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Arterial injury results in the formation of neointimal lesions. Lack of
resolution of the pathologic neointima leads to stenosis, tissue ischemia,
and organ dysfunction. In this issue of the JCI, Kovacic et al. show that,
in response to arterial injury in mice, the cytokine TNF-a triggers a novel
signaling pathway involving the combinatorial action of two transcription
factors, STAT3 and NF-«xB (p65 subunit), in VSMCs (see the related article
beginning on page 303). Upon activation, these factors turn on transcrip-
tion of a potent T cell chemokine, RANTES, which selectively recruits T
cells into the vessel wall as part of the vascular wound-healing response.

Blood vessels have myriad functions, includ-
ing contraction/relaxation, barrier function,
thrombosis/hemostasis, and transport.
Following injury, complex mechanisms of
wound healing and resolution are triggered
in order to return the vessel to its optimal
functionality (1, 2). In fact, it was hypothe-
sized that response to injury is the key factor
in determining the evolution of the athero-
sclerotic plaque into an unstable state that is
prone to rupture and subsequent thrombosis
(1). This mechanism underlies many instanc-
es of acute coronary syndromes, stroke, and
peripheral vascular episodes (3, 4). Although
multiple causes of vascular injury are known
(e.g., hyperlipidemia, homocysteinemia, oxi-
dative stress, uncontrolled inflammation,
and exposure to tobacco smoke), mechanical
injury also causes a repair response in arteries.
This type of injury occurs after interventional
procedures such as angioplasty and stenting,
which are commonly used in the treatment
of arterial vessel occlusive diseases. Although
stenting is generally initially successful, a sig-
nificant number of patients experience reoc-
clusion (5), leading to additional invasive
procedures and/or bypass surgery. Thus, it
is important to understand the cellular and
molecular mechanisms underlying remodel-
ing of the arterial vasculature.

Selective recruitment of immune
cells by vascular chemokines

It is established that recruitment of
immune cells into the injured vessel is a
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key event that drives the inflammatory
response needed for repair (4). Several
types of immune cells, including macro-
phages and T cells, are recruited and play
catalytic roles in the vascular wound-heal-
ing response. Optimal kinetics and the
extent of recruitment of various immune
cell types are important for proper inflam-
mation and resolution. Thus, the mecha-
nisms involved in these processes have been
intensively investigated. As in other tissues,
selective expression of chemokines at the
site of injury is a principle mechanism that
recruits immune cells. For example, it is
appreciated that the chemokine CCL2 (also
known as monocyte chemoattractant pro-
tein 1 [MCP-1]) is expressed by endothelial
cells and VSMCs. Antagonism of exagger-
ated CCL2 function results in attenuated
vascular inflammation and restenosis due
to reduced macrophage recruitment (6).
On the other hand, T cells play important
regulatory roles in the inflamed vessel wall.
They interact with macrophages and den-
dritic cells to regulate the inflammatory
and wound-healing responses in both posi-
tive and negative manners. Thus, some T
cell subtypes, such as Th17 cells, are proin-
flammatory, whereas others, such as Tregs,
inhibit inflammatory responses (7, 8).
Regulation of the influx and egress of T
cells in the injured vascular lesion is not
well understood.

A combinatorial mechanism

to induce RANTES

In this issue of the JCI, Kovacic et al. describe
anovel mechanism that recruits T cells into
injured vessels (9). Using a mouse model of
arterial vascular injury, the authors show
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that T cell recruitment is driven by VSMC
expression of a potent chemokine, RANTES
(also known as CCLS). This chemokine sig-
nals through the G protein-coupled T cell
surface receptor CCRS to regulate T cell
recruitment and amplification of inflam-
matory reactions (6, 7) (Figure 1). Interest-
ingly, VSMC expression of RANTES is driv-
en by the inflammatory cytokine TNF-a
and its activation of its receptor TNF-a
receptor 1 (TNF-a-R1), which subsequent-
ly activates the transcription factors NF-kB
(p6S subunit) and STAT3. These findings
describe a novel VSMC-specific pathway via
which RANTES is induced in the vascular
wall in response to injury.

The key protein complex central to this
VSMC-specific signaling pathway is com-
posed of NF-kB, STAT3, and p21Cir! (a
cyclin-dependent kinase inhibitor). Previ-
ous studies from the laboratory of Eliza-
beth Nabel made the key observation that
the cell-cycle inhibitor p21¢iP! which is
induced in VSMC after vascular injury,
inhibits inflammatory gene expression (10).
This event effectively coordinates cell-cycle
arrest with inflammatory gene expression,
thus potentially limiting neointimal hyper-
plasia. In their current report (9), Kovacic
et al. extend this concept further and show
the existence of a trimolecular complex
composed of NF-xB, STAT3, and p21¢ip!
(Figure 1). Indeed, mice that lack p21¢ip!
expressed high levels of RANTES and
recruited more T cells than the WT mice in
response to injury, suggesting that a criti-
cal control element is exerted at this junc-
ture in the signaling pathway. In addition,
the combinatorial function of two major
inflammation-responsive transcriptional
activators to induce the RANTES gene is
reminiscent of the function of CArG-Box
binding factors in the regulation of VSMC
differentiation and phenotype switch (11).

Cytokine action on VSMCs regulates
chemokines

Given the importance of the NF-kB/STAT3
pathway, the authors went on to determine
the identity of the initiating extracellular
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Figure 1

Schematic representation of VSMC signaling mechanisms involved in T cell recruitment
following acute arterial injury. During vascular injury and deendothelialization, VSMC migra-
tion and activation recruits immune cells such as macrophages and T cells, resulting in the
formation of a neointimal lesion. In their study in this issue of the JCI, Kovacic et al. show
that TNF-a activation of TNF-a—R1 on VSMCs results in the stimulation of NF-kB (p65 sub-
unit) and STAT3 pathways (9). The complexes formed by NF-xB, STAT3, and p21¢i! are
found in the activated, neointimal VSMCs. Combinatorial action of NF-xB and STAT3 turns
on the transcription of the RANTES gene, which encodes the T cell chemokine RANTES
(also known as CCL5). Secreted RANTES acts on its receptor, CCR5, on T cells to induce
chemotaxis, thus allowing T cell entry into the neointimal lesion. TRADD, TNFRSF1A-asso-
ciated via death domain.

factor. It turned out that TNF-a is the
key cytokine that activates both pathways
(Figure 1). While TNF-a activation of
NF-kB is well understood (12), VSMC-spe-
cificactivation of STAT3 by TNF-a binding
to TNF-a-R1 is surprising and represents
economical usage of receptor-dependent
signaling pathways in a cell-specific man-
ner. The detailed molecular mechanisms
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through which injury leads to TNF-a
deposition are not clear but may involve
monocytes and platelets that are closely
associated with vascular elements even
under homeostasis (13, 14). However, other
inflammartory cytokines such as IL-1oc and
IL-1f could also be involved, as cytokines
induce the expression of each other under
inflammatory conditions.
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Once RANTES is induced, infiltration
of T cells and amplification of inflam-
matory reactions in the vessel wall would
lead to robust neointimal hyperpla-
sia (Figure 1). Optimal recruitment of
proper T cell subtypes may be critical
to the repair and reendothelialization
processes as well as to the resolution of
the lesion (4, 7). In the classical immune
organs, factors that regulate the influx
and egress of T cell subtypes are better
understood (15). It is likely that similar
events take place in the inflamed vascu-
lar lesions. Further studies are needed to
define the interplay of chemokines and
T cell subtypes in neointima formation
and involution. However, given the find-
ings of this report (9), it is reasonable to
speculate that the VSMC is a key cell type
that orchestrates this process.

Conclusions and future perspectives
A fundamental discovery such as this
(9) will undoubtedly stimulate efforts in
the search for novel therapeutics to con-
trol exaggerated neointimal hyperplasia.
Although local delivery of signaling modu-
lators, for example, so-called “drug-elut-
ing stents,” has shown promise (16), non-
specificity of the chemical inhibitors and
the complex nature of signaling pathways
have hampered their rapid deployment. It
is important to define cellular and molecu-
lar mechanisms in detail not only in ani-
mal models but also in clinical and trans-
lational studies in humans. For example, it
will be important to determine whether the
TNF-0/NF-kB/STAT3/RANTES signaling
pathway described in mice is conserved in
humans during angioplasty and stenting
procedures. However, the advent of high-
throughput genomics and chemical screen-
ing technologies will undoubtedly stimu-
late the pace at which such discoveries are
put into practice.
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