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Abstract

Lymphatic vessels have been traditionally considered as passive transporters of lipids particularly from the
intestine. However, it became apparent from emerging research that lymphatic vessel can play a more extensive
role in lipid metabolism than previously realized. Moreover, recent evidence reveal that lipid deposition in the form of
white adipose tissue or cholesterol as observed in obesity or hypercholesterolemia, respectively, may perturb
lymphatic function. This Review summarizes the evidence supporting a bidirectional relationship between lymphatic
function and the deposition of white adipose or cholesterol in peripheral tissue in the context of obesity and
hypercholesterolemia. We also discuss potential mechanisms whereby excessive fat or cholesterol accumulation in
tissue may account for lymphatic dysfunction. We particularly consider how phenotypic and functional changes in
adipose tissue as well as in macrophages accompanying obesity and hypercholesterolemia may affect the lymphatic
vasculature. In addition to their transport function, lymphatic vessels play essential roles in regulating inflammatory
and adaptive immune responses. Therefore, we highlight how lymphatic dysfunction associated with
hypercholesterolemia may influence immunity, inflammation and the significance to atherosclerosis. The emerging
importance of the lymphatic system in lipid metabolism and immunity underscores the urgent need to find
pharmacological or surgical interventions that can improve lymphatic function which are currently not available.

Keywords: Lymphatic vessel; Adipose tissue;
Hypercholesterolemia; Macrophage; Adipocyte; Atherosclerosis;
Immunity

Introduction
The lymphatic circulation that runs in conjunction with the blood

circulation plays an essential role in maintaining body-fluid
homeostasis, immunity, and lipid transport from the intestine [1]. The
lymphatic system is composed of an extensive network of lymphatic
vessels and interconnected lymph nodes. To accomplish its functions,
it must transport lymph from the interstitial spaces into and through
the lymphatic vessels, the thoracic duct and back to the blood
circulation [1]. This movement of lymph containing lipids, cells,
macromolecules and fluid is first collected by initial or capillary
lymphatic vessels which are identified by the expression of
podoplanin, lymphatic vessel hyaluronan receptor 1 (LYVE-1) and the
absence of smooth muscle cells. Lymph is then transported to larger
lymphatic vessels, the collecting vessels, in which initial lymphatic
vessels converge. Collecting vessels also express podoplanin but down-
regulate LYVE-1 expression and exhibit circumferential smooth
muscle cell coverage and luminal valves that propel and maintain
unidirectional flow. Recent advances in lymphatic biology and
functions have demonstrated that lymphatic vessels are not “inert
conduits” but rather plastic structures that actively sense and respond
to the tissue environment. They also participate in many pathological
conditions such as cancer, infectious and chronic inflammatory
diseases. For example, inflammation can affect the structure and
function of lymphatic vessels and lymph nodes, and such lymphatic
remodelling can have important biological consequences including
modulation of inflammation and adaptive immune responses [2-4].

Moreover, the relationship between lipids and lymphatic function and
its significance in lipid-related pathologies have just recently begun to
receive attention [5] although the absorption and transport of fat by
intestinal lymphatic vessels have been known for centuries.

Hypercholesterolemia is a condition characterized by high levels of
cholesterol in the blood. It is the major risk factor for atherosclerotic
disease and is also a common clinical feature in diabetes, obesity,
systemic lupus erythematosus, rheumatoid arthritis, and psoriasis.
Obesity relates to the accumulation of excess body fat determined by
the measurement of the body mass index, and is also a major risk
factor for cardiovascular diseases. Even though both medical
conditions often overlap, it is important to understand their
pathologies as separate entities to elucidate their relative implications.
Although obesity is frequently associated with hypercholesterolemia
and the combination of both conditions worsened cardiovascular risk
status, many obese patients exhibit normal blood lipid profile [6].
Similarly, many hypercholesterolemic patients are not obese [7].
However, the obvious similarity between obesity and
hypercholesterolemia is the accumulation of lipids in extravascular
tissues. Lipid deposition appears in the form of white adipose
expansion or foam cells also known as xanthomas in obesity and
hypercholesterolemia, respectively. It is worthy of note that foam cell
accumulation has been reported in obesity [8,9] but, it is not known
whether adipocyte hypertrophy associated with obesity may also
manifest in hypercholesterolemia. This Review summarizes the
evidence revealing and supporting a bidirectional relationship between
the lymphatic system and lipid accumulation in tissues occurring in
the context of obesity and hypercholesterolemia. In addition, the
potential mechanisms by which excess white adipose or cholesterol in
tissues may alter the function of lymphatic vessels are discussed.
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Finally, the possible immunological consequences of lymphatic
dysfunction associated with hypercholesterolemia are also considered.

The Interplay between Lipids and Lymphatic Function

Evidence connecting lymphatic function with adipose tissue
accumulation

Over the past decade, a growing body of evidence from studies in
small animal models and human diseases has supported that
lymphatic dysfunction often leads to adipose tissue accumulation.
Such effect is well illustrated in patients suffering from lymphedema
[10]. Lymphedema arises as a consequence of impaired lymph
transport which results either from abnormal lymphatic vessel
development (primary or hereditary lymphedema) or from lymphatic
vascular damage or infection (secondary or acquired lymphedema). If
lymphedema is not resolved, patients with primary or secondary
lymphedema typically exhibit local edema which follows the retention
of interstitial fluid and proteins in the affected tissues. As disease
progresses, immune cell infiltration, tissue fibrosis and most relevant
to this review, excessive fat accumulation occur [10-12]. In fact,
liposuction of lymphedema revealed that fat rather than fluid
deposition mainly accounts for tissue swelling [12]. Adipose tissue
accumulation has also been described in surgically-induced [13,14] or
naturally occurring mouse models of secondary lymphedema. The
Chy mice which lacked dermal lymphatic vessels as a result of an
inactivating mutation in Vegfr3 gene exhibited thickening of the
subcutaneous fat [13]. Inactivation of Prox1, a gene encoding for a
transcription factor critical for lymphatic vasculature development
[15-17], in mouse leads to lymphatic vasculature leakage and the
development of adult-onset obesity [16]. Interestingly, the authors of

this latter study demonstrated that the degree of lymphatic defect
correlates with the magnitude of adipose tissue deposition in mice
haploinsufficient for Prox1 and that the lymph leaking from this
defective lymphatic vasculature promotes the differentiation of
adipocytes. This adipogenic property of lymph was in fact reported in
earlier work [18] and has been associated with changes in temporal
and spatial expression of CCAAT/enhancer-binding protein-α and
peroxisome proliferator-activated receptor-γ which control adipocyte
differentiation [19]. Further investigations are warranted to determine
whether these mechanisms described in mouse models of lymphedema
also account for the fat deposition observed in patients with
lymphedema.

Whereas there are strong clinical and experimental data supporting
that defects in lymphatic function often lead to fat deposition in
peripheral tissues, the impact of adipose tissue accumulation on
lymphatic function has only recently begun to be appreciated (Figure
1). In humans, there are some reports showing that obesity is
associated with lymphatic impairment [20,21] but not all [22],
therefore further confirmation awaits. Two recent studies reported
that diet-induced obesity (DIO) in rodents was accompanied by
impaired lymphatic flow [23,24] and this impairment was, in part, due
to vessel wall dilation and reduced contractile activity of collecting
lymphatic vessels [23]. As a result of compromised lymphatic flow,
DIO mice developed a more severe phenotype in surgical-induced
lymphedema as compared to lean control animals [25]. These findings
may provide an explanation as to why obesity or weight gain following
sentinel lymph node biopsy or axillary lymph node dissection are
predisposing factors for lymphedema although the mechanisms
involved are likely more complex [26,27].

Figure 1: Interplay between obesity and/or hypercholesterolemia and lymphatic function. Accumulation of white adipose or cholesterol in
tissues in response to obesity or hypercholesterolemia, respectively, has been shown to potentially affect the structure and/or function of
initial and collecting lymphatic vessels. Conversely, poor lymphatic drainage has been proposed to contribute to the accumulation of adipose
tissue and cholesterol in tissues. As a consequence, this interplay is expected to impact inflammation, diabetes and cardiovascular diseases.

Evidence connecting lymphatic function with tissue
cholesterol accumulation

The impact of lymphatic dysfunction is not limited to adipose tissue
expansion and has recently been extended to cholesterol accumulation
in tissues (Figure 1). Cells have developed complex mechanisms to
regulate the abundance of intracellular cholesterol since an excess can
be detrimental. Among these mechanisms, the process referred to
reverse cholesterol transport (RCT) has been shown to be critical for
the removal of excess cholesterol from peripheral tissues and its
transport to the liver via plasma for excretion [28]. RCT is initiated

when cells including macrophages efflux the excess of cholesterol to
prevent intracellular over-accumulation. This step is tightly regulated
through the action of ATP-binding cassette transporters ABCA1,
ABCG1 and scavenger receptor class BI (SR-BI) and high density
lipoprotein (HDL) which serves as the major acceptor for cellular
cholesterol released in the extrahepatic tissues [29]. Following
cholesterol efflux, HDL-cholesterol is transported from the tissue back
into the blood circulation. In the final step of RCT, the majority of
HDL-derived cholesterol is removed from the liver by secretion into
the bile [28,29]. In contrast to the knowledge on the mechanisms by
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which cholesterol is effluxed from the cells and its fate after reaching
the liver, little information is available on how HDL-cholesterol travels
from the peripheral tissues back to the blood circulation. Since one of
the major roles of lymphatic vessels is to drain macromolecules from
the interstitial space back to the circulation and lymph is rich in
cholesterol and HDL [30-32], the implication of lymphatic vessel in
the transport of lipoproteins from interstitium to blood was proposed
[33] and re-established recently by two separate groups. The study of
Martel et al., [34] in Chy mice and our study [35] in wild-type mice in
which lymphatic vessels were surgically excised clearly provide the first
direct evidence that poor lymphatic drainage significantly decreased
the efficiency of RCT. We also further proposed that the transport of
effluxed cholesterol from peripheral tissue to the circulation via
lymphatics is not only passive as anticipated but can be an active
process dependent on HDL and SR-BI [35]. These new findings
support the concept that lymphatic vessels tightly regulate the
clearance of cholesterol from the peripheral tissues through the
transport of HDL-cholesterol [31] (Figure 1). There are some
indications that such concept may also hold in humans. Indeed,
isolated case reports of xanthomas in primary lymphedema patients
have been described in the dermatologic literature since the 60’s
[36-40]. Cholesterol accumulation in tissues as a result of poor
lymphatic function may also increase the adipocyte burden to store
more lipids thereby increasing deposition of fat [41,42].

Xanthomas including tendon xanthomas are a clinical feature that
often manifest in human familial hypercholesterolemia [43,44].
Notably, hypercholesterolemic mice including mice lacking
apolipoprotein E (apoE-/-) or low density lipoprotein receptor (Ldlr-/-)
have been shown to develop peripheral skin edema. The edematous
tissues in these mice were found to consist predominantly of
cholesterol deposits and formation of foam cells [35,45,46]. Our group
has reported that hypercholesterolemia in apoE-/- and Ldlr-/- mice
leads to severe skin lymphatic dysfunction as reducing
hypercholesterolemia with ezetimibe treatment improves lymphatic
function and cholesterol clearance from skin [35,47]. Impairment of
lymphatic function in these mice was associated with initial lymphatic
vessel hyperplasia, loss of collecting vessel identity as shown by poor
smooth muscle cell coverage [47]. These structural changes that likely
account for lymphatic dysfunction observed in hypercholesterolemic
mice (Figure 1) may result from a decreased in vascular endothelial
growth factor-C (VEGF-C), FOXC2 and angiopoietin-2 expression
[35], which are important factors to maintain lymphatic vasculature
[35,47]. It remains unclear whether lymphatic dysfunction occurs in
humans with hypercholesterolemia. A study in patients with familial
combined hyperlipidemia reporting lower gene expression of FOXC-2
and Prox-1 in their adipose tissues is consistent with this idea [48].

Collectively, these studies support the link between accumulation of
white adipose or cholesterol in tissue and lymphatic function.
Moreover, they raise the possibility of a two-way relationship between
lipid homeostasis and lymphatic function with the potential to set up a
positive feedback: changes in adipose tissue or cholesterol content may
impair lymphatic drainage in peripheral tissues, and this loss of
lymphatic function may render the tissue susceptible to further and
more profound alterations in adipose tissue or cholesterol
accumulation (Figure 1). In the following section, we discuss potential
mechanisms whereby excessive fat or cholesterol accumulation in
tissue may account for lymphatic dysfunction. Although we focus
specifically on how alterations in adipose tissue and macrophages

accompanying obesity and hypercholesterolemia may impact
lymphatic function, we acknowledge that additional pathways may be
involved or be uncovered in the near future.

Possible Mechanisms Leading to Lymphatic
Dysfunction under Excessive Fat or Cholesterol
Accumulation

Changes in adipose tissue
The adipose tissue consists of adipocytes, precursor cells,

fibroblasts, collagen-rich connective tissues, blood capillaries, nerve
fibres, fibroblasts and macrophages. It is no longer perceived as just a
reservoir for energy stores but rather as an endocrine organ which
releases many bioactive substances termed adipokines. Among them,
adiponectin, leptin, interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-α) are critical determinants of various metabolic and
physiological function [49]. Therefore, the absence of adipose tissue
results in detrimental metabolic changes. Similar to humans suffering
from lipoatrophy [50], mice lacking white adipose tissue develop
insulin resistance, hyperglycemia, hyperlipidemia and fatty liver [51].
Transplantation of wild-type adipose tissue into these lipoatrophic
mice completely reversed the phenotype [51]. During obesity,
although adipogenesis occurs, the white adipose tissue also undergoes
negative remodelling characterized by adipocyte hypertrophy and
followed by death [52]. These structural changes in adipose tissue
during obesity lead to an alteration in adipokine production which in
turn results in insulin resistance, hyperglycemia, endothelium
dysfunction and fatty liver [53]. In sum, the adipose tissue is clearly
essential for health, and therefore, when it is imbalanced major
deleterious effects on the body system arise. The fact that adipose
tissue always surrounds the lymphatic vessels and lymph nodes [54]
raises the possibility that changes in adipose tissue may account for the
lymphatic dysfunction observed in obesity and hypercholesterolemia.
Indeed, we detected morphological changes in the subcutaneous
adipose tissue of hypercholesterolemic apoE-/- mice similar to those
described in obese mice (unpublished data). Pond and colleagues have
shown that during chronic inflammation, the adipose tissue
surrounding the lymph nodes expands and increases its rate of
lipolysis to fuel the inflammation [55,56]. Therefore, the adipose tissue
surrounding the lymphatic vessels may also provide energy or
adipokines to maintain the lymphatic vasculature (Figure 2).
Adiponectin is exclusively expressed by adipocytes, and serum
adiponectin concentration inversely correlates with increasing obesity
[57,58]. Recently, Shumizu and colleagues [59] demonstrated the
importance of adiponectin in resolving lymphedema as adiponectin
deficient mice develop a more severe phenotype in surgical-induced
lymphedema and the administration of adiponectin in obese mice
ameliorates lymphedema [59]. In vitro, treatment of adiponectin has
been shown to stimulate lymphatic vessel formation and maintain
vessel viability via AMPK/Akt/endothelial nitric oxide synthase
(eNOS) signalling pathways [59]. Nitric oxide is known to regulate
lymphatic pumping through its action on lymphatic smooth muscle
cells [60,61]. Therefore, given the effect of adiponectin in the
regulation of arterial tone via nitric oxide [62,63], it is also possible
that administration of adiponectin could improve collecting vessel
structure and function in obese mice (Figure 2).
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Figure 2: Possible mechanisms contributing to impaired lymphatic function during obesity and/or hypercholesterolemia. In skin, dermal
blind-ended initial lymphatic vessels converge into collecting vessels, which are covered with smooth muscles and feed into the draining
lymph node (not represented here). Under healthy condition, macrophages present in both the dermis and subcutaneous fat and adipocytes
may maintain the morphology and the function of lymphatic vessels by secreting vascular endothelial growth factor-C (VEGF-C) and
adiponectin as well as controlling the expression of eNOS. In contrast, obesity and hypercholesterolemia have been shown to induce
infiltration of macrophages which transform into foam cells upon cholesterol uptake and adipocyte hypertrophy and death. Under these
conditions, adipocytes produce reduced amount of adiponectin but increased reactive oxygen species (ROS) which have been shown to
reduce lymphatic pumping activity. Lipid-laden macrophages may show reduced capacity to produce VEGF-C. Furthermore, obesity is
associated with increased deposition of extracellular matrix (ECM), particularly collagen which may in turn affect lymphatic vasculature.
Altogether, these alterations in macrophage and adipocyte along with fibrosis may lead to lymphatic vessel dilation and impaired lymphatic
transport.

Obesity in mice and humans has also been reported to be associated
with increased oxidative stress in circulation and adipose tissue [64].
Furthermore, lipid-laden cultured adipocytes exhibit an increased
content in reactive oxygen species metabolites [65]. Because such
metabolites have been shown to inhibit mesentery collecting lymphatic
contractility [66], it is likely that the increased oxidative environment
in adipose tissue during obesity may also impair lymphatic function
(Figure 2). Another possible change in adipose tissue accompanying
obesity that may potentially affect lymphatic function is fibrosis
(Figure 2). In obesity, the adipose tissue is a major site of fibrosis [67].
Interestingly, fibrosis has been reported to inhibit lymphatic
regeneration and function in mouse model of lymphedema [68,69].
During lymphedema, fibrosis in the subcutaneous adipose tissue and
collecting lymphatic vessels occurs [14,19,70]. As a consequence of the
increase in collagen fibres, collecting lymphatic vessels lose their elastic
properties. These pathological changes resemble a condition known as
aortic stiffening. In this condition, fractured elastin and increased
collagen in the aorta affect the mechanical properties of the aortic wall

ultimately, resulting in vasodilation and vasoconstriction dysfunction
[71]. Similarly, fibrosis on the collecting lymphatic vessels may impede
their contractility and impair lymph transport. Consistent with this
hypothesis, obesity-associated fibrosis has been recently proposed to
contribute to the exacerbation of lymphatic dysfunction in a mouse
model of lymphedema [25].

Alterations in macrophage
Obesity is associated with increased macrophage infiltration in

adipose tissue [9,72,73]. These macrophages elicit a chronic low-grade
inflammation by producing proinflammatory mediators such as
TNFα, inducible nitric oxide, IL-6, and IL-1β which, potently impair
adipocyte lipid metabolism, augment insulin resistance and promote
tissue fibrosis [73,74]. The ablation of macrophages in obese mice
reduced inflammation and improved insulin sensitivity [75]. Similarly,
in humans, weight loss induced by gastric bypass or low energy diet
was accompanied in the adipose tissue by a reduction in macrophage
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content and a concomitant decrease in inflammatory markers [72,76].
Whereas all these studies highlight the contribution of infiltrating
macrophages in obesity-related complications, the phenotype of these
macrophages remain uncertain. Macrophages have been traditionally
classified into M1 and M2 macrophages. In this classification, M1 and
M2 designation refer to classically activated macrophage and
alternatively activated macrophage, respectively [77]. In obese mice,
the inflammatory M1 macrophages predominate in the adipose tissues
as opposed to the resident non-inflammatory M2 macrophages which
are present in lean mice [78,79]. However, one study reported the
presence of macrophages with a mixed M1/M2 profile in obese mice
[80]. Similarly, in humans, one study described the predominance of
M1 macrophage in adipose tissue during obesity [81] whereas another
study reported the presence of macrophages expressing M1-M2
surface markers [74]. Furthermore, some studies have shown that
despite the expression of M2 surface markers, the majority of these
macrophages exhibit both anti-inflammatory and inflammatory
features [82,83]. Notably, similar picture has been drawn regarding the
phenotype of macrophages that accumulate during
hypercholesterolemia associated with atherosclerotic disease [84]. It is
possible that the phenotype of macrophages may vary during the
course of obesity and hypercholesterolemia as changes in their
surrounding tissue are expected over time. This may explain these
conflicting results about macrophage phenotype in obesity and
hypercholesterolemia. These studies may also highlight the limitations
of characterizing macrophage populations during these medical
conditions on the basis of M1/M2 classification. A new grouping of
macrophage populations based on their functions as proposed [85]
should be considered.

So far, research on the involvement of macrophages in regulating
lymphatic vessels has mainly focused on their effect on the growth of
lymphatic vessels, a process also called lymphangiogenesis, in the
context of inflammation and development. Therefore, it is unknown
whether they may also maintain lymphatic function and structure
under homeostatic conditions. Macrophages have been reported to
either act as lymphatic progenitor cells [86-88] or to produce
lymphangiogenic factors including VEGF-C and VEGF-D [88-91]. In
addition to its lymphangiogenic property, VEGF-C can also control
the pumping activity of collecting vessels [92] and dilation of initial
lymphatic vessels [93] (Figure 2). Ablation of macrophages inhibit
lymphangiogenesis which delays resolution of inflammation [90] and
macrophage-deficient mice develop severe lymphatic hyperplasia
during development [94]. It is unclear whether these
“prolymphangiogenic” macrophages are of M1 or M2 phenotype.
Some studies have identified them based on the surface expression of
lymphatic vessel endothelial hyaluronic acid receptor-1 (LYVE-1)
[94-96]. Notably, LYVE-1+ positive macrophages have been reported
in the adipose tissue of rodents [97] and humans [83]. Interestingly,
down-regulation of VEGF-C expression was reported in adipose tissue
from obese individuals compared to lean controls [98]. Similarly, we
demonstrated recently that the lymphatic dysfunction observed in skin
of hypercholesterolemic mice is associated with decreased VEGF-C
expression. Administration of VEGF-C restores lymphatic function in
these mice which in turn promotes cholesterol clearance [35].
Furthermore, analysis of macrophages in apoE-/- mice revealed that
they massively accumulate in skin and the majority uptake lipids and
become foam cells [35]. Interestingly, these lipid-laden macrophages
express negligible amount of VEGF-C compared to resident
macrophage in normocholesterolemic skin (unpublished data, Figure
2). Few scenarios may explain the decreased expression of VEGF-C by

these macrophages, namely: macrophages may lose their capacity to
produce VEGF-C once they become foam cells or the
hypercholesterolemic environment may promote the recruitment
and/or differentiation of a population of macrophage which does not
express VEGF-C. The latter idea may also apply to obesity because
adipokines whose production by adipocytes is affected during obesity
can modulate macrophage function. Adiponectin seems to be a good
candidate since it has been recently reported in vitro to induce VEGF-
C production by macrophages [99]. Moreover, adiponectin levels are
decreased during obese states in which lymphatic function is impaired
[57,58]. Taken together, these findings support macrophage
dysfunction as a possible contributor to lymphatic impairment during
lipid-related disorders which needs further considerations (Figure 2).

Immunological Consequences of Lymphatic
Dysfunction Associated with Hypercholesterolemia

Given the emerging contribution of the lymphatic system in
regulating inflammatory [3] and adaptive immune responses [2], we
discuss here how lymphatic dysfunction in hypercholesterolemia may
alter immunological processes (Table 1). Lymphatic vessels are now
recognized by immunologists as important routes for the migration of
dendritic cells and lymphocytes from peripheral tissue into the
draining lymph nodes and for the egress of lymphocytes from the
lymph nodes [4,100-102]. Moreover, lymph fluid drains soluble
antigens to the draining lymph nodes [103]. Therefore, lymphatic
vessels can regulate immune responses by supporting the interactions
between antigen-presenting cells and rare-antigen specific T cells in
lymph nodes as well as the recirculation of lymphocytes. In apoE-/-

mice, lymphatic dysfunction severely compromises the migration of
skin dendritic cells to the draining lymph nodes, and conversely,
improving lymphatic drainage restores dendritic cell migration
[35,47,104]. It is possible that the trafficking of lymphocytes out of the
lymph nodes may also be affected in apoE-/- mice since these mice
exhibit hypertrophic lymph node as shown by a significant increase in
cellularity [47,104]. Such alterations in immune cell trafficking are
expected to impact immune priming and memory responses [2]. This
may explain the increased susceptibility of hypercholesterolemic mice
to infections [105-107]. Lymphatic endothelial cells have been shown
to modulate the activation of T cell through the presentation of
antigens via MHC class I [108-110] and class II [111,112] as well as T
cell homeostasis through the production of immunoregulatory
cytokines [113-115]. Therefore, it would be interesting to evaluate
whether these functions of the lymphatic endothelium are affected in
hypercholesterolemic mice.

1 Transport of soluble antigens

2 Immune cell (dendritic cell, lymphocyte) emigration from peripheral
tissues

3 Lymphocyte egress from draining lymph node

4 Resolution of inflammation

5 Development of tertiary lymphoid organs

6 Presentation of antigen by lymphatic endothelium

7 T lymphocyte activation
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8 T lymphocyte homeostasis

Table 1: Immunologic processes potentially altered as a result of
lymphatic dysfunction.

Hypercholesterolemia is a major risk factor of atherosclerosis which
is a chronic inflammatory disease of medium and large arteries.
Arteries are composed of three layers, namely: the intima or inner
layer, followed by the media and the most outer layer, the adventitia.
Atherosclerosis affecting predominantly the coronary arteries in
humans and the aorta in mouse results from the progressive build-up
of plaques within the intimal tissue. Accumulation of cholesterol,
immune cells and fibrous elements along with inflammation are the
hallmark of this chronic inflammatory disease. The intima has been a
major focus of research on atherosclerosis and the processes within the
vessel wall have been well-characterized. In contrast, changes in the
adventitia during atherosclerosis and the physiological and/or
pathological role of this layer have been largely neglected. In addition
to macrophages, fibroblast, T cells and mast cells, the adventitia
contains blood and lymphatic vessels. As other chronic inflammatory
diseases affecting the skin, kidney, eye, airways and the gut [3,4],
atherosclerosis has also been recently associated with
lymphangiogenesis in the adventitia [116-118]. However, further
investigations will be necessary to establish whether
lymphangiogenesis is an element of the pathology or a productive
attempt to resolve atherosclerosis. Since we showed that
hypercholesterolemic apoE-/- mice, which also develop atherosclerosis
exhibit compromised lymphatic transport in skin, the function of
these newly formed or existing adventitial lymphatic vessels may also
be altered during atherogenesis. Interestingly, a link between disrupted
flow and atherogenesis was postulated as far back as five decades ago
[119-123]. It was reported that lymphatic ligation at the level of renal
arteries in mongrel dogs increases connective tissue surrounding the
obstructed lymphatic vessels and promotes intimal thickening [120].
Similar observations were made after ligating cardiac lymph nodes
[119]. Finally, examination of resected colon carcinoma specimens
revealed atherosclerotic changes only in those sections of arteries in
which tumor infiltrates obstructed lymphatic drainage [123].
Consistent with these early observations, a recent study by Vuorio et
al., [124] demonstrated that crossing mice exhibiting lymphatic
insufficiency, chy mice and soluble vascular endothelial receptor-3,
with atherosclerotic mice enhances cholesterol and triglyceride levels
and atherogenesis. Using a surgical model in which the donor aortic
arch was transplanted into the abdominal cavity of a recipient mouse,
Martel et al., [34] reported that blocking the regeneration of lymphatic
vessels after surgery significantly inhibit the clearance of cholesterol by
RCT.

Altogether, these studies support the concept that poor lymph flow
may contribute to the atherosclerotic process by disturbing the balance
of lipoproteins in the arterial wall. HDL, which selectively passes
through arterial endothelium and binds cholesterol, may be unable to
drain through lymphatic vessels and carry cholesterol to the liver for
metabolism as bile acids. As a consequence, cholesterol will
accumulate in the arterial wall. LDL which transports lipids into the
arterial wall will continue to deposit cholesterol and triglycerides, even
in the presence of defective lymph flow. By inducing protein stasis in
the arterial wall, impaired lymphatic drainage may also promote local
inflammatory reactions as observed during lymphedema [10] which
will likely influence plaque progression and stability. As we observed
in skin of atherosclerotic mice [104], impaired lymphatic drainage

may also alter the emigration of immune cells from the arteries
including dendritic cells [125] and lymphocytes [126,127], which
actively participate in atherosclerosis. As discussed above, such
alterations in immune cell trafficking will likely affect adaptive
immune responses. Finally, defective lymphatic drainage may support
the development of tertiary lymphoid organs (TLOs) as suggested in
chronic graft rejection [128]. TLOs also named ectopic lymphoid
tissues are accumulations of cells emerging in response to chronic
inflammation [129,130]. They share similar organization and structure
with lymph nodes except the absence of capsule. Interestingly, TLOs
have been identified in the aortic adventitia of aged apoE-/- mice
during atherosclerosis and shown to exhibit aberrant
lymphangiogenesis [131,132]. Similarly, infiltrates of leukocytes in
adventitia of coronary arteries of patients with atherosclerosis as well
as B cell follicle-like aggregates in human aorta have been described
[133,134]. Given the proposed contribution of TLOs in primary
immune response and in autoimmune responses in advanced
atherosclerosis [132], the functions of these TLOs lymphatic vessels
deserve to be investigated.

Conclusion
There is no doubt that tremendous progress has been made on the

role of lymphatic vessels in lipid transport since the first description of
milky white vessels in the mesentery after food intake by Gasparo
Aselli in 1622, and its association with lipid-associated pathologies.
However, many questions remain to be answered in order to establish
the link between lymphatic function and fat or cholesterol
accumulation in tissues. For example, studies should address whether
lymphatic dysfunction is associated with obesity and
hypercholesterolemia in humans and whether it can influence the
course of obesity and clinical features associated with
hypercholesterolemia including xanthomas, atherosclerosis and
diabetes. For that, methods, particularly imaging modalities, to assess
lymphatic function such as cholesterol transport, need to be further
improved or developed. Further basic research is also required to
identify the mechanisms by which adipocytes may influence lymphatic
function and to better characterize the population of macrophages
maintaining lymphatic vessel homeostasis. Answering these questions
is essential as it may provide new avenues to treat atherosclerosis
which is still a leading cause of death in industrialized countries
throughout the world despite the great success of statin drugs and
obesity, whose prevalence is expected to continue to augment.
Therefore, the importance of the lymphatic system in these lipid-
related diseases underscores the urgent need to find pharmacological
or surgical interventions that can improve lymphatic function which
are currently not available. Finally, a better understanding of the
implications of lymphatic endothelium in shaping adaptive immune
responses particularly during disease is imperative as lymphatic vessels
may be a promising target for immunotherapies.
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