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Abstract: Sepsis is defined as a dysregulated host response to an infection leading to organ
dysfunction and failure. During sepsis circulating proinflammatory mediators, such as cyto-
kines and bacterial products, as well as activated inflammatory cells cause dysfunction of the
microvasculature, specifically the microvascular endothelial cells (MVECs), leading to loss
of MVEC barrier function and increased permeability. While multiple mechanisms are known
to initiate septic MVEC barrier dysfunction, our understanding of mechanisms that promote
MVEC barrier stability, especially under septic conditions, is limited. Formation and mainte-
nance of the MVEC barrier requires stability of MVEC cell—cell junctions, which control the
passage of fluid and macromolecules across the endothelium, as well as the extracellular matrix
(ECM), which provides critical signaling cues to MVECs through MVEC-ECM interactions.
Importantly, disruption of either MVEC intercellular junctions or of the ECM surrounding
MVECs can lead to barrier dysfunction. Metalloproteinases, including the matrix metallopro-
teinases (MMPs) as well as the closely related a disintegrin and metalloproteinases (ADAMs)
and ADAMs with thrombospondin repeats (ADAMTSs), are a family of enzymes capable of
proteolytically processing the ECM as well as other proteins associated with MVECs, including
cell—cell junctional proteins and leukocyte adhesion receptors. Collectively, this suggests that
metalloproteinases may be critical mediators of MVEC barrier function. While metallopro-
teinases are regulated at multiple levels, the tissue inhibitors of metalloproteinases (TIMPs)
are known to be the primary inhibitors of metalloproteinase activity. Moreover, in addition
to inhibiting metalloproteinases, TIMPs have also been found to have metalloproteinase-
independent functions. Specifically, TIMPs have been found to regulate vascular endothelial
growth factor signaling, focal adhesion kinase-dependent cell survival, and leukocyte-MVEC
interaction. Thus, TIMPs have the potential to promote MVEC barrier stability and potentially
restrict septic MVEC barrier dysfunction through both metalloproteinase-dependent and
metalloproteinase-independent mechanisms.
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Sepsis

Sepsis, which is defined as life-threatening organ dysfunction due to a dysregulated
host response, is an increasingly common and serious human disease with significant
morbidity and mortality.! Specifically, sepsis is one of the leading causes of mortality
in intensive care units® and the primary cause of death from infection, generally due
to multiple organ dysfunction (MOD).! MOD is the result of septic disturbances in
cardiovascular function, especially of the microvasculature, which is critically driven
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by activation, injury, and dysfunction of microvascular endo-
thelial cells (MVECs). Importantly, even those that survive
sepsis often suffer from long-term morbidities associated
with septic organ damage, which contributes to the extensive
healthcare costs associated with the disease.**

Pathophysiology of sepsis

The pathogenesis of sepsis occurs via multiple mechanisms,
all of which are associated with the establishment of a dys-
regulated and often overexuberant inflammatory response
leading to MVEC dysfunction.® During infection, release
of foreign toxins, such as lipopolysaccharide (LPS), which
are recognized by pattern recognition receptors, such as the
toll-like receptors, results in activation of the host’s immune
system and the release of inflammatory mediators (proinflam-
matory and anti-inflammatory).>

Proinflammatory mediators, including cytokines such as
tumor necrosis factor alpha (TNFa), interferon y (INFy), IL
1B, and IL6 have numerous, sometimes overlapping, func-
tions. For example, they promote endothelial cell (EC)—leu-
kocyte adhesion through increased expression of adhesion
molecules on ECs, such as intercellular adhesion molecule 1
(ICAM1), endothelial (E)-selectin, and vascular cell adhesion
molecule 1 (VCAMI1).® Moreover, they are also known to
induce a loss of MVEC barrier function leading to increased
vascular permeability. Importantly, levels of TNFa., as well
as IL1P and IL6, are well documented to increase under septic
conditions, and these changes in cytokine levels appear to be
associated with patient survival.’

Inflammation is an absolutely required host response to tis-
sue damage and/or to an infection; however, this inflammatory
response must be tightly regulated.® In general, this regulation
requires the action of proinflammatory cytokines to be modu-
lated by the action of anti-inflammatory molecules as a form
of regulatory immunosuppression.’ In sepsis, however, the
proinflammatory response is augmented and the compensatory
anti-inflammatory reaction is unable to suppress it, allowing for
ongoing systemic inflammation leading to MVEC dysfunction
and MOD.’ Moreover, the anti-inflammatory response, which
is characterized by activation of anti-inflammatory cytokines
(eg, IL10, IL1 receptor antagonist, transforming growth factor
beta [TGFp]), may be associated with immunosuppression
resulting in attenuated host responses to pathogens and poten-
tially, a higher risk of secondary, opportunistic infections.>!

ECs and barrier formation
Septic MOD is largely due to dysfunction of the vasculature,
especially the microvasculature or capillaries — the smallest

vessels that feed each organ.'! This microvascular dysfunction
is the consequence of injury and dysfunction to the ECs lin-
ing the microvasculature, the MVECs. MVECs are arranged
as a monolayer with cell—cell junctions, such as the adherens
and tight junctions, between them.!? These cell—cell junc-
tions control the passage of substances across MVECs.!? For
instance, the paracellular pathway, one of the major filtration
routes, consists of adherens and tight junctions that mediate
the movement of fluid, ions (mainly uncharged but some
charged molecules), and smaller substances, while limiting
larger proteins, such as albumin.”* Adherens junctions are
comprised of vascular endothelial cadherin (VE-cadherin), a
calcium-dependent adhesion protein that is involved in cell sta-
bility, monolayer integrity, and cell signaling.!* Tight junctions
are formed through the association of claudin with occludin
and are crucial in regulating the exchange of ions and solutes
between MVECs. " Junctional adhesion molecules, a family of
transmembrane proteins, also contribute to the formation and
maintenance of tight junctions, through their role in leukocyte
adhesion and transmigration across the endothelium. !¢

In addition to cell—cell junctions, which join MVECs
laterally, MVECs interact with the underlying extracellular
matrix (ECM) within the basement membrane via integ-
rins.!” Integrin activation and binding to the ECM leads to
the recruitment of signaling proteins such as focal adhesion
kinase (FAK) and the tyrosine kinase Fyn, leading to the
formation of complexes referred to as focal adhesions.'® The
formation of focal adhesions and the interaction of MVECs
with the ECM further promotes MVEC barrier function and
serves to restrict microvascular permeability.'®

Further, the surrounding ECM, which is largely com-
prised of collagen, fibronectin, and glycosaminoglycans
(GAGs), adds to the restrictive property of ECs that is
required for normal tissue functioning.'” Collagen is the main
structural component and helps regulate cell adhesion, cell
migration, and elasticity of the tissue by providing tensile
strength.'® Heparan sulfate, one of the most abundant GAGs,
has numerous biological functions, including cell-matrix
interactions, chemokine activation, and regulation of degra-
dative enzymes.”’ Fibronectin is important not only for orga-
nization of the ECM components but also plays a role in cell
adhesion and migration, and as a mechano-regulator.'® These
ECM components are intertwined in a complex network that
maintains the structural integrity of the matrix while allowing
it to resist tensile stresses and limit movement of molecules
under healthy conditions.

Thus, the interaction between adjacent MVECs (cell—
cell junctions) as well as between MVECs and the ECM
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(cell-ECM interactions) is crucial for MVEC barrier func-
tion, and disruption of these interactions under pathological
conditions, such as sepsis, leads to MVEC barrier dysfunction
and increased permeability.

EC dysfunction in sepsis

The homeostatic function of the microvasculature in each
organ is locally regulated by MVECs. Importantly, healthy
MVEC:s form a semi-selective permeability barrier, permit-
ting paracellular (between cells) flux of small molecules
(eg, ions, urea, glucose) into tissues and organs, but largely
excluding movement of larger macromolecules and cells.?!
Moreover, while MVECs are also active participants in
immune surveillance, under basal conditions MVECs gener-
ally act to restrict the inflammatory response.?

Under pathological conditions, such as sepsis, the release
of cytokines by activated immune cells (tissue macrophages
and circulating leukocytes), direct leukocyte-M VEC interac-
tion, and stimulation of MVECs with bacterial products (eg,
LPS) result in MVEC activation and subsequent dysfunction.
MVEC activation subsequently leads to increased MVEC-
dependent expression of proinflammatory cytokines, cell
surface leukocyte receptors, such as ICAM1 and VCAMI,
and of extracellular enzymes known to regulate inflammatory
signaling pathways, such as the matrix metalloproteinases
(MMPs) and closely related a disintegrin and metallopro-
teinases (ADAMs).?>% Moreover, this MVEC dysfunction is
associated with a loss of MVEC barrier function leading to
extravascular leak and accumulation of protein-rich edema
fluid, which is a critical pathophysiologic feature of MOD.

There are multiple potential mechanisms mediating the
loss of MVEC barrier function under septic conditions. For
example, MVEC retraction due to actin cytoskeleton rear-
rangement and microtubule-dependent MVEC contraction
is thought to promote gap formation and subsequent barrier
dysfunction.?! Additional mechanisms, such as transcytosis,
which occurs via active, homeostatic, cell surface receptor-
dependent transcellular transport of specific macromolecules,
as well as MVEC apoptosis, are known to occur during sepsis;
however, the direct impact of these mechanisms on loss of
MVEC barrier function is unclear.?!242

Loss of MVEC intercellular junctions, including both
adherens and tight junctions, has also been found to occur
under septic conditions and is thought to be a critical driver
of MVEC barrier dysfunction.!*?'2¢ This septic disruption
of MVEC intercellular junctions is initiated by multiple
mechanisms and is characterized by the loss of key junc-
tional proteins, such as VE-cadherin. For example, loss of

membrane VE-cadherin can be due to phosphorylation of VE-
cadherin, direct cleavage by extracellular proteases, including
MMPs and ADAMs, and loss of attachment to submembrane
cytoplasmic adaptor proteins (eg, B-catenin), which link VE-
cadherin to the actin cytoskeleton.?’* Moreover, it has also
been suggested that alterations to the basement membrane
leading to altered MVEC-ECM interactions may also lead
to disruption of intercellular junctions and MVEC barrier
dysfunction.’! Collectively, these lines of evidence highlight
the variety, and resulting complexity, of mechanisms impli-
cated in MVEC barrier dysfunction. Furthermore, they also
highlight the potential role for metalloproteinases and thus
the importance of the tissue inhibitors of metalloproteinases
(TIMPs).

Tissue inhibitors of

metalloproteinases

The integrity of the microvasculature is tightly controlled by
various endogenous regulators. One such family of regulators
is the TIMPs, which, as the name implies, are the endogenous
inhibitors of the metalloproteinase family.**** When activated,
ECs express multiple metalloproteinases, including MMPs
and ADAMSs.3*3¢ Excess metalloproteinase activity, due to
increased expression and/or a lack of inhibition, corresponds
with uncontrolled ECM degradation, disruption of intercel-
lular junctions, and in many instances, the propagation of a
proinflammatory microenvironment, all of which have been
linked with several pathologies, including sepsis, and are
required for septic MVEC barrier dysfunction and MOD.373
As such, TIMPs are important players in regulating ECM
turnover, stability of intercellular junctions, and endothelial
signaling (Figure 1).%

TIMP structure and function

There are four TIMP isoforms in mammals (TIMP1, -2,-3,
-4), all of which are constitutively expressed in many tis-
sues.’”3? Expression of individual TIMPs can also be differ-
entially induced or inhibited within specific tissues and under
certain conditions (ie, during development, following injury
or infection, etc), with these changes in TIMP expression
regulated at the transcriptional level by cytokines, growth
factors, and miRNAs.* For instance, there is a significant
increase in TIMP1 and -3 in keratinocytes during wound
healing following acute injury (3—5 days postinjury), whereas
there is no evidence of TIMP1 and -3 expression in the epi-
dermis following chronic or persistent injury.** While TIMP1
and -2 are constitutively active under healthy conditions at
low levels, their expression increases significantly during
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Figure 1 Common functions of tissue inhibitors of metalloproteinases (TIMPs) in microvascular endothelial cell (MVEC) barrier function.

Notes: In general, TIMPs promote MVEC barrier function and restrict inflammation, which occurs through a variety of metalloproteinase-dependent and metalloproteinase-
independent mechanisms (blue bubbles). For example, TIMPs are involved in regulating the composition and structure of the extracellular matrix (ECM), largely through
their ability to inhibit matrix metalloproteinases (MMPs), a disintegrin and metalloproteases (ADAMs), and ADAMs with thrombospondin repeats (ADAMTSs). Regulation of
metalloproteinases also enables TIMPs to restrict the proinflammatory response by inhibiting shedding and/or activation of proinflammatory cytokines (eg, tumor necrosis
factor o). Additionally, TIMPs appear to inhibit angiogenesis by binding to the VEGF receptor through metalloproteinase-independent mechanisms. While TIMPs appear to
primarily function to stabilize the MVEC barrier, there is some limited, indirect evidence of TIMPs promoting barrier dysfunction (red bubbles). These mechanisms that have
the potential to promote MVEC barrier dysfunction include promoting endothelial cell apoptosis, activation of latent MMPs, and the initiation of ECM accumulation leading

to fibrosis.

diseased states and is highest during early stages of cutane-
ous wound repair.! Collectively, these studies demonstrate
that TIMP expression appears to be highly regulated, both
temporally and spatially.*

All TIMPs contain an N- and C-terminal domain con-
nected through six conserved disulfide bonds giving the
TIMPs a wedge-like appearance.’” The N-terminal domain
is responsible for the inhibition of most metalloproteinases
through formation of a ridge that slots into the metalloprotein-
ase catalytic site, blocking the active site Zn?* molecule.’” The
C-terminal domain is critical for protein—protein interactions
and is thought to have a limited role in metalloproteinase
inhibition. There is evidence, however, that the C-terminal
domain of TIMP1 and -2 binds latent MMP9 and -2, respec-
tively, and this interaction leads to MMP activation, which
highlights the complexity of the MMP—TIMP relationship.*
The C-terminus of TIMP1, -2, and -3 has also been found to
play a significant role in the metalloproteinase-independent
functions of TIMPs.*

Metalloproteinase structure and function

One of the primary and best characterized roles for TIMPs
is the regulation of metalloproteinase activity, including the
MMPs, ADAMs, and ADAMs with thrombospondin repeats
(ADAMTSs) (Figure 1). MMPs are Zn?**-dependent metalloen-
dopeptidases that have various functions, including remodeling
the ECM and cleaving cell surface proteins.** MMP expression

is tightly regulated by proinflammatory cytokines, growth fac-
tors, and hormones, as well as cell-cell and cell-matrix inter-
actions.” Most MMPs share a common underlying domain
structure, which includes a signal peptide, a pro-peptide, a
catalytic domain, a hinge region, and a C-terminal domain. A
small subset of MMPs contains additional structures, such as
a transmembrane domain and a cytoplasmic tail.

Other members of the metalloproteinase family regulated
by TIMPs include the ADAMs and ADAMTSs.** ADAMs
are largely involved in the cleavage and shedding of cell sur-
face molecules, including those involved in inflammation.**
ADAMTSs play an important role in tissue morphology
and the pathological remodeling of the endothelium during
inflammation.*

Metalloproteinase-dependent functions of
TIMPs

As already mentioned, the traditional function of TIMPs has
always been thought to be inhibition of metalloproteinase
activity. The action of individual TIMPs, however, depends
on three factors: the specific TIMP being examined, the
cellular environment and tissue type, and the specific metal-
loproteinase. Moreover, each TIMP has distinct affinities for
specific MMPs. For instance, TIMP1 has a greater affinity for
MMP3 than the other TIMPs; however, TIMP1 also appears
to have a limited role in regulation of the membrane-type
MMPs (MMP14, -15,-16, -17, -24, and -26).*°
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Further, while there are structural similarities between the
individual TIMPs, the physiological functions in most cases
are unique, and in some cases are only now being identified.
For example, the ability of TIMPs to inhibit MMPs led to
the belief by many that an increase in TIMP expression leads
to ECM accumulation and fibrosis, and a decrease in TIMP
expression leads to ECM degradation (Figure 1).* Impor-
tantly, there is certainly evidence to support this idea. For
instance, increased expression of TIMP2 has been implicated
in idiopathic pulmonary fibrosis due to its role in MMP inhi-
bition and the consequent ECM accumulation.*” Moreover,
in patients with COPD, overexpression of MMP1 and -9
was associated with destruction of the pulmonary ECM and
subsequently, loss of the normal pulmonary architecture.*®

Analysis of the varied phenotypes present in mice lacking
individual or multiple TIMPs, however, revealed a differential
effect on ECM turnover. For example, mice lacking TIMP3
have significantly increased collagen accumulation and
fibrosis following bleomycin-induced lung injury compared
to wild-type (WT) mice, likely due to an overexuberant and
persistent inflammatory response.*’ Collectively, these studies
suggest divergent, sometimes opposing, roles of TIMPs as
regulators of ECM turnover (Figure 1).%

TIMP regulation of MMP activity
Metalloproteinase inhibition by TIMPs impacts cell function
through multiple pathways. For example, TIMP1 has been
found to regulate cell migration. Specifically, TIMP1 can
inhibit MVEC migration by restricting the shedding of the
cell surface proteins, VE-cadherin, and platelet endothelial
cell adhesion molecule 1 (PECAM1), likely through inhibi-
tion of MMP9.° Further, TIMP1 also has been implicated
in restricting epithelial cell migration specifically through
inhibition of MMP7-dependent syndecan-1 shedding.®!
Thus, while TIMP1 has been found to be a critical mediator
of cell migration in multiple cell types, this function is not
mediated through the same MMPs, which again highlights
the importance of the microenvironment and the cell-type-
specific nature of the metalloproteinase—TIMP interaction.
Some TIMPs also have what appear to be roles that are
contradictory to their function as inhibitors of metalloprotein-
ases. Namely, multiple TIMPs have been linked to activation
of latent MMPs. For example, latent MMP2 can bind TIMP2,
-3, and -4, and latent MMP9 can bind TIMP1 and -3.%° The
best characterized role of these is the interaction between
latent MMP2 and TIMP2.3 The N-terminal domain of TIMP2
binds to MMP14 while the C-terminal domain binds to latent
MMP2. This interaction brings the latent MMP2 into close

proximity with a second MMP14 leading to full activation
of MMP2.52%3 This highlights the importance of the specific
MMP in dictating TIMP function.

TIMP regulation of ADAM and ADAMTS
activity

TIMPs are also known to inhibit both ADAMs and ADAMTSs.
Of the four TIMP family members, TIMP3 is considered to
have the broadest range of action as, along with inhibiting
MMPs, it inhibits many ADAMs and ADAMTSs, including
ADAMI10, -12, -17, and -28, as well as ADAMTSI, -2, -4,
and -5.3 TIMP3-dependent inhibition of ADAM17, which is
also known as TNFa converting enzyme (TACE), is critical
to ensure an appropriate inflammatory response as ADAM17
catalyzes the release of membrane-bound TNFo and other
members of the TNF superfamily (Figure 2).*% ADAM17
is also involved in shedding membrane-bound TGFa. (Figure
2).% Soluble TGFa is a ligand for EGF receptors and when
cleaved from the membrane surfaces of ECs, activates EGF
receptors and the downstream pathways responsible for
cell proliferation®® and has been implicated to an increased
expression of IL8 and neutrophil migration.>” Loss of TIMP3
leads to increased ADAM17 activity, augmented TNFo and
TGFa release, and consequently overexuberant inflamma-
tion (Figure 2).> Moreover, TIMP3-dependent inhibition of
ADAMTS4 and -5 appears to inhibit aggrecan degradation
and thereby mediate ECM turnover.’%%

Metalloproteinase-independent functions
of TIMPs

TIMPs are multifunctional proteins involved in numerous
biological processes, such as regulation of cell proliferation,
migration and invasion, angiogenesis, and apoptosis.®
While some of these functions may be a result of the ability
of TIMPs to inhibit metalloproteinases, recent studies have
shown that many of the TIMPs elicit downstream responses
independent of metalloproteinase inhibition. For instance,
TIMP1 was implicated in regulating CD4+ T-cell migration
across the blood—brain barrier (BBB) during viral encephali-
tis.® This was demonstrated using mice deficient for TIMP1
infected with a neurotropic coronavirus and quantifying the
accumulation of CD4+ T cells in the perivasculature of the
BBB.® Specifically, Savarin et al found that in mice lacking
TIMP1, accumulation of CD4+ T cells in the perivasculature
was increased following viral encephalomyelitis, and that
this increase was independent of any altered chemokines,
MMP activity, or other TIMP involvement.®® This suggests
TIMP1 controls the leukocyte access to the central nervous
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Figure 2 Predicted metalloproteinase-dependent and metalloproteinase-independent functions of TIMP3 in MVECs.

Notes: (A) In the presence of TIMP3, MMPs and ADAMI7/ tumor necrosis factor alpha converting enzyme (TACE) are inhibited. The structure and composition of the
ECM as well as the MVEC intercellular junctions are maintained. Moreover, leukocyte adhesion and extravasation are limited. (B) In the absence of TIMP3, increased
MMP activity leads to degradation of the ECM and proteins associated with intercellular junctions. Additionally, increased ADAMI7 activity leads to increased release of
TNFa, which propagates the proinflammatory response. Expression of leukocyte receptors, such as intercellular adhesion molecule | and vascular cell adhesion molecule
1, is increased on the surface of MVECs. Moreover, shedding of these receptors by metalloproteinases is thought to promote leukocyte extravasation into the underlying
tissue. Membrane-bound transforming growth factor o is also shed from the cell surface by ADAMI7, resulting in binding to and activation of EGF receptors to promote
cell proliferation, cell migration, and angiogenesis. (C) TIMP3 binds the VEGF receptor, inhibiting its downstream cascade by preventing interaction with and binding of its
ligand, VEGF-A. TIMP3 also binds to and activates the angiotensin type Il (AT2) receptor Il. The combined effects of VEGF receptor inhibition and AT2 receptor Il activation
decrease cell proliferation and migration, inhibit angiogenesis, reduce vascular permeability, and inhibit leukocyte—EC interaction. (D) The absence of TIMP3 allows VEGF to
bind to its receptor, activating the MAPK, protein kinase B, protein kinase C, and nitric oxide synthase pathways. This ultimately leads to increased expression of the early
growth response protein 3 (Egr3) and phosphorylation of proteins associated with MVEC intercellular junctions. Moreover, the AT2 receptor Il does not get activated due
to the lack of TIMP3 binding. Overall, the combined effects of VEGF activation and AT2 receptor Il inactivation result in increased cell proliferation and migration, increased
angiogenesis, increased expression of cell surface adhesion molecules leading to leukocyte—EC interaction, and vascular permeability.

Abbreviations: TIMP3, tissue inhibitors of metalloproteinases; MVECs, microvascular endothelial cells; MMP, matrix metalloproteinases; ECM, extracellular matrix; ADAM,

a disintegrin and metalloproteinase; TNFa, tumor necrosis factor alpha.

system through the BBB via a metalloproteinase-independent
mechanism that may involve oligodendrocyte progenitor dif-
ferentiation and remyelination.®

TIMP regulation of cell signaling

TIMP1 and -2 also have pro-mitogenic activity, which has
been shown to be through metalloproteinase-independent
mechanisms. Specifically, TIMP1 and -2 bind to Ras recep-
tors on mesenchymal and epithelial cells, including keratino-
cytes and fibroblasts, as well as some cancer cells to activate
the MAPK pathway and the protein kinase A (PKA) pathway
and thereby induce proliferation.*?

The effect of TIMP1 and -2 on proliferation, however,
appears to be cell-type dependent. For example, in human
breast epithelial cells (MCF10A), TIMP1 downregulates
the expression of Cyclin D, through upregulation of P27 (a
cycline-dependent kinase inhibitor).?” This downregulation

of Cyclin D1 suppresses cell growth; however, the cells
remain viable suggesting that TIMP1 promotes cell sur-
vival.’” TIMP2 has been found to suppress EC proliferation
by binding the o3B1 integrin and activating SH2-protein
tyrosine phosphatase 1 (SHP1). This activation of SHP1 leads
to dephosphorylation of the VEGF receptors and fibroblast
growth factor receptors and inhibits MAPK signaling.*?

TIMP3 also has multiple metalloproteinase-independent
functions, many of which mediate EC proliferation and sur-
vival. For example, TIMP3 has been shown to bind the VEGF
receptor, block VEGF-VEGFR2 interaction, and thereby
restrict downstream VEGF receptor signaling and subsequent
EC migration and proliferation (Figure 2).% TIMP3 has also
been suggested to inhibit EC migration and proliferation by
binding to the angiotensin II type 2 receptor and preventing
Akt activation (Figure 2). However, the underlying mecha-
nisms are still unknown and require further research.
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TIMP regulation of apoptosis
TIMP1 has also been found to have significant anti-apoptotic
activity and to promote cell survival. Specifically, TIMP1
has been found to activate the focal adhesion kinase (FAK)-
phosphoinositol-3 kinase (PI3K) pathway, potentially through
interaction with CD63, a protein in the tetraspanin family, and
protect epithelial cells from apoptotic death induced in one
of two ways — by culturing cells in ployHEMA-coated wells,
which prevents cell adhesion and causes anoikis, and through
growth factor withdrawal by culturing cells in serum-free
medium.*> Human breast epithelial cells were treated with a
mutant TIMP1 that had limited affinity for MMPs, and the
treated cells showed a greater survival rate than other groups
treated with TIMP2 or a synthetic metalloproteinase inhibi-
tor, suggesting that TIMP1 has potent, metalloproteinase-
independent mechanisms for inhibiting apoptosis.®
Interestingly, in addition to restricting EC migration and
proliferation, TIMP3 has also been implicated in promoting
EC apoptosis. Specifically, overexpression of TIMP3 in pul-
monary artery ECs was associated with induction of apoptosis
and this appeared to be due to inhibition of a FAK-dependent
survival pathway.% Collectively, these studies provide direct
evidence of the ability of TIMPs to mediate MVEC function
(ie, regulation of VEGF signaling, of FAK-dependent survival,
and of leukocyte recruitment) through mechanisms indepen-
dent of their ability to inhibit metalloproteinases.

TIMPs and sepsis

Septic MOD is largely thought to be due to dysfunction of
the microvasculature, specifically of the MVECs, leading to
loss of MVEC barrier function and tissue edema.®® There are
many potential regulators of septic MVEC dysfunction, and
TIMPs, through their ability to inhibit metalloproteinases as
well as through their metalloproteinase-independent func-
tions, are one such regulator.

Expression of TIMPs and

metalloproteinases
The expression of TIMPs, as well as MMPs, has been found to
be dysregulated in septic patients. Specifically, patients with
severe sepsis showed elevated plasma levels of MMP3, -7,
-8, and -9 as well as TIMP1, -2, and -4 upon admission to the
intensive care unit.®”” Importantly, while TIMP1 serum levels
tend to be high in septic patients throughout the duration of
disease, increased TIMP1 concentration also appears to be
associated with increased severity of sepsis.®¢

The ratio between TIMP1 and MMP9 may also be predic-
tive of disease severity and patient survival as nonsurviving

septic patients showed a significant increase in TIMP1/
MMP?9 ratio during the first week of diagnosis.” This ratio
may also function as a potential biomarker to predict the
progression, severity, and outcome of sepsis in regard to tis-
sue injury, specifically kidney disease. For example, patients
with sepsis-associated acute kidney injury were found to
have higher serum TIMP1 levels, lower MMP9 levels, and
a lower MMPY/TIMPI ratio than those patients that did not
develop kidney injury.”!

In addition to changes in TIMPI levels, the levels of
TIMP2 in serum were lower in septic patients compared to
healthy controls.”” Moreover, the MMP2/TIMP2 ratio was
found to be elevated in the serum of septic patients.”” Col-
lectively, these studies provide multiple lines of evidence that
TIMP and metalloproteinase, specifically MMP, expression
becomes dysregulated during sepsis. The cell source, how-
ever, and whether these observed septic changes are due to
alterations in MVECs remains to be determined.

There is certainly evidence of TIMP expression within
different vascular beds throughout the body, including
microvascular beds. For example, TIMP1, -3, and -4 are
expressed by brain MVECs.” Interestingly, TIMP3 is also
expressed by pulmonary MVECs, whereas TIMP2 and -4 do
not appear to be.”>’® Expression of TIMPs by cells associ-
ated with the vasculature has also been found to be altered
following vascular injury. Specifically, expression of TIMP4
(both RNA and protein) was observed in the carotid artery
within 24 hours of balloon injury and increased expression
over the course of 2 weeks.”” TIMPs are also often expressed
by cells other than EC associated with the vasculature. For
example, TIMP3 is expressed by pericytes and appears to be
critical for the ability of pericytes to promote MVEC barrier
function.”® Additionally, this expression of TIMP3 by human
pericytes is augmented under shear stress.” Importantly, this
expression of TIMPs often appears to be altered following
injury and inflammation. For example, stimulation of brain
MVECs with IL1B and TNFa, increases Timpl expression
and decreases Timp3 expression.” Thus, the expression of
TIMPs by the vasculature, especially MVECs, as well as the
changes following injury and inflammation, provides further
support of a critical role for TIMPs in regulating MVEC
function under both healthy and pathological conditions.

TIMP regulation of endothelial cell
dysfunction
The potential for TIMPs to mediate MVEC function is

without question but surprisingly, there is limited direct
evidence of a role for MVEC-derived TIMPs in endothelial
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dysfunction. However, analysis of studies utilizing animal
models from mice globally deficient for individual TIMPs
as well as those using recombinant TIMPs has provided
convincing data to suggest that TIMPs may in fact be criti-
cal mediators of endothelial dysfunction under pathological
conditions. For example, disruption of the BBB is augmented
in mice lacking TIMP1 compared to WT mice following
cerebral ischemia, and this appears to be due to increased
MMP9 activity.®® Additionally, MMP9 has been shown to
degrade the tight junction proteins, claudin 5 and occludin,
in brain MVECs leading to a loss of MVEC barrier function,
and upregulation of TIMP1 in these brain MVECs reversed
this degradation and restored the MVEC barrier.?!

TIMP2 and TIMP3 have also been found to promote
stability of the BBB; however, these changes appear to be
mediated through metalloproteinase-independent functions.
Specifically, BBB disruption was found to be augmented
in Timp2~~ mice following cerebral ischemia.®* However,

e

unlike in 7impl~~ mice, the augmented BBB disruption
in Timp2~~ mice was not associated with increased MMP
activity.®® Additionally, injection of recombinant TIMP3
was found to diminish BBB disruption following traumatic
brain injury, and treatment of mice with a synthetic metal-
loproteinase inhibitor was unable to recapitulate the effect
of recombinant TIMP3.%

Use of Timp3~~ mice has provided further support
for a critical role of TIMP3 in regulating MVEC barrier
function. The role identified using mice lacking TIMP3,
however, appears to depend on the ability of TIMP3 to
inhibit metalloproteinases. For example, mice lacking
TIMP3 have increased pulmonary microvascular perme-
ability under basal conditions and this is likely due to the
absence of MVEC-derived TIMP3 as pulmonary MVECs
isolated from Timp3~~ mice have significantly increased
permeability under both basal and septic conditions vs WT
mice.”” Moreover, this effect was likely due to dysregulated
metalloproteinase activity as treatment of Timp3~ pulmo-
nary MVECs in vitro with GM6001 rescued the augmented
permeability and restored MVEC barrier function under
basal conditions.” Timp3~~ mice have increased perme-
ability under basal conditions in their snout and kidneys,
as demonstrated by increased Evans blue-labeled albumin
leak.”® Interestingly, this augmented leak was suggested to
be due to loss of pericyte-derived TIMP3 and a subsequent
increase in metalloproteinase activity.”® Taken together,
these studies highlight the important role of TIMP3 in pro-
moting MVEC barrier function, as well as the importance
of TIMPs expressed by both MVECs and the supporting

cells within the vascular microenvironment. Interestingly,
while TIMP4 is expressed by cells associated with the
vasculature and has been implicated in various pathologies
such as cardiovascular disease® and tumorigenesis,* there is
limited evidence suggesting a role for TIMP4 in regulating
MVEC barrier function.

Metalloproteinase-dependent disruption

of intercellular junctions
Additionally, although indirect, evidence of a potential role
for TIMPs in MVEC barrier function is that multiple MMPs
and ADAMs have been shown to cleave MVEC intercellular
junctional proteins, including those associated with adherens
and tight junctions, thereby promoting vascular permeability.
For example, MMP7, ADAM10, and ADAMI12 have been
shown to cleave VE-cadherin (adherens junction), and MMP2
and -9 as well as ADAM 17 have been shown to cleave occlu-
din, zona occludens 1, and JAMs (tight junctions).3>3885-87
Further indirect evidence is provided by several stud-
ies utilizing synthetic metalloproteinase inhibitors, such as
GM6001. For example, stimulation of HUVEC with TNFo
leads to increased metalloproteinase activity, which is associ-
ated with increased permeability. Treatment with GM6001
or with GI254023X, an ADAM10-specific inhibitor, reduced
the TNFo.-dependent increase in permeability, at least partly,
through inhibiting VE-cadherin cleavage.®®* Moreover,
GM6001 treatment of brain MVECs was also found to inhibit
microvascular permeability, and this reduction was found to
be due to inhibition of MMP9 leading to increased stability
of proteins associated with tight junctions.**° Collectively,
these studies illustrate the importance of metalloproteinase
inhibition in the regulation of MVEC barrier dysfunction
and highlight the potential role of TIMPs.

Metalloproteinase-dependent ECM

degradation

MMPs and ADAMTSs are also involved in degradation and
remodeling of the ECM surrounding the vasculature, which
can also modify EC function through disrupted endothelial—
ECM interactions. For example, degradation of the basement
membrane proteins fibronectin, laminin, and type IV col-
lagen by MMP2 and -9 is associated with increased MVEC
permeability in vitro as well as in vivo.”'*? These studies
demonstrate that metalloproteinases can affect MVEC barrier
function through multiple mechanisms, including through
ECM remodeling. As such, the inhibition of these enzymes
by TIMPs is a critical checkpoint required to maintain MVEC
barrier function.
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TIMP regulation of VEGF signaling

Finally, another additional mechanism through which TIMPs
may mediate MVEC barrier function is through regulation
of VEGF and activation of the VEGF signaling pathways.
VEGE, which is critical for angiogenesis, is also known to
be a potent mediator of increased endothelial permeability
through promoting phosphorylation and internalization
of VE-cadherin and subsequent disassembly of cell—cell
adhesive contacts.?”? Importantly, multiple TIMPs have been
found to restrict VEGF signaling. For example, TIMP1 has
been found to inhibit VEGF-stimulated EC proliferation lead-
ing to reduced vessel growth in ovaries potentially through
increased release of sSVEGFR1 from ECs, thereby reducing
the bioavailability of VEGFE.** Moreover, both TIMP2 and -3
have also been found to inhibit EC proliferation and migration
specifically through inhibition of VEGF signaling.***>* How-
ever, unlike TIMP1, TIMP3-dependent inhibition of VEGF
signaling occurs through direct interaction between TIMP3
and VEGFR2, which subsequently blocks VEGF-VEGFR2
interaction.**°>% Thus, these studies demonstrate the potential
of TIMPs to regulate MVEC barrier function through direct
control of VEGF signaling independent of their ability to
inhibit metalloproteinase activity.

TIMP regulation of inflammation
Dysregulated inflammation is a key pathological feature
of septic MOD. Moreover, this dysregulated inflammation
ultimately results in increased leukocyte-MVEC interac-
tion, which has been associated with a loss of MVEC barrier
function. Importantly, TIMPs have been shown to regulate
leukocyte—MVEC interaction, largely through their ability
to regulate metalloproteinase activity.

While multiple TIMPs have been implicated in inflamma-
tion, TIMP3 appears to have the most significant role. Spe-
cifically, TIMP3 is best known as the physiological inhibitor
of ADAM17 or TACE (Figure 2). For example, ADAM17/
TACE activity was increased following a partial hepatectomy
in mice lacking TIMP3 leading to increased release of TNFa.
in the liver. TIMP3 also inhibits shedding of VCAM1 from
aortic EC following treatment with IL 13 and TNFo..*” Further
evidence of this was provided by Timp3~" mice, as aortic ECs
isolated from Timp3 ™~ mice had increased VCAMI1 shedding
vs those from WT mice. Moreover, the augmented shedding
of VCAMI in the absence of TIMP3 was due to increased
ADAMI17 activity as knockdown of ADAM17 protected
against increased VCAM1 shedding.”’

In addition to ADAM17, MMPs are also capable of
mediating leukocyte-MVEC interaction through shedding of

leukocyte receptors, such as ICAM and VCAM. For example,
MMP14 and ADAMI10 have been found to cleave ICAMI1
from the cell surface of MVEC.%®* Importantly, shedding
of both ICAM1 and VCAMI1 by metalloproteinases reduces
MVEC surface expression of both ICAM1 and VCAMI,
resulting in diminished leukocyte-MVEC interaction.!®
Taken together, these studies strongly support a role for
TIMPs in modulating the inflammatory response through
control of proinflammatory cytokine release as well as
stabilization of leukocyte receptors on the MVEC surface.

Conclusion

Septic organ dysfunction is primarily thought to be due to
activation and subsequent dysfunction of MVECs, leading
to a loss of MVEC barrier function and increased vascular
permeability. There are multiple mechanisms known to
promote MVEC dysfunction, including interaction with
circulating proinflammatory mediators, such as cytokines
and bacterial products, as well as with activated leukocytes.
TIMPs appear to have a critical role in MVEC barrier func-
tion. This role for TIMPs occurs through both inhibition
of metalloproteinases, which promotes stability of MVEC
intercellular junctions and inhibits ECM remodeling, as well
as through metalloproteinase-independent functions. These
metalloproteinase-independent functions include inhibition
of VEGF signaling and FAK-dependent cell survival, as
well as leukocyte-MVEC interaction. The role of individual
TIMPs, especially with respect to metalloproteinase-inde-
pendent functions as well as leukocyte—-MVEC interaction
and the specific impact this has on septic MVEC barrier
dysfunction, is unclear at this time and as such is the subject
of ongoing studies. However, in general, the primary function
of TIMPs appears to be to promote MVEC barrier function,
and as such TIMPS may be critically important in restoring
barrier function following infection and injury.
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