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A therosclerosis is a principal cause of
death in the Westernized world. Pre-

viously, it was thought to be a disease
primarily involving lipid accumulation in
the arterial walls. The inflammatory cells
found at the sites of fatty streaks as well as
in the more advanced lesions were not
considered to be principally responsible
for the disease. A different view of ath-
erosclerosis has emerged subsequently.
Current concepts of this disease include
involvement of the immune system and
chronic inflammation as crucial elements
in the initiation of endothelial cell dys-
function, in fatty streak formation, and in
development of advanced lesions and
eventual vessel rupture (for a recent re-
view, see ref. 1). Atherosclerosis can now
be viewed as a problem of wound healing
and of chronic inflammation. Numerous
reports in the past few years have demon-
strated clearly that migratory immune
cells, including monocytes and T lympho-
cytes, are key cellular elements at all
stages of atherosclerosis. Most exciting
and relevant to atherosclerosis as a disease
of chronic inflammation are papers by
Schönbeck et al. (2) and Lutgens et al. (3)
appearing in this issue of PNAS. These
research groups clearly show that disrup-
tion of the CD40–CD40 ligand (L) system,
a key mediator of cell communication in
the immune system, prevents progression
of established atherosclerotic lesions to
more advanced unstable lesions. This ev-
idence, coupled with recent studies show-
ing that disruption of the CD40–CD40L
system can retard the initiation of arterial
plaque formation, provides compelling ev-
idence for the role of chronic inflamma-
tion and elements of the immune response
in atherosclerosis. Moreover, these inves-
tigations identify CD40–CD40L as key
regulators of this process and recognize
them as potentially important therapeutic
targets.

CD40 is a cell membrane-spanning pro-
tein of '50 kDa that was found originally
on B lymphocytes (see ref. 4 for review).
It is responsible for B lymphocyte activa-
tion and serves several key functions. En-
gagement of B lymphocyte CD40 by its
ligand (commonly called CD40L but offi-

cially termed CD154) helps prevent induc-
tion of apoptosis, induces expression of
key costimulatory molecules such as B7
for interaction with T lymphocytes, and is
crucial for B lymphocytes to undergo Ig
class switching. The display of CD40L on
T lymphocytes permits a mutual amplifi-
cation scheme. The result is enhanced B
cell survival and plasma cell development
with production of high affinity antibody.
T cells become activated to produce im-
munoregulatory cytokines such as IL-4,
IFN-g, IL-6, etc. In human beings, muta-
tions in CD40L lead to an impaired ability
of B lymphocytes to undergo Ig class
switching, abnormal antibody levels, and
an inability to respond to certain bacterial
infections (5, 6). Although this concept of
the CD40–CD40L system explained much
about antigen presentation and B and T
lymphocyte biology, it only scratched the
surface of the importance of this system in
other physiological and pathological
systems.

As the CD40–CD40L system was stud-
ied, it became clear that its expression was
not restricted to the lymphocyte. Key an-
tigen-presenting cells, including macro-
phages and dendritic cells that can activate
T lymphocytes, also expressed CD40. En-
gagement of CD40 by T lymphocyte
CD40L also served to activate these cells
to express different functions, such as the
production of the type 1 cytokines IL-1,
IL-12, and tumor necrosis factor-a (5, 6).
Interestingly, further analyses showed that
nonhematopoietic cells including fibro-
blasts, endothelial cells, smooth muscle
cells, and certain epithelial cells expressed
CD40 and that its display could be mark-
edly up-regulated after exposure to IFN-g
(7–9). It has become clear now that CD40
is a major activation receptor on many
cells. Its engagement via CD40L endows
these cells with powerful functions. These
functions include the production of potent
proinflammatory cytokines such as IL-1,
IL-6, and IL-8. Moreover, CD40 engage-
ment on fibroblasts and endothelial cells
induces synthesis of cyclooxygenase-2 and
resultant production of prostaglandins.
The signal transduction mechanism has
been shown to be mediated by the tran-

scription factor NF-kB (6, 8). A number of
proinflammatory cytokines have NF-kB
sites in their promoter regions and thus
are potential targets of CD40 engage-
ment. Another emergent property, impor-
tant for atherosclerosis induced by CD40
engagement on endothelial and smooth
muscle cells, is the synthesis of matrix
metalloproteinases (MMPs; ref. 10).
These enzymes degrade collagens and
other connective tissue proteins crucial
for the stability of atherosclerotic plaques
and their fibrous caps. Fig. 1 shows the
spectrum of cell activities regulated by
CD40–CD40L in both hematopoietic and
nonhematopoietic cells.

CD40L is obviously a key element in the
activation of many types of CD40-
expressing cells. Initially, it was thought of
as a special molecule expressed only on
the surface of T lymphocytes after their
activation (4–6). Similar in structure to
tumor necrosis factor-a, CD40L is now
known to be expressed by activated T cells,
eosinophils, mast cells, and most interest-
ingly, by platelets. Platelets have CD40L
stored inside them. Once activated by
thrombin or other mediators, they expel
their stores of CD40L to the environment
and also express it on their surface (11).
The potential importance of this finding is
that a nonnucleated, nonclassical immune
cell, in an instant, can incite a cascade of
inflammation by interacting with resident
connective tissue cells and vascular cells
that constitutively display CD40. The re-
sult of platelet CD40L interacting with
these resident cells would be activation of
the vascular cell, resulting in production of
cytokines, connective tissue-degrading
enzymes, and procoagulant activity as well
as the induction or up-regulation of in-
f lammation (see Fig. 2 for how CD40L on
blood cells activates cells of the vascula-
ture). To make the scenario even more
complex, several other cell types have
been shown recently to have CD40L
stored within. These include B lympho-
cytes, macrophages, endothelial cells, and
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smooth muscle cells (6, 9). The internal
CD40L storage system may be a protective
mechanism to prevent accidental cell ac-
tivation (Figs. 1 and 2). It also suggests
that amplification mechanisms can be es-
tablished between cells that coexpress
CD40 and CD40L once the internal stores
are released. Thus, in the vasculature, it
may be possible for both autocrine and
paracrine amplification mechanisms to
occur via the CD40–CD40L signaling
pathway (Fig. 2).

A number of preclinical animal models
of chronic inflammation have been shown
to involve the CD40–CD40L system.
Demonstrating that a remarkable spec-
trum of chronic inflammatory conditions
can be blocked or reduced substantially by
disrupting the CD40–CD40L system has
generated much excitement. These mod-
els include arthritis, graft versus host dis-
ease, transplant rejection, lung inflamma-
tion, and multiple sclerosis (6, 12, 13).
These typically employ either mice with
targeted disruption of either CD40 or
CD40L genes or the approach used by
Lutgens et al. (3) and Schönbeck et al. (2),
who used monoclonal anti-CD40L anti-

bodies. The antibodies seem to work by
disrupting the communication bridge
fashioned by CD40–CD40L. The animals
in these preclinical models seem to be no
worse for having this system disrupted for
months (14). Indeed, disruption of the
CD40–CD40L system is being evaluated
currently in clinical trials.

Because atherosclerosis is now also con-
sidered as a chronic inflammatory disease,
much interest has evolved in the potential
role of the CD40–CD40L system. Mount-
ing evidence, including the articles in this
issue of the PNAS, indicates that the
CD40–CD40L pathway is a key element in
atherosclerosis. Endothelial cells, macro-
phages, and smooth muscle cells from
human atheroma all express high levels of
CD40 (9). Moreover, these cells can be
activated in vitro with recombinant forms
of CD40L or with T lymphocyte mem-
branes displaying CD40L to express char-
acteristics important in atherosclerosis.
These include dramatic up-regulation of
connective tissue-degrading MMP (6, 10).
MMP production induced by CD40 could
destabilize the fibrous plaque cap and
allow rupture with obvious consequences.

CD40 was described recently as a mecha-
nism of inducing cyclooxygenase-2 and
prostaglandin E2 synthesis (15). Cycloox-
ygenase-2 is highly expressed in human
atherosclerotic plaques (16). T lympho-
cytes, abundant in the plaque, can be
activated by prostaglandin E2 to contrib-
ute further to the MMP synthesis and
tissue remodeling (see Fig. 2). Macro-
phages, also abundant in the lesions, can
be activated via CD40 to produce tissue
factor (17). Production of tissue factor
would stimulate thrombosis and platelet
release of CD40L, thereby enhancing the
cycle of chronic inflammation (Fig. 2).

The body of evidence implicating the
CD40–CD40L system in chronic inflam-
mation and in atherosclerosis is compel-
ling. This evidence led to initial testing of
the hypothesis that disruption of the
CD40–CD40L in mouse models of ath-
erosclerosis would down-regulate early
disease events. Studies showed, in two
different model systems, one with
CD40L2y2yApoE2y2 mice and the other
with an anti-CD40L antibody treatment of
low-density lipoprotein receptor-deficient
mice, that initial plaque lesions were
smaller and were of a more stable com-
position (18, 19). The current reports in
this issue of PNAS take these initial find-
ings much further. The paper by Schön-
beck and colleagues (2) focused on dis-
rupting the CD40–CD40L pathway with a
monoclonal anti-CD40L antibody. Low-
density lipoprotein receptor-deficient
mice were fed a high cholesterol diet, and
the question was addressed whether
CD40–CD40L disruption could halt the
progression or cause regression of estab-
lished lesions. The key findings were that
established lesions failed to progress and
that the lesion composition improved such
that it was more stable, containing fewer
macrophages, less lipid, and more smooth
muscle cells and collagen. Lutgens et al.
(3) treated ApoE2y2 mice with an anti-
body that disrupts the CD40–CD40L
pathway. These authors also demon-
strated remarkable changes in plaque
composition. Plaques in treated mice
failed to progress and had fewer T lym-
phocytes and macrophages, less lipid, and
more collagen. Lutgens et al. (3) also
noted an increase in transforming growth
factor-b, a cytokine well known for pro-
moting collagen production. These
changes are associated with increases im-
portant in plaque strength and stability.
Both papers conclude that established le-
sions can be prevented from progressing
by disrupting the CD40–CD40L pathway.

In summary, it is now clear that athero-
sclerosis depends on the immune system
and chronic inf lammation. The initial
cause or causes for the nidus of inflam-
mation and endothelial cell dysfunction
are unknown but may be immune (e.g.,

Fig. 1. Spectrum of activities induced after CD40 engagement on hematopoietic and nonhematopoietic
cells. Unique to particular types of cells (e.g., lymphocytes, macrophages, and fibroblasts), CD40 engage-
ment sets in motion a pattern of gene expression. The function of CD40 seems to be to ‘‘activate’’ a cell.
For example, vascular endothelial cells after CD40 triggering produce cytokines such as IL-1 and IL-8,
express cyclooxygenase-2 (COX-2) and MMPs, and display an increased density of cell adhesion molecules.
B lymphocytes depend on CD40 for survival, for expression of costimulatory molecules like B7 (to interact
with T lymphocytes), and to undergo Ig class switching.
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anti-heat-shock protein antibodies) or in-
fectious or may result from traumas or
disordered physiology (1). An emerging
body of evidence supports a key role for
the CD40–CD40L pathway in atheroma
progression. An intriguing study in hu-
mans has shown recently that patients with
unstable angina have particularly high
blood levels of soluble and membrane-
bound forms of CD40L (20). These

observations suggest that chronic provo-
cation by CD40L and activation of CD40-
bearing cells, especially in the plaque
microenvironment, could lead to plaque
destabilization and rupture. Disruption of
the CD40–CD40L pathway in animal
models seems to be particularly effective.
This efficacy may result from their ability
to blunt interactions, not only between
classic immune cells, but also between

immune and structural cells and between
structural cells themselves. Currently,
there are several clinical trials being
conducted examining disruption of the
CD40–CD40L pathway in human dis-
ease. Certainly, the studies by Schönbeck
et al. (2) and Lutgens et al. (3) high-
lighted herein suggest that there may be
clinical benefit in disrupting the CD40–
CD40L pathway in humans with athero-
sclerosis. Obviously, there is a need for
caution, because interference with the
CD40–CD40L system is immune sup-
pressive. Much more needs to be learned
about the consequences of blocking this
pathway, especially for structural cells
such as endothelial cells, fibroblasts, and
smooth muscle cells in which the role of
CD40 is far less understood compared
with that in classic immune cells. The
utility of blocking CD40 signal transduc-
tion may depend on the development of
agents that target the CD40 signal trans-
duction conduit in specific cells. In this
way, depending on the disease, selective
cell targeting can be achieved. In
conclusion, study of the CD40–CD40L
system has cleared a path for future
investigation and intervention into ath-
erosclerosis, the most prevalent cause of
death in the Western world.
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Fig. 2. Involvement of the CD40 –CD40L system in atherosclerosis. After an initial inciting event by
infectious or physiologic trauma, endothelial cell dysfunction occurs by interaction with platelets and
white blood cells. As the mutual activation cascade proceeds by CD40 –CD40L interaction, many cells
can be involved and produce proinflammatory and regulatory molecules (see Fig. 1). These actions
permit cell– cell adhesion and a unique microenvironment to be constructed. If the CD40 –CD40L
signaling becomes chronic, it may lead to blood vessel dysfunction and occlusion. One reason why
disruption of the CD40 –CD40L pathway is so effective at stabilizing vessel plaques is that CD40
signaling is an ‘‘upstream event.’’ Blocking the upstream signal (CD40) prevents production of many
mediators and chronic activation.
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