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Thrombotic complications represent a highly significant component of 
morbidity and mortality associated with hypercholesterolemia and athero-
sclerosis. In this issue of the JCI, Owens et al. report possible mechanisms 
underlying the prothrombotic, proinflammatory state accompanying hyper-
cholesterolemia. Using rodent, monkey, and human subjects, they show that 
circulating oxidized LDL and circulating monocyte-derived tissue factor are 
important instigating factors driving the thrombotic, inflammatory pheno-
type and, surprisingly, that statin therapy ameliorated the phenotype even 
in the absence of lowering cholesterol levels. The studies raise the intriguing 
possibility that therapies directed at pathways generating oxidant stress or 
pathways involved in transmitting oxidized LDL–mediated signals in circu-
lating platelets and monocytes could have antiatherothrombotic potential, 
probably with minimal anticoagulant and hemorrhagic potential.

Morbidity and mortality from atherosclero-
sis, including acute myocardial infarction, 
sudden death, stroke, and limb loss, put an 
enormous burden on health care systems. 
Hypercholesterolemia is a major risk factor 
for atherosclerosis, which is caused by the 
progressive formation of arterial plaques 
that are characterized by accumulation 
of lipids, in particular cholesterol and its 
derivatives, and inflammatory cells. Most 
of the severe clinical events derive from 
acute or subacute thrombosis at a site of an 
unstable, inflamed, or ruptured atheroscle-
rotic plaque or at a site of recent mechanical 
or pharmacologic intervention. Available 
pharmacologic approaches to prevent or 
treat these devastating thrombotic events 
are mainly limited to antiplatelet agents, 
including aspirin and P2Y12 ADP recep-
tor antagonists, and/or anticoagulants. 
Resistance to these agents and/or intoler-
ance related to hemorrhagic side effects 
are significant problems for many patients. 
Therefore, identification of new therapeutic 
targets is desperately needed. In an elegant 
series of studies reported on in this issue of 
JCI, Owens and colleagues generated data 
that raise the prospect of using an “old” 
drug (a statin) to target “new” pathways to 
blunt the prothrombotic state associated 
with advanced atherosclerosis (1).

Hypercholesterolemia triggers 
crosstalk between proinflammatory 
pathways and the coagulation 
cascade
In addition to directly promoting athero-
sclerotic plaque formation, hypercholes-
terolemia is also associated with platelet 
hyperactivity, although the mechanisms 
by which hypercholesterolemia produces 
a procoagulant state remain incompletely 
understood. The work of Owens and col-
leagues (1) confirms an association between 
hypercholesterolemia and a proinflamma-
tory, prothrombotic state in a cohort of 
human subjects with familial hypercho-
lesterolemia, nonhuman primates with 
diet-induced hypercholesterolemia, and 
LDL receptor–deficient mice with Western 
diet–induced atherosclerosis. It also delin-
eates an underlying mechanism.

Owens et al. observed that levels of 
circulating biomarkers for activation of 
coagulation, including thrombin-anti-
thrombin complexes, d-dimer, and mono-
cyte-derived tissue factor–expressing 
microparticles (TF+ MP), were uniformly 
elevated in the human subjects and in 
both animal models, as were markers 
for inflammation, including high-sen-
sitivity C-reactive protein (hsCRP) and 
IL-6. In the mouse model, they validated 
the significance of the elevated levels of 
coagulation biomarkers by showing that 
experimentally induced arterial thrombo-
sis in vivo was enhanced when compared 
with that in control mice. Using infusion 

of an inhibitory TF-specific monoclonal 
antibody and transplantation of bone 
marrow from mice genetically deficient 
in TF, they showed that the driving force 
for the hypercholesterolemia-associated 
prothrombotic phenotype, at least in the 
mice, was the generation of TF+ MP. Inter-
estingly, the proinflammatory phenotype 
was also ameliorated by blocking or delet-
ing TF, demonstrating important cross-
talk between the coagulation and inflam-
mation systems.

Oxidant stress and oxidized LDL 
drive atherothrombosis
A unifying principle in all three “mod-
els” is most likely ongoing chronic oxi-
dant stress; in all settings, the authors 
documented the presence of oxidized 
LDL (oxLDL) in the circulation. Oxidant 
stress within the vessel wall has long 
been considered a key pathophysiologi-
cal instigator of atherogenic processes 
(ref. 2; as shown in Figure 1). Transuda-
tion and entrapment of LDL particles and 
monocytes into the subendothelial space 
occur early in atherogenesis. ROS gener-
ated by the inflammatory milieu within 
the atherogenic vessel wall then modify 
the LDL by oxidizing both protein and 
lipid moieties, creating what are called 
collectively oxLDL (3). OxLDL are recog-
nized by scavenger receptors on macro-
phages, particularly CD36, which initiate 
a cascade of events, including internal-
ization of the bound oxLDL, activation 
of proinflammatory pathways, and acti-
vation of transcriptional pathways (4). 
These result in a feed-forward loop that 
increases leukocyte recruitment into the 
vessel wall, inhibits macrophage migra-
tion out of the vessel wall (5), increases 
ROS generation while suppressing natu-
ral antioxidant defense pathways (thus 
increasing oxLDL formation) (6), and 
increases CD36 expression (7). The net 
effect is formation and accumulation of 
lipid-laden foam cells and proinflamma-
tory immune cells, which together form 
plaque (Figure 1).
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Although abundant data from animal 
models and correlative human studies 
support this oxidative stress hypothesis 
(8, 9), there has been considerable contro-
versy and disbelief by some investigators, 
mainly because large and medium-sized 
interventional trials of antioxidant thera-
py in humans have generally failed to pre-
vent the complications of atherosclerosis 
(3). In my mind, however, these trials have 
been flawed by poor choice of antioxidants 
(some vitamin E formulations, for exam-
ple, can actually promote oxidative stress) 
and lack of convincing evidence that the 
tested “antioxidant” therapies actually tar-
geted the relevant vascular or circulating 
oxidant pathways.

Owens et al. described several interven-
tions that reversed the prothrombotic phe-
notype in hypercholesterolemic individu-
als (1). In the human studies, they showed 
that apheresis dramatically lowered all of 
the proinflammatory and prothrombotic 

biomarkers. This is consistent with a direct 
mechanistic role for oxLDL in triggering 
the prothrombotic phenotype, since the 
process removes circulating oxLDL. How-
ever, it is also possible that the efficacy of 
apheresis may relate to downregulation of 
a humoral immune response to oxLDL, 
which data suggest may be proathero-
genic (10). Nevertheless, the studies sug-
gest that targeting circulating oxLDL in 
hypercholesterolemic individuals may 
be worthwhile, as it appears that oxLDL 
interactions with circulating platelets and 
monocytes may be as important as oxLDL 
interaction with cells within the vessel wall 
in manifesting the morbidity and mortality 
from atherosclerosis. The authors suggest, 
based on their in vitro and mouse studies, 
that oxLDL-mediated generation of TF+ 
MP from circulating monocytes drives both 
the prothrombotic and proinflammatory 
phenotypes. It is likely, however, that more 
complex systems are operating in humans.

Statin therapy interrupts the 
proinflammatory, atherothrombotic 
phenotype associated with 
hypercholesterolemia
Remarkably, in both mice and monkeys, 
Owens et al. found that a short course of 
simvastatin dramatically lowered levels 
of the proinflammatory and prothrom-
botic biomarkers without affecting levels 
of cholesterol (1). That statins may have 
antiatherothrombotic effects independent 
of their ability to lower cholesterol levels 
is not a new concept, and the efficacy of 
simvastatin in the studies of Owens et 
al. is unlikely to be an unusual off-target 
effect of the specific statin. The JUPITER 
clinical trial, for example, showed that 
rosuvastatin therapy decreased cardio-
vascular events in patients with elevated 
hsCRP but normal levels of LDL (11), and 
animal studies have shown various statins 
have antiatherothrombotic benefits that 
are not simply explainable by lowering 

Figure 1
Atherothrombotic processes occur both within the vessel wall (neointima) and in the circulation. In response to injury or inflammation, LDL and 
monocytes enter the vessel wall and become trapped. Monocytes differentiate into inflammatory macrophages that produce ROS, which oxidize 
trapped LDL particles to form oxLDL. These then interact with macrophages through scavenger receptors, such as CD36, activating signaling 
pathways that lead to enhanced inflammation and ROS generation, foam cell formation, and entrapment of the foamy macrophages to form 
plaque. OxLDL in the circulation interacts with blood monocytes and platelets, through CD36 and other receptors, leading to the generation of 
TF+ MPs and hyperreactive platelets. These create a circulating “prothrombotic state” that increases risk of acute thrombosis in the setting of 
unstable plaque. Statins have the potential to interrupt these processes at multiple levels by lowering circulating LDL levels, downregulating 
monocyte/macrophage CD36 expression, and inhibiting ROS generation and proinflammatory signaling.
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levels of LDL. The pleiotropic effects of 
statins are well documented (12); inhib-
iting HMG CoA reductase (the target of 
statins) prevents formation of isoprenyl 
metabolic intermediates as well as choles-
terol and thus blocks posttranslational 
prenylation of important signaling pro-
teins, including small molecular weight 
G proteins. G protein signaling is critical 
for generating ROS and proinflammatory 
and platelet-activating pathways. Statins 
also downregulate CD36 expression on 
monocytes in diabetic patients (13) and 
activate specific transcriptional pathways, 
including those mediated by Krüppel-like 
factors (14), which may have atheropro-
tective effects.

Scavenger receptor CD36 links 
oxidant stress to atherothrombosis
While the work of Owens et al. provides 
important new insights into the mechanis-
tic basis of the prothrombotic state accom-
panying atherosclerosis and hypercholes-
terolemia (1), it has not answered all the 
questions, and, as with all good research, 
it has raised new ones. Among the most 
clinically relevant is whether it is rational 
to consider statins as a “new” class of anti-
thrombotic agents — one that has no anti-
coagulant activity and therefore little or no 
hemorrhagic potential. It also behooves us 
to ask whether generation of TF+ MP repre-
sents the “whole story” of the mechanistic 
basis of the prothrombotic state accompa-
nying atherosclerosis and hypercholester-
olemia. Emerging data suggest that oxLDL 
signaling via CD36 on platelets and other 
vascular cells may be an important compo-
nent of the hypercholesterolemia-mediated 
prothrombotic state (refs. 15, 16; Figure 1) 
and that classes of MP that do not express 
TF, but that interact with platelet CD36 
via surface exposure of oxidized phospho-
lipids, may also contribute to thrombosis 
(6, 17). The studies of Owens et al. certainly 
point to an important role for TF+ MP, but 
only a small subset of circulating MP gen-
erated during chronic inflammatory con-
ditions, such as metabolic syndrome, acute 
coronary syndrome, cancer, and obesity, 
express TF. Thus, a better understanding 
of scavenger receptor–mediated signaling, 
MP-generating pathways, and prothrom-
botic influences of TF-negative MP could 
lead to the discovery of novel specific tar-
gets for atherothrombosis.

Genome-wide association studies have 
linked CD36 genetic polymorphisms to 
risk of myocardial infarction and sudden 

death in patients with atherosclerotic cor-
onary diseases (18). Polymorphisms have 
also been associated with levels of expres-
sion of CD36 on platelets and monocytes 
(19, 20), suggesting that genetic influences 
may “titer” prothrombotic and proathero-
genic cellular responses to oxLDL. Inter-
estingly, human CD36 deficiency is com-
mon; nearly 1% of individuals of African or 
Asian descent are homozygous for CD36-
null mutations. These individuals have no 
obvious phenotype, suggesting that CD36 
would be a safe pharmacologic target. Fur-
thermore, inhibition or genetic deletion of 
mediators of downstream signaling path-
ways triggered by oxLDL, including spe-
cific Src family kinases, MAP kinases, and 
Vav family guanine nucleotide–exchange 
factors, blunts CD36-mediated prothrom-
botic platelet responses and proathero-
genic macrophage responses in vitro and 
in mouse models (4, 21, 22). Particularly 
exciting is the emerging concept that many 
signals emanating from CD36 require the 
recruitment of specific innate immune 
system receptors as signaling partners 
(23, 24). In the work of Owens et al., both 
TLR4 and TLR6 were shown to participate 
in oxLDL induction of monocyte TF and 
TF+ MP in vitro and in oxLDL induction of 
the prothrombotic, proinflammatory phe-
notype in vivo (1). Thus, targeting TLRs 
and/or TLR signaling pathways may have 
as much relevance to atherothrombosis as 
to innate immune disorders.

Summary and conclusions
The elegant work reported by Owens et 
al. (1) used a combination of rodent and 
nonhuman primate models along with 
careful assessment of human subjects with 
familial hypercholesterolemia to demon-
strate that activation of proinflammatory 
pathways and the coagulation cascade are 
associated with hypercholesterolemia. 
Elevated levels of TF+ MP derived from 
circulating monocytes were shown to be 
important participants in promoting 
both inflammation and thrombosis and, 
remarkably, treatment of the animals with 
short courses of simvastatin ameliorated 
both the prothrombotic and proinflam-
matory phenotype, despite not lower-
ing cholesterol. These data suggest that 
statins have important protective effects 
independent of their ability to lower LDL, 
perhaps explaining in part their efficacy in 
preventing cardiovascular complications 
in patients with “normal” LDL levels in the 
setting of chronic inflammation. These 

studies also identify several important tar-
gets for potential therapeutic intervention 
that might not have the bleeding risks asso-
ciated with current antiplatelet therapies 
or the myopathies associated with statins. 
For example, lowering circulating oxLDL 
levels by properly targeted antioxidants 
might prevent monocyte activation, TF 
expression, and MP generation. Similarly, 
blocking oxLDL-induced monocyte and 
platelet signaling (via CD36) might inhibit 
the mechanisms responsible for the athero-
thrombotic phenotype.
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Imiquimod is a TLR agonist that is used as an antitumor agent, mainly 
against skin tumors. Its clinical benefits are well described in several stud-
ies; however, the mechanisms behind its antitumor effects are not complete-
ly understood. In this issue of the JCI, Drobits and colleagues demonstrate 
that topical application of imiquimod suppresses cutaneous melanoma by 
TLR7-dependent recruitment and transformation of plasmacytoid dendrit-
ic cells into killer cells; this occurs independently of conventional adaptive 
immune mechanisms.

Imiquimod is a synthetic imidazoquino-
line with demonstrable antiviral and anti-
tumor properties. It is formulated as a 5% 
cream and has been approved to treat cer-
tain types of actinic keratoses, which are 
premalignant, flat, scaly growths on the 
skin caused by too much sun exposure; 
some primary skin malignancies, includ-
ing basal cell carcinoma (BCC) and squa-
mous cell carcinoma (1); and external geni-
tal warts. The efficacy of imiquimod as a 
treatment for BCC is impressive: complete 
histological clearance is achieved in almost 
80% of the cases (2). Imiquimod has also 
been used off-label to treat cutaneous 
melanoma and locally recurrent mucosal 
melanoma (3), although it is a less effec-
tive treatment for this primary skin malig-
nancy than it is for BCC (4).

Imiquimod modulates diverse immune 
responses through TLR7 ligation
The antitumor effect of imiquimod is mul-
tifactorial. It has direct antiangiogenic (5) 
and caspase-mediated proapoptotic activ-
ity (6). However, it also acts as an “immune 
response modifier,” modulating the func-
tion of immune cells, especially antigen-
presenting cells such as conventional den-
dritic cells (cDCs), plasmacytoid dendritic 
cells (pDCs), monocytes, and macrophages. 
The effects of imiquimod on immune cells 
are mediated via activating signals initi-
ated by its binding to TLR7 and, in some 
instances, to TLR8 (4).

TLRs comprise a family of conserved, germ-
line–encoded pattern recognition receptors 
that recognize diverse molecules from patho-
gens and are essential for host defense (7). 
Upon ligand binding, TLRs recruit an adap-
tor molecule, most frequently MyD88, and 
promote activation of signaling molecules 
and pathways (including the NF-κB and 
MAPK pathways) that lead to the production 

of proinflammatory cytokines (e.g., TNF and 
IL-12). In pDCs, activation of the transcrip-
tion factor IRF7 after TLR7 ligation leads to 
MyD88-dependent production of type I IFNs 
and upregulation of TNF-related apoptosis-
inducing ligand (TRAIL) and granzyme B (7), 
which confer on the pDCs a death-inducing 
effector function. IL-1β and IL-18 are also 
released through TLR-independent inflam-
masome activation (7). Imiquimod can 
directly (via a TLR) or indirectly (via the type I  
IFNs derived from imiquimod-stimulated 
pDCs) stimulate NK cells, CD8+ T cells, CD4+ 
T cells, and B cells. Agonists of TLRs, includ-
ing imiquimod, can also reverse CD4+ Treg 
function in a TLR8 signaling–dependent, 
DC-independent manner (8).

As a result of their multifactorial antitu-
mor effects, TLR agonists such as imiqui-
mod are being widely tested as adjuvant 
therapies in cancer patients. Their admin-
istration has been associated with intra
tumoral infiltration of multiple subsets 
of DCs, and, when delivered in combina-
tion with tumor-associated antigens in 
humans, they have resulted in delayed time 
to tumor recurrence (4). However, TLR-
activated cDCs and pDCs can also induce 
and/or recruit immune suppressive Tregs 
in vitro and in vivo, and high levels of 
pDCs in the tumor microenvironment are 
associated with poor prognosis (9), indi-
cating that we are far from understand-
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