibitory
effect on E; fragment-VE-cadherin interaction (Fig. 4A) In addition to the proposed
inhibitory function of B15-42, Groger and collaborators® suggested a signaling function

for this fragment. Namely, based on their in vitroand in vivo studies they suggested that
[15-42 preserves endothelial barrier function thereby reducing leukocyte transmigration by
inhibiting stress-induced opening of endothelial cell adherent junctions.>’” The mechanism
they proposed includes dissociation of the src kinase Fyn from VE-cadherin-containing
junctions upon exposure of endothelial cells to p15-42 followed by association of Fyn with
p190RhoGAP30, which complex inhibits GTPase protein RhoA (Fig. 4B). Since RhoA

is known to regulate actin dynamics and junction stability,60 its inactivation prevents cell
contraction and maintains endothelial barrier function. Thus, the B15-42 was proposed to be
an inhibitory and a signaling molecule whose dual action reduces transendothelial migration
of leukocyte resulting in reduced inflammation.

Is the proposed bridging mechanism for the E1-(VE-cadherin)-dependent pathway valid?

Although the proposed bridging mechanism provides a simple and reasonable explanation
for the inhibitory properties of the B15-42 fragment, some data suggested that it may not
be valid. One of the problems with this mechanism is that the E; fragment may exist in the
circulation only in a complex with the D-D fragment, as mentioned above. Thus, in vivo
only D-D:E;, not Eq, can promote leukocyte transmigration. Since the D-D:E; complex is
maintained mainly through “A”-“a” interactions,1® the E; fragment sequence aGly17-Pro-
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Arg, which actually represents a part of the polymerization site (knob “A”), is not accessible
in this complex for the interaction with the leukocyte CD11c receptor. Thus, the proposed
(CD11c)-E; fragment-(VE-cadherin) bridging of leukocytes to the endothelium32:36 cannot
occur /n vivothrough leukocyte CD11c integrin. Another problem is that the determined
affinity of the B15-42 fragment to VE-cadherin (Ky = 267 uM)*8 is very low in comparison
with that of the E; fragment (Ky = 69-79 nM).61 With such low affinity, efficient inhibition
of E;-VE-cadherin interaction would require millimolar concentrations of f15-42. At the
same time, the concentrations of this fragment that inhibited leukocyte transmigration in the
in vivo experiments (—-5-12 uM)3248 was more than 20-fold lower than the Ky value for

its interaction with VVE-cadherin. Further, our recent experiments confirmed that even at a
10-fold higher concentration (120 uM) the p15-42 fragment was unable to inhibit binding
of the E; fragment to VE-cadherin.62 All these facts indicate that the bridging mechanism
proposed to explain the inhibitory role of the B15-42 fragment3®:36 is incorrect. This also
leaves the proposed signaling mechanism®’ (Fig. 4B) as the only viable explanation for the
inhibitory effect of 15-42 on leukocyte transmigration.

Fibrin-VLDL receptor-dependent pathway of leukocyte transmigration

The VLDL receptor is involved in transendothelial migration of leukocytes.

When testing the effect of fibrin (815-66), fragment, which corresponds to a pair of

the fibrin BN-domains, on the morphology of endothelial cell monolayers, we noticed

that treatment of the monolayers with this fragment resulted in loosening of intercellular
junctions.®3 This effect was inhibited by the addition of the receptor-associated protein
(RAP),53 a well-known inhibitor of ligand interaction with low density lipoprotein receptor
family members,54.65 suggesting the involvement of such receptor(s) in this process.
Subsequent binding study revealed that one of the family members, the very low density
lipoprotein receptor (VLDL receptor or VLDLR), interacts with ($15-66), and fibrin with
a very high affinity (Ky = 5.7-9.2 nM).53 This interaction was highly specific since it was
inhibited by RAP.

Our subsequent /n vitro study using leukocyte transendothelial migration assay revealed
that RAP inhibited NDSK-I1-induced leukocyte transmigration,3 suggesting that interaction
of the VLDL receptor with NDSK-II promotes leukocyte transmigration. To test this
suggestion, we performed /n vivo experiments with the VLDLR-deficient mice using
mouse model of peritonitis. The experiments revealed that leukocyte transmigration in

such mice was moderately (by ~ 22%) lower than that in wild-type mice, although the
difference was not statistically significant.53 However, the most important finding was that
the (B15-66), and (B15-44), fragments inhibited infiltration of leukocytes (neutrophils) into
the peritoneum in wild-type mice and had no effect in VLDLR- deficient mice, providing
direct evidence for the involvement of the VLDL receptor in leukocyte transmigration and
thereby inflammation.83 Based on these studies, we concluded that interaction of NDSK-I1
and probably fibrin with the VLDL receptor promotes leukocyte transmigration.63

Thromb Haemost. Author manuscript; available in PMC 2023 November 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yakovlev et al. Page 8

Fibrin-VLDL receptor interaction promotes leukocyte transmigration.

Although we confirmed that fibrin interacts with the VLDL receptor in direct binding
experiments, in our /n vitro transmigration study we used for stimulation of leukocyte
transmigration the NDSK-I1 fragment as a soluble mimetic of fibrin. However, this fragment
resembles more closely fibrin degradation product E; fragment. This raised a question of
whether fibrin can promote leukocyte transmigration, or this process is supported only

by its degradation products, as was proposed for the E;-VE-cadherin-dependent pathway

of leukocyte transmigration.3°38 To identify which fibrin species can promote leukocyte
transmigration through the VLDL receptor-dependent pathway, we prepared a number of
models mimicking fibrin and its degradation products. They included monomeric fibrin,
fibrin polymers deposited on the endothelial monolayer, early degradation products of
crosslinked fibrin including high molecular mass fibrin degradation products (HMM-FDP)
and smaller D-D:E4 complex (Fig. 2B, C). Our in vitro transmigration experiments revealed
that HMM-FDP and D-D:E; both significantly stimulated leukocyte transmigration in a
VLDLR-dependent manner.3# Furthermore, soluble fibrin and fibrin clots deposited on the
endothelial monolayers also exhibited similar stimulating effects.34 These findings provided
direct evidence for our suggestion that fibrin-VLDL receptor interaction promotes leukocyte
transmigration. They also revealed that early fibrin degradation products may also be
involved in this process.

Molecular mechanism of fibrin-VLDL receptor interaction.

Considering the significant role of fibrin-VLDL receptor interaction in leukocyte
transmigration and thereby inflammation, we next focused on the establishment of the
molecular mechanism of this interaction with the aim to identify its specific inhibitors.
First, we localize d the fibrin-binding site within the VLDL receptor. This receptor

consists of the extracellular portion, transmembrane domain and cytoplasmic domain. The
extracellular portion includes eight cysteine-reach repeats or domains (CR domains), three
EGF-like repeats (domains), and the propeller and O-linked sugar domains (Fig. 5A).
Since CR domains of the LDL receptor family members are usually involved in ligand
binding, we expressed the VLDLR(1-8) fragment containing all eight CR domains and the
des(1-8)VLDLR fragment representing the rest of the extracellular portion and confirmed
that only VLDLR(1-8) interacts with fibrin BN-domains.®8 Further, we expressed a number
of CR-containing fragments and localized the fibrin-binding site within CR domains 2-456
(Fig. 5B). It should be noted that the VLDLR(2-3) fragment containing CR domains 2 and
3 also exhibited high affinity to fibrin BN-domains. However, the presence of the fourth
domain in the VLDLR(2-4) fragment increased its affinity to the pN-domains at least
two-fold indicating that this domain is also involved in the interaction, although CR domains
2 and 3 seem to make the major contribution.®8

Next, to localize the VLDLR-binding site within fibrin BN-domain, we turned to site
directed mutagenesis of the VLDLR-binding (815-66), fragment of fibrin. Since it was
shown earlier that Lys and Arg residues play an important role in the interaction of CR
domains of the LDL receptor family members with their ligands and fibrin BN-domains
contain three clusters of positively charged residues (Arg and Lys) (Fig. 1C), we mutated
individual Lys and Arg residues in these clusters, as well as the entire clusters.8” Subsequent
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binding study with these mutant fragments revealed that Arg and Lys residues of all three
clusters are involved in the interaction with fibrin and cluster Il and 111 make the major
contribution to the binding.5’

Finally, to establish the structural basis for fibrin-VLDL receptor interaction, we performed
NMR experiments in collaboration with Nico Tjandra (NIH/NHLBI). First, we identified
conditions for formation of a complex between the VLDLR(2-4) fragment of the VLDL
receptor containing the fibrin-binding site and the (815-66), fragment representing the fibrin
BN-domains containing the VLDLR-binding site.56 Then, we established NMR solution
structure of the VLDLR(2-4) fragment®8 and that of the complex between this fragment and
the (B15-66), fragment.5 The structure of this complex, which recapitulates the interaction
between fibrin and VLDLR, is shown in Fig. 6. This structure revealed that the interaction
occurs mainly through Lys47 and Lys53 of the second and third positively charged clusters
of the pN-domain, respectively, and Lys-binding sites located in CR2 and CR3 domains.
This interaction is similar to those proposed earlier for the interaction of other members

of the LDL receptor family with their ligands.”® In addition, Gly15 of the BN-domain

and its first positively charged cluster contributes to the high-affinity interaction with the
VLDL receptor. It should be noted that it was not possible to establish exact structure

of the complex due to the difficulties connected with unordered nature of the (B15-66),
fragment and precipitation of the complex at concentrations required for standard structure
determination by NMR.%9 It should also be noted that although the structure of the complex
shows Lys47-CR2 and Lys53-CR3 interaction, i.e. in parallel manner, the antiparallel
interaction proposed earlier,%7 i.e. Lys47-CR3 and Lys53-CR2, is also possible.

Search for inhibitors of fibrin-VLDL receptor interaction.

Having localized the complementary binding sites in the VLDL receptor and fibrin N-
domains, we next focused on the development of inhibitors of fibrin-VLDL receptor
interaction. We analyzed three monoclonal antibodies against the VLDL receptor, mAb
1H5, 1H10, and 5F3, which were previously produced by D. Strickland and collaborators,
and found that the epitopes for two of them, mAb 1H5 and mAb 1H10, overlap

with the fibrin-binding site of the VLDL receptor.”? Further experiments revealed that

these two mAbs efficiently inhibited fibrin-VLDLR interaction and significantly reduced
leukocyte (neutrophil) transmigration in /n vitro leukocyte transendothelial migration
assay.’2 Furthermore, both mAbs significantly reduced infiltration of leukocytes into the
peritoneum in mouse model of peritonitis and reduced infarct size in mouse model of
ischemia-reperfusion injury.”2 Although we tested these mAbs only in mouse model of
ischemia-reperfusion injury, they may also be efficient inhibitors of leukocyte transmigration
in other models of ischemia-reperfusion. Thus, they are potential candidates for the
development of potent therapeutics for treatment of myocardial and other types of ischemia-
reperfusion injuries.

Do the BN-domains promote or inhibit leukocyte transmigration?

It should be noted that the NDSK-II fragment containing two fibrin pN-domains was used
in several studies as a potent stimulator of leukocyte transmigration.34:35:48.62.63 At the
same time, in our experiments the (B15-66), fragment mimicking a pair of the fN-domains
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efficiently inhibited leukocyte transmigration.*8:63 To explain this obvious paradox, we
hypothesized that fibrin BN-domains have dual function in fibrin-dependent inflammation,
namely, their C-terminal regions containing the VLDLR-binding sites promote leukocyte
transmigration while their N-terminal regions are responsible for the inhibition of this
process.”? To test this hypothesis, we prepared the dimeric (15-44), and (B40-66),
fragments corresponding to the N- and C-terminal regions of the fN-domains and studied
their effect on endothelial permeability and leukocyte transmigration. The results obtained
revealed that (B40-66), bound to the VLDLR with high affinity and promoted endothelial
permeability and leukocyte transmigration while (B15-44), did not interact with this receptor
and inhibited leukocyte transmigration,’3 in agreement with our hypothesis. Further, the
inhibitory properties of the BN-domains were expressed only upon their isolation from the
fibrin molecule.”® The question of whether their inhibitory function may play a role in fibrin
remains to be addressed.

Fibrin-VLDLR-dependent pathway promotes leukocyte transmigration by inhibiting src

kinase Fyn.

Having established the molecular mechanism of fibrin-VVLDL receptor interaction, we next
focused on the establishment of the molecular mechanism underlying the fibrin-VLDL
receptor-dependent pathway of leukocyte transmigration. Our early experiments using
mouse model of peritonitis revealed that the dimeric form of the p15-42 fragment,
(B15-44),, inhibited infiltration of leukocytes into the peritoneum, as expected, but failed

to inhibit this process in VLDLR-deficient mice,53 suggesting a link between the inhibitory
function of B15-42 and the VLDLR-dependent pathway. Since it was proposed that the
molecular key for the protective effect of B15-42 is src kinase Fyn,>7 as described above,
we focused on this kinase. Our /n vivoand /n vitro experiments revealed that interaction

of fibrin with the VLDL receptor triggers signaling pathway which inhibits Fyn and

that this pathway is a target for the B15-42 and (15-44), fragments.2 These findings
combined with the earlier proposed signaling pathway by B15-42°7 allowed us to propose
the molecular mechanisms underlying the fibrin-induced VLDLR-dependent pathway of
leukocyte transmigration and its inhibition by p15-42 and ($15-44),, which is schematically
shown in Fig. 7. According to this mechanism, interaction of fibrin or its degradation
products with the VLDL receptor triggers the VLDLR-dependent pathway which inhibits
Fyn. This inhibition, according to the earlier proposed mechanism,>’ prevents dissociation of
Fyn from VE-cadherin and inhibition of RhoA thereby promoting leukocyte transmigration.
The B15-42 and (B15-44), fragments, in turn, inhibit the VLDLR-dependent pathway to
allow dissociation of Fyn from VE-cadherin and inhibition of RhoA thereby inhibiting
leukocyte transmigration. It is unlikely that the $15-42 and (15-44), fragments, which are
comparatively bulky molecules, can enter endothelial cells to directly inhibit the VLDLR-
dependent pathway. Therefore, we hypothesized that these fragments inhibit this pathway by
interacting with a putative receptor (Fig. 7). This receptor remains to be identified. In this
regard, the recent discovery that carboxypeptidase M mediates protective effect of f15-4274
may serve as a starting point for identification of this putative receptor.
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(Patho)physiological role of the fibrin-VLDLR-dependent pathway of leukocyte
transmigration.

Among fibrin species that were found to stimulate the VLDL receptor-dependent leukocyte
transmigration,3* early degradation products, HMM-FDP and the D-D:E; complex (Fig.
2), are transient. HMM-FDP are rapidly degraded by plasmin to the D-D:E; complex in
which D-D and E; components are held together through complementary binding sites.1®
This complex is also transient and dissociates upon conversion of its E; component to the
E; fragment (Fig. 2) during which the N-terminal portions of the B chains including the
BN-domains and some residues from the a chains are removed proteolytically. The final
fibrin degradation products, the D-D dimer and E3 fragment do not stimulate leukocyte
transmigration since they do not interact with the VLDL receptor.53 Although HMM-FDP
and the D-D:E; may contribute to stimulation of the VLDL receptor-dependent leukocyte
transmigration /in vivo, their contribution may be minor since they are transient products.
In contrast, fibrin clots deposited on the endothelium are rather stable and, therefore, could
make the major contribution to leukocyte transmigration.

Having established that endothelium-anchored fibrin clots promote transendothelial
migration of leukocytes,34 one can speculate about (patho)physiological role of the fibrin-
VLDLR-dependent pathway of leukocyte transmigration. Namely, during vascular injury,
activation of the blood coagulation cascade results in deposition of fibrin polymers on the
injured endothelium that seal vasculature to prevent blood loss. It was also shown that the
procoagulant activity of inflamed endothelium due to expression of tissue factor results in
activation of the coagulation cascade and deposition of polymerized fibrin (fibrin clots)

on the endothelial surface.”>-"8 In both cases fibrin polymers come in contact with the
endothelial VLDL receptor and their interaction with this receptor may promote leukocyte
transmigration and thereby inflammation, which is a normal process during early stages

of wound healing. Thus, the fibrin-VLDLR-dependent pathway of leukocyte transmigration
may play an important role during normal wound healing by promoting inflammation.
However, in pathological states, for example during myocardial ischemia-reperfusion, fibrin
deposition on inflamed endothelium may promote leukocyte transmigration to the ischemic
areas through this pathway thereby increasing inflammation and causing myocardial damage
by ischemia-reperfusion injury.

Conclusion

Two molecular mechanisms have been proposed to explain how fibrinogen promotes
leukocyte transmigration and thereby inflammation. The first one suggests that fibrinogen
promotes leukocyte transmigration by bridging leukocytes to the endothelium through the
interaction with leukocyte receptor Mac-1 and endothelial receptor ICAM-1.28 Subsequent
studies revealed that fibrinogen-ICAM-1 interaction triggers signaling, which involves

the GTP-binding protein Rho,2° resulting in enhanced leukocyte transmigration. Whether
fibrinogen bridging mechanism is required for such signaling and whether fibrin, not
fibrinogen, is involved in bridging and signaling remain to be established.

The second mechanism also suggests that fibrin degradation product E; fragment promotes
leukocyte transmigration by bridging leukocytes to the endothelium through the interaction
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with leukocyte receptor CD11c and endothelial VE-cadherin, and the p15-42 fragment
inhibits Eq-VE-cadherin interaction resulting in inhibition of leukocyte transmigration.3°:36
The additional signaling mechanism to explain the inhibitory role of $15-42 has also been
proposed.>” This mechanism includes p15-42-stimulated signaling through src kinase Fyn
resulting in the inhibition of RhoA and reducing leukocyte transmigration. However, our
recent study revealed that the proposed bridging mechanism and its inhibition by $15-42 is
invalid®? leaving the signaling mechanism as the only viable explanation for the inhibitory
function of the p15-42 fragment.

A decade ago, we have discovered that fibrin and its degradation products interact with

the endothelial VLDL receptor, and this interaction promotes leukocyte transmigration.53
Our subsequent studies clarified the molecular mechanism of this interaction®.67 and
established the structural basis for it.68:69 Further, we found that fibrin-VLDL receptor
interaction triggers signaling pathway that inhibits src kinase Fyn thereby preventing RhoA
inhibition and promoting leukocyte transmigration, and this pathway is a target for the
B15-42 fragment-induced inhibitory pathway.®2 We hypothesized that the p15-42 fragment
induces this inhibitory pathway by interacting with a putative endothelial receptor.52 The
putative receptor for f15-42 remains to be identified. We also identified two anti-VLDLR
monoclonal antibodies that inhibit fibrin-VLDL receptor interaction and fibrin-induced
leukocyte transmigration.’2 These antibodies can be developed as potent therapeutics for
treatment of fibrin-VLDLR-dependent inflammation.
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Fig. 1.

(A?) Polypeptide chain composition of the fibrinogen molecule with the Aa, BB, and y
chains are in blue, green, and red colors, respectively, and intra- and inter-chain disulfide
bonds are in black color, fibrinopeptides A and B (FpA and FpB, respectively) are in
orange color. (B) Ribbon diagram of the fibrinogen molecule based on its crystal structure;’
the colors of individual polypeptide chains are the same as in panel A, the aC-domains

are not shown for simplicity. The BN-domains, whose structure has not been identified,
and the p15-42 fragment are shown schematically by green curved lines. The approximate
boundaries between the D and E regions are shown by dashed vertical lines between panels
A and B; the NDSK-I11 and E; fragments derived from the E region of fibrin are shown by
box. (C) Schematic representation of the recombinant disulfide-linked ($15-66), fragment
and its amino acid sequence, as well as the sequence of the disulfide-linked (B15-44),
fragment. The Cys-Gly (CG) amino acid residues added to dimerize both fragments are in
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blue colorand the disulfide bonds are shown by b/ue vertical bars. The positively charged
Lys (K) and Arg (R) residues are shown in red color. The three clusters of the positively
charged residues are indicated by roman numerals.
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Fig. 2.
(A) Schematic representation of a fibrin polymer. D and E; identify the D (grey color) and

E (blue colon regions of individual fibrin molecules; the aC-domains are not shown for
simplicity. Fibrin polymerization occurs mainly through non-covalent interactions between
the complementary polymerization sites located in the D and E regions (the DD:Eq
interaction shown by red triangle). Factor Xllla crosslinks D-D regions by formation
covalent bonds (shown by blue bars) between the C-terminal portions of the -y chains of
these regions reinforcing fibrin polymers. Plasmin cleavage between the D and E regions
of fibrin is shown by red arrows. (B and C) Cleavage of fibrin by plasmin results in high
molecular mass fibrin degradation products (HMM-FDP) and the D-D:E; complex. (D)
Major final fibrin degradation products, the D-D dimer, the E3 fragment, and the p15-42
fragment.
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Fig. 3.
The proposed bridging mechanism?4 in which fibrinogen bridges leukocytes to the

endothelium through the interaction with leukocyte receptor Mac-1 and endothelial receptor
ICAM-1.
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Fig. 4.

Thge proposed inhibitory role of the B15-42 fragment in leukocyte transmigration. (A) Fibrin
degradation product, the E; fragment, bridges leukocytes to the endothelium by interacting
with endothelial VE-cadherin through its BN-domains (shown by red curved lines) and with
leukocyte integrin CD11c, and B15-42 (shown by red curved line) inhibits this bridging by
competing for the E;-VE-cadherin interaction.3%36 (B) The proposed additional signaling
role of the $15-42 fragment in leukocyte transmigration. Treatment of endothelial cells with
[15-42 results in dissociation of src kinase Fyn from VE-cadherin followed by association
of Fyn with p190RhoGAP30 and this complex inhibits GTPase protein RhoA thereby
preventing cell contraction and maintaining endothelial barrier function.>’
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Fig. 5.

(A) Domain structure of the VLDL receptor and its interaction with the BN-domains of the
fibrin molecule. (B) CR domains 2-4 of the VLDL receptor forming the fibrin-binding site.
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Fig. 6.
Model of the complex between the BN-domain of fibrin and the VLDLR(2-4) fragment

of the VLDL receptor based on NMR study.®® The CR2, CR3 and CR4 domains of
VLDLR(2-4) are shown in different colors; the three clusters of the positively charged amino
acid residues of the fibrin BN-domain are colored in b/ue and denoted by roman numerals;
Lys47 and Lys 53 interacting with the Lys-binding sites of the VLDLR(2-4) fragment are
also shown. N and C indicate N- and C-terminal ends of the BN-domain.
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Fig. 7.
Schematic representation of the fibrin-VLDL receptor-dependent pathway of leukocyte

transmigration and its inhibition by the p15-42 or (B15-44), fragments and by the specific
anti-VLDLR monoclonal antibodies, mAb 1H5 and mAb 1H10.52.72 |nteraction of fibrin
or its mimetic NDSK-11 with the endothelial VLDL receptor (VLDLR), which occurs
through the BN-domains of the former (shown by red curved lines) and CR domains 2-4
of the later, induces intracellular pathway resulting in the inhibition of src kinase Fyn

and preventing formation of its complex with pL90RhoGAP. This precludes inhibition of
GTPase protein RhoA, which in active state promotes stress-induced opening of endothelial
adherent junctions and thereby leukocyte transmigration. The two monoclonal antibodies
inhibit fibrin-VLDL receptor interaction thereby preventing activation of the fibrin-VLDL
receptor-dependent pathway. Binding of the p15-42 or (B15-44), fragments to a putative
receptor triggers a pathway that inhibits the fibrin-VLDL receptor-dependent pathway.
This prevents inhibition of Fyn and results in subsequent inhibition of RhoA by the Fyn-
p190RhoGAP complex thereby preventing junction opening and leukocyte transmigration.
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