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Lymphatic vessels clean up your arteries
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Reverse cholesterol transport (RCT) is the pathway by which cholesterol
accumulated in peripheral tissues, including the artery wall, is transported
to the liver for excretion. There is strong evidence suggesting that interven-
tions that increase macrophage cholesterol efflux and RCT would be anti-
atherogenic. In this issue of the JCI, Martel et al. investigate the contribu-
tion of lymphatic vasculature to RCT. Their results support the concept that
the lymphatic vessel route is critical for RCT from atherosclerotic plaques.
Therefore, strategies to improve lymphatic transport might be useful for
treating atherosclerotic vascular disease.

HDL, reverse cholesterol transport,
and coronary heart disease

A number of observational studies, includ-
ing the Framingham Heart Study, have
shown a strong inverse association of
plasma HDL cholesterol levels with cor-
onary heart disease (CHD) (1). HDL is
thought to regulate RCT by promoting
cholesterol efflux from arterial macro-
phage foam cells to the liver for biliary
excretion, leading to a reduction in ath-
erosclerotic plaque size (2, 3). Cholesterol
efflux from macrophages is mediated
primarily by the ATP-binding cassette
transporters ABCA1 and ABCG1 (4). The
expression level of these transporters is
regulated at the transcriptional level by the
liver X receptor (LXR) nuclear hormone
transcription factors and post-transcrip-
tionally by miR-33, a microRNA encoded
within intron 16 of the SREBP2 gene (Fig-
ure 1) (5, 6). Studies in mice have shown
that activating LXR nuclear receptors or
inhibiting miR-33 reduces the progression
and enhances the regression of atheroscle-
rosis (7-10). Altogether, these findings sug-
gest that pharmacological interventions to
increase macrophage cholesterol efflux in
the arterial wall might be a promising strat-
egy to prevent atherosclerosis.

Although observational, clinical, and
preclinical studies all strongly suggest that
plasma HDL cholesterol might be benefi-
cial in preventing CHD, three recent clin-
ical trials (AIM-HIGH, dal- OUTCOMES,
and HPS-THRIVE) that aimed to increase
circulating HDL cholesterol levels were
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prematurely terminated on the basis of
fucility (11, 12). Moreover, a recent genetic
study found that plasma HDL cholesterol
levels had a weak or nonexistent relation-
ship with CHD (13). These results suggest
that HDL cholesterol levels are not per se
an accurate indicator of CHD risk, and
furthermore, that raising HDL cholesterol
may not lead to an increased RCT capacity
or to a reduction in cardiovascular events.
To assess whether the capacity of HDL to
promote cholesterol efflux from macro-
phages would serve as a better predictor
of atherosclerotic burden, Rader and col-
leagues measured the cholesterol efflux
capacity in apolipoprotein B-depleted
serum (which is enriched in HDL particles)
from CHD patients and controls (2). They
showed that the capacity of HDL to pro-
mote macrophage cholesterol efflux was
statistically associated with CHD risk, sug-
gesting that therapeutic approaches aimed
at enhancing HDL-mediated cholesterol
efflux are likely to be effective in preventing
CHD, regardless of their effects on circulat-
ing HDL cholesterol levels.

Physiological role of lymphatic
circulation on RCT

Many aspects of the molecular mecha-
nisms that regulate RCT remain unclear.
For instance, how HDL particles interact
with macrophages accumulated in athero-
sclerotic plaques and then leave the lesion
after removing the excess cholesterol is
not completely understood. In this issue
of the JCI, Martel et al. provide intriguing
findings which suggest that the lymphatic
vasculature plays an essential role in regu-
lating RCT (14). To explore the potential
physiological relevance of the lymphatic
circulation in removing cholesterol from
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peripheral tissues, the authors used two
different models of disrupted lymphatic
drainage from skin. In the first approach,
they surgically separated dermal lymphatic
vessels to disrupt lymph flow from the
tail dermis of mice without damaging the
blood circulation and injected [3H]-cho-
lesterol-loaded macrophages into the tail
upstream of the lymphatic separation.
Because RCT measurements using this
technique in wild-type mice were near the
lower limit of detection, the authors used
Apoal transgenic mice, which have higher
plasma HDL cholesterol and particle lev-
els. They found that the surgical separa-
tion of lymphatic vessels in the tail signifi-
cantly reduced RCT without affecting the
plasma lipoprotein profile or macrophage
cholesterol efflux capacity (14). To con-
firm these observations, the authors also
used a mutant mouse model that lacks
the expression of one allele of the vascu-
lar endothelial growth factor-C receptor
(VEGEFR3) (15). These mice, known as “Chy
mice,” selectively lose the lymphatic vascu-
lature in the skin capillaries, but the body
trunk skin retains some lymphatic vascula-
ture. Similar to the surgical model, RCT in
Chy mice was significantly impaired com-
pared with controls (14).

Although these data strongly suggest
that lymphatic vessels are critical to RCT,
the molecular mechanism by which HDL
leaves the tissue and returns to the blood-
stream might be different in the skin
compared with the artery wall. To address
this issue, the authors turned to a very
elegant and challenging model previously
described by Fisher and colleagues (16),
in which the aortic arch from an Apoe~~
mouse (with established atherosclerosis)
is transplanted into an Apoe”~ mouse. In
this approach, the surgery itself disrupts
the lymphatic connections in the vessel
wall after transplantation and prevents
atherosclerotic plaque regression (Apoe~~
mice have elevated plasma cholesterol lev-
els). To avoid reestablishing the lymphatic
vessels after surgery, the authors treated a
subset of the mice with neutralizing anti-
VEGFR3 mAb. Two weeks after transplan-
tation and treatment with the antibody,
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Regulation of RCT by HDL. The macrophages that accumulate in atherosclerotic plaques efflux
cholesterol to HDL particles via ABCA1 and ABCG1. Both transporters are regulated at the tran-
scriptional level by LXRs and post-transcriptionally by miR-33. HDL particles exit the artery wall
and return to the liver via the SR-BI receptor. In the liver, most cholesterol is transformed into
bile acids and is secreted into the bile for excretion. Cholesterol esters (CE) from HDL can also
be transferred to VLDL/LDL by the cholesterol ester transfer protein (CETP), and after that can
be removed from the plasma through the hepatic LDL receptor (LDLr). In this issue of the JCI,
Martel et al. suggest that lymphatic vessels play a key role in controlling HDL particle entry into
and exit from atherosclerotic lesions, thereby regulating RCT. TG, triglycerides.

mice were injected with an adenoviral vec-
tor encoding Apoe to improve the plasma
lipoprotein profile (i.e., lower non-HDL-
C, raise HDL-C) in order to promote cellu-
lar cholesterol efflux from atherosclerotic
plaque macrophages. Remarkably, Martel
et al. found that inhibition of lymphatic
vessel regrowth impaired RCT and caused
cholesterol accumulation in the trans-
planted aortae (14). Taken together, these
findings strongly support the concept that
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lymphatic circulation plays a critical role
in regulating RCT (Figure 1).

Unanswered questions

Important questions remain to be
addressed to fully understand the role
of lymphatic vessels in this process. For
instance, the morphology of atheroscle-
rotic plaques after treatment needs to be
evaluated to assess whether the changes
in cholesterol content in the transplanted
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arches are due to an increase in macro-
phage cholesterol efflux or to the lym-
phatic circulation allowing macrophage
egress in this model. Indeed, previous data
from the Randolph and Fisher laborato-
ries have shown significant macrophage
egress from the intima to the lymphatic
vessels during regression in this trans-
plant model (17). In addition, this model
may not recapitulate the situation of the
intact artery because the surgical interven-
tion alters the medial immunoprivilege,
leading to an increase in inflammation
and lymphatic vessel development. In
fact, while macrophage egress is quanti-
tatively significant in the surgical model,
it appears to be marginal in the model
of regression achieved in Apoe”~ mice by
ApoE complementation (18). Thus, fur-
ther experiments using nonsurgical mod-
els will be important to determine the
contribution of lymphatic vessels in RCT.

Concluding remarks and future
directions

The lymphatic system is found in most
tissues of the body and plays an important
role in lipid transport from the intestine to
the circulation (19). Most dietary lipids are
absorbed in the small intestine and pack-
aged in triglyceride-rich particles known as
chylomicrons, and are then transported to
the blood stream through the lymphatic
system. Impaired lymphatic drainage in
mice results in lipid accumulation in the
interstitium (20). Similarly, patients with
lymphedema appear to have compromised
lipid transport and accumulate large lipid
deposits. Some reports have also shown
that several lipoprotein fractions are pres-
ent in the lymph, including HDL. Indeed,
the concentration of HDL cholesterol
in the lymph is 30% greater than in the
blood, suggesting a key role of lymphatic
circulation in regulating RCT (21). In the
present study, Martel et al. provide defin-
itive evidence that impairment of lym-
phatic circulation compromises RCT from
peripheral tissues, including the skin and
a transplanted aortic vessel (14). It would
be interesting to further assess whether the
patients with lymphedema or those who
undergo surgery or node removal have
RCT defects, lower circulating HDL choles-
terol, and increased risk of CHD. Finally,
this study suggests that therapeutic inter-
ventions to improve lymphatic circulation
might enhance lipid clearance from the
artery wall and prevent atherosclerotic vas-
cular disease.
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Desmoglein-1, differentiation, and disease
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Desmoglein-1 (DSG1), a desmosomal protein, maintains the structure of
epidermis through its adhesive function. However, heterozygous mutations
in DSG1 in humans result in abnormal differentiation, as does downreg-
ulation of DSG1 in human skin organ culture, suggesting that it may have
important signaling functions. In this issue of the JCI, Harmon et al. eluci-
date how the binding of the DSG1 cytoplasmic tail to the scaffolding protein
Erbin decreases signaling through the Ras-Raf pathway to promote stratifi-
cation and differentiation of keratinocytes in the epidermis.

Introduction

In an era of research budget cuts and tight-
ened paylines, the significance and trans-
lational potential of grant proposals are
sometimes equated with the prevalence
of the disease being studied and/or the
obvious clinical application of the pro-
posal. However, it is important to remem-
ber that we have learned a tremendous
amount about the normal physiology and
pathophysiology of organs through the
study of rare diseases and through stud-
ies of the basic cell biology of seemingly
boring (that is, uncommunicative) struc-
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tural molecules. In this Commentary, we
will illustrate this observation by tracing
recent studies centered on desmoglein-1
(DSG1) and its associated diseases.

The discovery of DSG1

The family of desmogleins was character-
ized in the early 1990s through biochemical
isolation, monoclonal antibody production,
and then expression cloning, which showed
they were in the supergene family of cad-
herins. Because desmogleins were present
in the electron lucent center of the desmo-
some, a cell adhesion structure, and were in
the cadherin family of adhesion molecules,
they were presumed to function in cell-cell
adhesion (1). In fact, “desmoglein” is com-
posed of the Greek words “desmos” for “tie”
and “glein” for “glue-like.” Whereas DSG2
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was found in all desmosome-possessing tis-
sues, including nonepithelial myocardium,
expression of the family members DSG1
and DSG3 was mainly limited to the epider-
mis and mucosa (2).

Molecular cloning also indicated that
the desmoglein cytoplasmic tail had one
segment with homology to that of classical
cadherins. This segment binds the arma-
dillo protein plakoglobin, an interaction
thought to be important in desmosome
assembly through cobinding of plakoglo-
bin (and perhaps other armadillo proteins)
to desmoplakin, the major desmosome
plaque protein (refs. 3-5 and Figure 1).
Desmogleins also have unique intracellular
segments (6), the functions of which have
now been partially elucidated by Harmon
etal. (7) in this issue of the JCL

The rare autoimmune blistering

skin disease pemphigus foliaceus
elucidates the adhesive function

of DSG1

At about the same time that desmog-
leins were being characterized, the anti-
gen of a rare autoimmune blistering skin
disease, pemphigus foliaceus (PF), was
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