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Abstract

Lymphatics perform essential transport and immune cell regulatory functions to maintain
homeostasis in the gastrointestinal (GI) system. Although blood and lymphatic vessels function as
parallel and integrated systems, our understanding of lymphatic structure, regulation and
functioning lags far behind that of the blood vascular system. This chapter reviews lymphatic
flow, differences in lymphangiogenic and hemangiogenic factors, lymphatic fate determinants and
structural features, and examines how altered molecular signaling influences lymphatic function in
organs of the Gl system. Innate errors in lymphatic development frequently disturb GI functioning
and physiology. Expansion of lymphatics, a prominent feature of Gl inflammation, may also play
an important role in tissue restitution following injury. Destruction or dysregulation of lymphatics,
following injury, surgery or chronic inflammation also appears to exacerbate Gl disease activity
and morbidity. Understanding the physiological roles played by Gl lymphatics is essential to
elucidating their underlying contributions to forms of congenital and acquired forms of Gl
pathology, and will provide novel approaches for treatment of these conditions.
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1. Introduction

The intense research focus on blood vascular biology and angiogenesis of the past quarter
century has far exceeded that of lymphatic biology. Until very recently, the lymphatic
vasculature received much less attention than blood vessels. This oversight reflects historical
difficulties in visualizing lymphatics, a lack of appreciation for their subtlety of function,
and therefore, less emphasis on developing methods and markers to study them. Currently,
lymphatic biology is experiencing an enormous renewal in interest, and the importance of
lymphatics in disease is gaining recognition outside of the fields of lymphedema and cancer
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biology, to now include acute and chronic inflammation. The gastrointestinal (Gl) tract is an
organ system which critically depends on adequate lymphatic functioning and defects in
lymphatics during embryonic development are manifested as ‘chylous’ intestinal
disturbances.

Historically, lymphatic (chylous or ‘white blood’) vessels were independently “discovered’
several times in early Egypt, China and Greece, Hippocrates (460-370 BC) is most often
credited with their discovery in the treatise ‘Peri adendn’ [1]. Hippocrates coined the term
for gland (“adenes’), and correctly designated lymphatic roles in interstitial fluid balance:
(“...if moisture is moderate, there is no fluid accumulation in any part of the body because
lymph glands drain off such liquid’); he also was the first to understand lymphatic roles in
inflammation [2]. With respect to GI lymphatics, Herophilus (335-280 BC), Erasistratus
(310-250 BC) and Ruphus (98-117 A.D.) were among the first to mention mesenteric
lymphatic vessels and glands of the small intestine. Later Galen (129-199 AD) also
described intestinal lacteals (in pigs and apes). Later, Gaspar Asseli (1581-1626) of Milan,
described and illustrated lymph flow in ‘chyliferous vessels of the post-prandial dog’,
posthumously published in 1627, a year before William Harvey proved the circulation of
blood. Olaf Rudbeck (1630-78) in Sweden later identified connections between blood and
lymphatic systems, discovered the thoracic duct and found lymphatics of the liver, colon and
esophagus. Rudbeck also realized the importance of lymphatics in edema and ascites [3].
However, although the normal functions and pathophysiology of the blood microcirculation
in the gastrointestinal system have been studied in some detail, [4-6] fewer studies have
examined Gl lymphatic flow, disturbed lymphatic vessel structure and lymphatic flow in GI
disease. In this review, we review lymphatic structure and function in the different GI
organs, examine links between post-natal lymphatic disturbances in gastrointestinal disease
and consider how inherited defects in lymphatic patterning and development interfere with
Gl function. Other chapters in this series will describe in detail the current understanding of
the molecular and physical mechanics of lymphatic pumping (and are only mentioned
superficially here.)

Nutrient and fluid absorption in the GI tract requires lymphatic networks to both regulate
interstitial fluid balance and transport lipids. GI lymphatics also fulfill important mucosal
immune functions in acquired immunity and tolerance because the Gl absorptive surface is
immense (>200m?2) and densely colonized by bacterial commensals (~1014 bacteria). Total
lymph formation in humans is approximately 1-4 liters/day, most of which (>50%) is
formed in the GI tract. Lymph flows vary widely in the different organs of the human Gl
system [7]; gastric lymph flow (LF) is normally ~0.06ml/min/100g, small intestinal LF is
~0.045 ml/min/100g, large intestine LF is ~0.015 ml/min/100g. Salivary gland LF is ~0.14
ml/min/100g, pancreas LF is ~0.009 ml/min/100g and liver LF is ~0.05 ml/min/100g.
Interstitial fluid formed in tissues is collected in initial lymphatics and is pumped by
‘lymphangions’, the contractile unit of lymphatics, consisting of a lymphatic segment
bounded by two unidirectional valves and driven by contraction of specialized smooth
muscle. Changes during normal physiology, e.g. those produced by feeding (particularly,
after fat-containing meals), greatly stimulate GI lymph flow in general and within the
mesentery in particular; a phenomenon first identified in 1622 by Gasparo Aselli in well-fed
dogs (and executed convicts.) In addition to feeding, lymph flow is also elevated by acute
and chronic inflammation and by intestinal obstruction [8]. Besides ‘extrinsic’ factors
governing lymph propulsion (peristaltic muscular contraction, abdominothoracic
‘pumping’), ‘intrinsic’ factors also regulate pumping of mesenteric lymphangions.

Lymphatic pumping is increased by cholecystokinin (CCK), glucagon, endothelin,
bradykinin, substance-P, PGE1, PGF,-a, serotonin, histamine, a-adrenergic agonists,
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dopamine, ATP and lipopolysaccharide. Conversely, pumping is diminished by anti-diuretic
hormone (ADH/vasopressin), vasoactive intestinal peptide (VIP), PGI, (prostacyclin),
acetylcholine and reactive oxygen metabolites (H,O5, O, ") [9-11]. Oxygen tension in
lymphatics is similar to that in venous blood (~8-35 mm Hg) [12;13]. This relatively low O,
level may help maintain lymphatic phenotype, and is sufficient to support lymphangion
pumping activity [14], but may render lymphatics susceptible to injury during ischemic
stress or reperfusion. (More detailed analyses of factors and mechanisms controlling
lymphatic propulsion are described in chapters in this issue and previous studies by
Muthuchamy, Von derWeid and by Zawieja et al., [10;11;15-21].

Lymphatic endothelial cells

Developmentally, lymphatic endothelial cells (LECs) are derived from venous progenitor
cells [22], and differ from blood endothelial cells (BECs) in their expression of ‘lymphatic’
markers including vascular endothelial growth receptor-3 (VEGFR-3, also known as Flt-4),
the Prospero homeohox-1 fate determining transcription factor, Prox-1 [23], lymphatic
vascular endothelial hyaluronan (LYVE-)1, podoplanin, secondary lymphoid tissue
chemokine/ chemokine ligand-21 (SLC/CCL21), p-chemokine receptor D6 [24], matrix Gla
protein, the extracellular matrix protein (MFAP3), reelin [25], al and a9-integrins,
desmoplakins I and Il, cadherin-13, ZO-2, plakophilin, macrophage mannose receptor-I, o-
actinin-2 associated (Lin11, Isl-1 & Mec-3) LIM protein , p57KiP2, tissue inhibitor of
metalloproteinase-3 (TIMP-3), and stromal cell-derived factor 1-b (SDF-1b) [22;26]. Some
specialized BEC (e.g., ‘high’ endothelial venules and liver sinusoidal endothelium) also
express LYVE-1 [27-29].

BEC-specific markers may include pathologische anatomie Leiden-endothelium/
plasmalemmal vesicle-1 (PAL-E/PV-1) [30], a5— and B5-integrin, ICAM-1, N-cadherin,
claudin-7, vinculin, CD34, CD44, endoglin/CD105, adducin-y, interleukin-8, monocyte
chemotactic protein-1 (MCP-1), collagens 8A1, 6A1 and 1A2, laminin-y2, uPA (urokinase
plasminogen activator), matrix metalloproteinase-1 (MMP-1), signal transducer and
activator-6 (STAT6), UFO/axl and CXCRA4 [26;31]. P- and E-selectins have been reported
in both BEC and LEC and are not reliable distinguishing markers.

Many of these transcripts are suppressed in LECs by Prox-1 [22;26;32] that induces
lymphatic programming, while silencing BEC transcripts. IL-3 indirectly regulates LEC fate
determination by regulating Prox-1 activity, and induces expression of LEC markers
LYVE-1 and podoplanin in BEC [33]. Similarly, the transcription factor SOX18 (SRY, sex
determining region Y, box 18) binds to and activates the Prox-1 promoter [34]. Mutations in
SOX18 are linked with hypotrichosis-lymphedema-telangiectasia syndrome (HLTS) [35]
associated with post-natal alopecia, permanent dilation of small blood vessels, and focal red
lesions.

Prox-1 controls lymphatic differentiation from venous progenitors [36] through several
mechanisms. By inducing a9 integrin expression [37], Prox1 initiates integrin-dependent
motility. Integrin a9 deficient mice show congenital chylothorax [38]. Prox1 also drives
VEGFR-3 expression which enables LEC to respond to (and migrate towards) VEGFR-3
ligands such as VEGF-C and D. VEGF-C binding to VEGFR-3 [26] appears necessary for
prenatal lymphatic patterning; VEGF-D also binds to VEGFR-3 but in embryaos, its activity
is dispensable. However, VEGF-D participates in post-natal control of lymphangiogenesis
and angiogenesis.

The organization and barrier function of LECs is regulated by several factors including
adrenomedullin (AM). AM organizes Z0O-1 and VVE-cadherin at the cell membrane and
decreases lymphatic permeability [39]. However, AM-regulated lymphatic exchange is
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controversial. AM is necessary for vascular development [40], induces lymphangiogenesis,
and plays a major role in attenuating lymphedema [41]. AM also selectively enhances
ERKZ1/2 signaling in LECs and drives LEC proliferation. These effects are mediated by
Prox-1 activation of AM [42;43] through its receptor CALCRL (calcitonin-receptor like
receptor) interacting with RAMP2 [43]. Interestingly, CALCRL is a Prox-1-dependent
transcript and AM, CALCRL and RAMP2 knockout mice exhibit lymphedema with
perinatal mortality.

It is striking that LECs in several tissues (e.g. bladder, Gl tract) constitutively express high
levels of the transcription factor NF-xB [44]. In BECs, NF-«B signaling is often associated
with inflammatory/angiogenic cascades, which is particularly active in venous rather than
arterial endothelium [45]. Persistent NF-xB expression by LECs may represent an important
downstream signal from VEGFR-3 that also induces VEGF-C transcription. At least one
report [46] suggests that lymphatic defects and a lymphedematous phenotype associated
with VEGFR-3 missense mutations may involve dysregulated downstream NF-kxB signaling.
The persistent NF-xB expression in LECs has also been suggested as a potential therapeutic
target for controlling growth of tumor lymphatics [47].

Separation of blood and lymphatic circulations

Two important factors, the ‘Syk’ kinase and its target SLP-76, expressed by bone marrow
derived endothelial precursors, indirectly provide signals for the separation of blood and
lymphatic vascular circuits [48;49]. VEGFR-3 signaling may also be suppressed through
Spreds-1 and 2 regulators of LEC development and blood-lymph separation [50]. Béckhed
et al., [51] report that separation of blood and lymphatic vessels in the small intestine is also
mediated by fasting-induced adipose factor (FIAF, angiopoietin-like factor 4) through
induction of Prox-1 [51]. FIAF~~ mice have fused blood and lymphatic vessels with
perinatal lethality. FIAF is increased in adipose tissue during fasting, hypoxia and in
response to thiazolidines [52] and decreased by fat feeding and reduced gut Bifidobacteria
colonization of the gut [53]. The role of FIAF in Prox-1 regulated lymphatic homeostasis
may be important in the Prox-1~/~ induced insulin resistance and obesity (see below) [54].

Fu et al. [55] reported that mucin-type O-glycans expressed by endothelial (and
hematopoietic) cells maintain essential separation of blood/lymphatic circuits, particularly in
the intestine. This depends on the C1galtl gene and reflects O-glycan modification of
podoplanin. Clgaltl O-glycan deficiency leads to blood/lymphatic misconnections and to
fatty liver disease. Ichise and Ichise (2009) also report a role for phospholipase C-y2 in
blood/lymphatic separation [56].

Additional factors regulating lymphatic patterning

While not specific to lymphatics, Ephrin b2 participates in forming lymphatic collecting
ducts and capillaries from an existing lymphatic plexus, and Ephrin b2 deletion in both
BECs and LECs leads to vessel malformation and hemorrhage. Also, LEC-specific Ephrin
b2~/ mice exhibit lymphatic defects resembling hereditary lymphedema [52]. Notch
signaling positively regulates both Ephrin b2 and VEGFR-3 expression, and both Notch 1
and 4 are expressed in murine LECs. It has been suggested that Notch pathway may play an
important role in lymphatic patterning and structural integrity [57]. Other gene knockouts
seen to produce lymphatic phenotypes include Elk (Ets-like gene 1)(causes an early
chylothorax with dilated thoracic lymphatic vessels, but lacking lymphedema), podoplanin,
(produces a hereditary lymphedema seen in the skin, legs and neck mediated by atypical
lymphatic networks, and intestinal lymphangiectasia), [38].
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LECs in initial lymphatics are thinner than BECs, with less basal lamina than in BECs and
without fenestrations. However, complexes as large as chylomicrons (120-620 nm, avg.
170+50 nm) regularly pass across and into the lymphatic lumen [58]. In place of
fenestrations, initial LECs are joined at ‘oak-leaf’ shaped ‘flaps’ by discontinuous ‘button’-
like punctae that may act as ‘1°” endothelial valves [42] which progress to zipper-like
junctions at the level of collecting lymphatics [59]. Both of these structural features contain
vascular endothelial (VE)-cadherin, occludin, claudin-5, zonula occludens (Z0O)-1 protein,
junctional adhesion molecule-A (JAM-A) and endothelial specific molecule-1 (ESM-1).
Increased interstitial fluid pressure (e.g. in inflammation), transfers tension from collagen in
the extracellular matrix (ECM) to oxytalan, elastin and elaunin fibers to lymphatics, opening
the junctions to increase fluid collection [60-62].

The development of the smooth muscular investment of lymphatics which begins during
embryogenesis may continue post-natally [63;64]. Lymphatic plexuses expressing both
Ephrin b2 and b4 give rise to vessels that are Ephb4~/Eph b2* and become invested with
smooth muscle, to become collecting ducts. Eph b2 is not as abundant in lymphatic
capillaries. Further, hypoxia also induces Notch 4, down-regulates VEGFR-2 and increases
VEGFR-3, events driving further lymphatic specification. Angiopoietin-2 (Ang-2) a
regulator of blood and lymphatic development and of inflammation [65] is also expressed in
LECs [26;62]. Ang-2~/~ mice exhibit lymphodysplasia particularly in the intestine [66] and
Ang2~/~ mice may be a model to investigate roles of lymphatics in the Gl tract. The FoxC2
forkhead transcription factor is important in lymphatic valve development. FoxC2-deficient
mice fail to develop both valves and smooth muscle investment and these mice are model of
lymphedema distichiasis (LDS) [67]. Neuropilin-2 (NRP-2), a co-receptor for VEGF
receptors, interacts with VEGFR-3 and regulates lymphatic development [47;68]. FoxC2
also regulates Notch pathway, Delta-like 4 (DII4), CXCR4, integrin 3, and Ang-2 [69]. We
have found that Ang-2~/~ mice, a model of intestinal lymphatic hypoplasia are more
susceptible to developing experimental colitis, despite reduced leukocyte infiltration and
angiogenesis [70] supporting a protective role of lymphatics against gut inflammation.

In adults, lymphangiogenesis can occur by expanding existing lymphatic networks, from
venous structures [71] or recruitment of macrophage-like lymphatic progenitors [72;73].
These processes are regulated by members of the VEGF family (—C, D), environmental and
biomechanical forces. The pattern of interstitial flow in tissues is an important determinant
of lymphatic patterning during wound healing [74;75] and may be MMP (—2/3) dependent
[76]. MMP-9 also participates in lymphatic regeneration and wound healing and MMP-9~/~
mice show persistent post-surgical lymphedema [77]. Nitric oxide bioavailability can also
indirectly modulate lymphatics by regulating the levels and ratios of growth factors in
lymphangiogenesis [74;78;79]. Several factors like cytokines and LPS induce an
inflammatory lymphatic phenotype [80-84]. TGF-B is also a negative regulator of
lymphatics and lymphangiogenesis [85] and prevents lymphatic regeneration after injury
[86].

Lymphatics and leukocyte trafficking

Lymphatics are essential conduits for the re-circulation of lymphocytes, which pass from
blood to tissues and then to lymph nodes (or accessory lymphoid tissues) before returning to
the circulation. Like BECs, LECs express adhesion molecules and chemokines that support
interactions between LECs and activated immune cells. SLC/CCL21, a ligand for CCR7
receptor is induced on LECs in response to several stimuli (e.g., LPS and VEGF-C) [87].
Increased LEC expression of SLC/CCL21 is found in mesenteric lymph nodes in Crohn’s
disease, but not those in ulcerative colitis [88], and mediates the immune retention of
CCR7* naive, Thl T-cells and dendritic cells. SLC/CCL21 is also increased in LECs in the
pancreas in non-obese diabetes [89]. CCL20 and CCL21 expressed by LECs also mediates
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CCR6*/7* leukocyte trafficking as part of lymphatic immune surveillance [90]. Hyaluronan
expressed by lymphatics may also direct leukocyte trafficking into lymphatics, and LYVE-1
interactions with hyaluronan may influence this event.

2. Lymphatics in different Gl organs

Tonsils

Tonsils are not part of the Gl system, but are important secondary (2°) lymphoid organs
within the mucosal associated lymphoid tissue (MALT). The tonsils form a lymphoid tissue
‘ring’ (Waldeyer’s ring) at the base of the tongue and throat providing immune surveillance
for the esophagus and trachea [64]. The tonsillar mucosa has an abundant lymphatic supply,
but appears to lack afferent lymphatics. Tonsillar lymphatics drain to the medial
retropharyngeal lymph node, leading to the jugular lymph duct then entering the blood
circulation at the brachiocephalic junction. When obstructed, tonsillitis (known as tonsillar
lymphangitis) requires surgical excision.

Salivary glands

Esophagus

Stomach

Salivary glands have the highest rate of lymphatic flow per gram of tissue of all regions
studied in the Gl tract [91]. The function of salivary glands is to support saliva formation by
regulating interstitial fluid composition during salivary secretion [92]. Two types of
lymphatics are described in the salivary capsules: one is associated with salivary ducts, and a
second that forms networks closely associated with salivary blood vessels. Hata et al. [93]
have reported that expression of the lymphatic marker podoplanin not found within the acini
of the parotid, but could be demonstrated in the submandibular and sublingual glands. The
number of podoplanin® staining lymphatics is greater in the sublingual than in
submandibular glands, and podoplanin* lymphatics were found in basal regions of ducts in
all major salivary glands. Salivary glands secrete VEGF-A [94;95] into saliva, increases
flow and permeability in salivary blood vascular capillaries. In this manner, VEGF-A has
been theorized to enhance interstitial fluid delivery. VEGF-A may support growth and
development of blood and lymphatic vessels after epithelial injury [94]. VEGFs may thus
exert a trophic effect on Gl epithelium restoring epithelial integrity after injury, a conclusion
supported by findings that recurrent apthous ulcers are correlated with low salivary VEGF-A
[96].

There are considerable interconnections among the three lymphatic drainage domains within
the esophagus. In the upper third of the esophagus, lymphatics drain to the deep cervical
lymph nodes. Lymphatics of the mid esophageal drain to the superior and posterior
mediastinal lymph nodes [97]. The lower third of the esophageal lymphatics follows the left
gastric artery to the gastric and celiac lymph nodes. Esophageal lymphatics conduct
interstitial fluid (ISF) but, more specialized functions of esophageal lymphatics are not
known. In cancer, however, esophageal lymphatics contribute to the metastatic spread of
esophageal tumor cells. In Barrett’s esophagus, lymphatics expand during the transition to
adenocarcinoma [98] and metastasis.

Lymphatic flow in the stomach begins within the initial lymphatic sinuses near the pyloric
glands. These fuse to link lymphatic networks between the muscularis mucosa and the
submucosa [91]. In rats, initial lymphatics in the mucosa are limited to the deeper layers,
near the muscularis mucosa [99]. Submucosal gastric lymphatics have also been
demonstrated below the muscularis mucosa with few if any vessels found in the muscularis
externa [100]. Humans also show gastric mucosal lymphatics in the deep mucosa close to
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the muscularis mucosa, but the upper two thirds of the mucosa is normally devoid of
lymphatics [101;102]. Gastric lymphatics are designated by the arteries they follow and
often drain to lymph nodes along these arteries. The final lymph nodes collecting stomach
lymph are the pre-aortic (also ‘celiac’) nodes found in front of the aorta around the celiac
trunk as it arises from the abdominal aorta. Lymph from the gastric and duodenal regions is
collected from gastric, gastro-epiploic, pancreaticosplenic, pyloric and hepatic nodes that
pass lymph into the celiac nodes, intestinal lymph trunks, union of abdominal lymph trunks
and finally, to the thoracic duct.

There is a rapid post-natal expansion of submucosal and subserosal lymphatics in the gastric
wall in response to digestive signals, an event evident in the posterior aspect / lesser curve of
the stomach. NF-kB-lacZ histochemistry reveals an abundant lymphatic network in the adult
duodenum [44]. Another histochemical marker of lymphatics, 5’-nucleotidase, also
demonstrates an extensive lymphatic network with valves within these layers. In severe
atrophic gastritis, the mucosal layer becomes thinner, and initial lymphatics can be seen
proportionately closer to the surface epithelium [103].

Small intestine (SI)

Small intestinal villar lacteals are found in the center of each villus ~50um from the
basement membrane [104-106] (Fig. 1a). Lymphatic lacteals inside intestinal villi carry
lipid-enriched filtrates into these lymphatic plexuses. The networks formed by the jejunal
and ileal lymphatic plexuses are known as the peri-glandular and sub-mucosal plexuses.
Jejunal and ileal lymph drains from mesenteric nodes to celiac nodes, to intestinal lymph
trunks, the union of abdominal lymph trunks and then to the thoracic duct. Intestinal
lymphatics are the central conduit for clearing fluid, plasma proteins and blood cells that
enter the intestinal interstitium from the blood playing dominant roles in the maintenance of
gut homeostasis. Small intestine lymphatics efficiently transport absorbed lipids which are
packaged and released by enterocytes in the small bowel [107]. Kim et al. showed that
during embryogenesis small intestine lymphatics are formed by branching and extending of
mesenteric lymphatics, rather than from intestinal mesoderm [108]. Although this process
also depends on LYVE-1* macrophages which activate VEGFR-3, LYVE-1 knockout (KO)
mice have no apparent phenotype [109] suggesting that redundant pathways may substitute
for LYVE-1* macrophages. Intestinal lymphatics also remove water that enters the mucosal
interstitium from epithelial electrolyte transporters [110]. The relative contributions of
intestinal lymphatics to fluid clearance along the length of the intestine varies, changing
with local organ function, the amount of lymphatic density in each segment and may also
vary by species [111]. As an example, the size, density and interstitial fluid clearance
capacity of the small intestinal lymphatic network is much higher than that of the colon.
Further, while the central lacteals of small intestinal villi usually lie in close proximity (~50
pum) to the epithelium thereby facilitating clearance of absorbed water, lymphatics in the
colon originate deeper in the mucosa (300-400 um from the mucosal epithelium) and
exhibit a more extensive network in the submucosal layer [112]. The lymphatic system in
the small intestine has components within the mucosa, submucosa and muscular layers.
Fukushima et al., [113] have described central lacteals within the intestinal villus in the rat
starting as blind-ended ‘cul-de-sacs’ merging into lymphatic sinuses which connect with the
submucosal network and extend through the muscular layer. Submucosal and muscular
lymphatics merge to create collecting lymphatics that carry lymph from the Sl to the
mesentery. Although valves have been reported between the mucosal and submucosal
lymphatic networks [114], Benoit and Zawieja [111] suggest that these may be only weakly
functional since dye injected into the submucosal layer can later be visualized in the
mucosal layers. A layer of lymphatics which apparently lacks valves is found between the
circular and longitudinal external muscular layers. Lee and Duncan [115] found that when
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venous outflow from the jejunum is blocked, absorbed fluid is diverted to the lymphatics, a
process which may be important in several forms of intestinal inflammation.

Large intestine

Unlike the small intestine, the large intestine lacks lymphatic lacteals but is well supplied
with lymphatic vessels (Fig. 1b). In rabbits, blood capillaries are found just below the
epithelial layer and the lymphatic capillary network is arranged horizontally and closer to
the muscularis mucosa [116]. In the dog, Hirashima et al., [117] and Hirai et al., [118]
reported a dual layer network of ‘shallow’ lymphatic channels, one just under the capillary
networks—under the mucosal surface and a deeper network above the muscularis mucosa.
Some lymphatic capillaries also run parallel and vertically to the crypts of Lieberkuhn. The
highest densities of lymphatic networks were found in the submucosa. Submucosal
lymphatic vessels run parallel to blood vessels and have well-defined valve structure. Blind
lymphatic projections arise from the networks surrounding the crypts. Lymphatic capillaries
are larger in diameter than blood vessels. In dogs and cats, lymphatic vessels passing
through the muscularis mucosa have valves. Lymph formed within the colon is collected in
the colic nodes, and then passes to both superior and inferior mesenteric nodes, to the celiac
nodes, the intestinal lymphatic trunks, the union of abdominal trunks and the thoracic duct.
Surgical interruption of lymphatics results in the development of colon edema, which can
either be reversed by the growth of collaterals (may take weeks) or may be permanent. One
important consequence of the anatomic differences between the small intestine and the colon
is a lower lymphatic capacity to clear ISF in the colon. This difference in ISF clearance
significantly affects lymphatic immune cell clearance along the length of the intestine. The
higher density of lymphoid tissues in the more distal segments of the intestine may indicate
a greater participation of lymphatics in immune transport function in the distal small bowel
and colon. As an example, in the rat, ~2-5 million lymphocytes enter intestinal lymphatics/
min (calculated as: lymphocytes/ml in lymph xlymph flow) [91]. However, the number of
lymphocytes found in lymph draining intestinal segments with Peyer’s patches is ~10-fold
greater than that measured in proximal gut segments devoid of lymphoid tissue [119]. These
capacities of lymphatics to clear fluid and immune cells from the gut underscore the critical
importance of the lymphatic vascular system in the maintenance of normal gut integrity and
function. Several experimental studies [120-123] imply that insufficient gut lymphatic
functioning will significantly exacerbate disease. Other essential functions of lymphatics are
accomplished in lymph nodes, where bacteria and other pathogens are filtered and
phagocytosed, to present antigens for acquired immunity. Large influxes of pathogens can
overwhelm this system. Some pathogens (Yersinia, Epstein-Barr Virus) actually replicate
within lymph nodes [124]. Once lymph borne pathogens (e.g. M. Tuberculosis,
Corynebacterium, Staph. pyogenes, Micrococcus, Clostridia, E. coli, Aerobacter, Proteus,
Candida and Chlamydia) pass beyond nodal barriers, their entry into the bloodstream
produces serious consequences (e.g. sepsis) and systemic infections [125].

Gut associated lymphoid tissues

Liver

Peyer's patches (PPs) and mesenteric lymph nodes (MLNSs) are secondary lymphoid organs
associated with the intestine and Gl tract [64]. Organization and development of secondary
lymphoid organs may depend on factors such as lymphotoxins af, [126] [127]. While
mesenteric lymph nodes receive antigen from lymphatic vessels in the mesentery, Peyers’
patches lack afferent lymphatics and acquire antigen directly through cells within the
mucosa, e.g., epithelium, M-cells and dendritic cells.

Lymph formed in the liver is a major contributor to total lymph flow with as much as 50%
of total lymph being from hepatic origin. In the liver, lymph is collected by two pathways: a
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main right lobar path, and an accessory, left lobe path [128]. Hepatic lymph entering the
space of Disse collects in lymphatic capillaries associated with the portal triads. Lymph in
the space of Disse (peri-sinusoidal) drains to deep lymphatics in the hepatic parenchyma
associated with portal triads (Fig. 2). Comparini described three types of liver lymphatic
vessels [129]: portal tractal, hepatic venous and capsular vessels. In the liver, initial
lymphatic capillaries containing valves are located in interlobular connective tissue and run
parallel to blood vessels. These lymphatics become more clearly associated with arterial
branches as larger divisions of the portal tract are examined. Intrahepatic lymphatic vessels
are also found associated with branches of hepatic veins, but these are apparently not as
abundant. Lymphatics are also present in the fibrous capsule of the liver. The liver capsule
also contains superficial lymphatic vessels. Hepatic lymph is drained by deep and superficial
lymphatics from the anterior surface face merging to deliver lymph to the ‘porta hepatis’
(transverse fissure), the hepatic and celiac nodes, right intestinal lymph trunk, union of
abdominal lymph trunks and lastly, the thoracic duct. The 2" lymphatic drainage route is
from the posterior face of the liver leading to the phrenic and posterior mediastinal nodes
before entering the thoracic duct. Liver sinusoidal endothelial cells lack basal lamina and are
fenestrated allowing bulk fluid and protein passage to the space of Disse located between the
endothelium and hepatocytes, forming hepatic lymph. Both sinusoidal and lymphatic
endothelial cells express a lymphatic marker LYVE-1 [28]. Interestingly, reelin, another
LEC specific marker is found in the “Ito’ cells of the liver [25]. Heath and Lowden [130],
showed that the only true lymphatic vessels in the hepatic acinus are in the portal tracts.
Lymphatic vessels <25 um diameter form a periportal venular network and are closely
associated with the limiting plate of hepatocytes. The perisinusoidal space of Disse is
contiguous with the interstitial space of the portal tracts at the origin of the sinusoids.
Interstitial fluid derived from the sinusoids flows along this perisinusoidal space of Disse to
enter portal tracts near the portal venules. This fluid then enters the small lymphatics
adjacent to those venules which then merge with larger vessels suited near hepatic arterioles
and bile ducts. The hepatic portal tract lymphatics drain fluid from the interstitial space, and
are continuous with the perisinusoidal space of Disse where sinusoids emerge from the
portal tract.

If liver sinusoidal pressure increases above normal (~3-5mm Hg), lymph formation also
increases. If sinusoidal pressure climbs far above normal [131], lymph can weep from the
surface of the liver and accumulate in the abdomen as ascitic fluid. Splanchnic hypertension
also greatly increases intestinal lymphatic flow. Fluid filters into the peritoneum as ascites
through the diaphragmatic openings and into pleural cavities via ‘lymphatic stomata’ of the
subpleural space within the diaphragm [63]. The latter communicates with the mesothelial
lining, which can also express lymphatic markers [27]. The lymphatic fate determinant,
Prox-1 also plays roles in the development of the liver and the pancreas. In the pancreas,
Prox-1 regulates liver development [132] by controlling hepatoblast delamination and
migration. Embryos of Prox-1~~ mice have smaller livers due to reduced numbers of
hepatocyte clusters. This phenomenon appears to reflect excess E-cadherin expression that
restricts cell movement [133]. Prox-1 is also necessary for adult liver homeostasis as its
deletion produces several defects in the liver function.

In humans, the gallbladder has three lymphatic networks: muscular, perimuscular and
subserosal. The gallbladder and bile ducts share lymphatic networks that adjoin one another,
and are known as the sub-mucosal and sub-serous lymphatic plexuses. These networks drain
into the hepatic nodes, particularly the cystic node and that of the epiploic foramen. Lymph
then proceeds from the celiac node to intestinal lymphatic trunks, the union of the abdominal
lymphatic trunks and lastly, to the thoracic duct. Although lymphatics are present in all these
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regions, the lymphatic vessel density (LVD) has been shown to be highest in the
perimuscular (subserosal), lower in the muscular, and the lowest in the mucosal layers [134].
The high LVD in the sub-serous layers has been suggested to promote tumor spread and it
has been found that patients with tumors that invade this layer have poorer prognosis than
patients whose tumor lymphatics are restricted to the superficial layers [134]. The
lymphatics of gallbladder appear to connect with lymphatics of the liver, and the pancreas,
which may have pathophysiological relevance. Weiner et al., [135] showed that
experimental inflammation of the gallbladder led to inflammatory changes in the pancreas,
which might be promoted by lymphatic transport.

Pissas et al. [136] describe two divisions of lymph vessels of the pancreas: a "primary
mesodorsal region" of the pancreas composed of the right side retroportal process and a left
side lateroportal process. Pancreatic terminal collecting lymphatics in the pancreas are short,
merging near the origin of the thoracic duct. The majority of the vessels within the pancreas’
lymphatic network are in the interlobular septa of the connective tissue that separates the
pancreas into lobes and lobules. Extensions of these interlobular lymphatics can be seen in
the lobules but such lymphatics are not abundant [137]. Dye injection studies in the pancreas
show that lymph vessels form a widespread interlobular network closely associated with
blood vessels. In contrast, no lymphatics appear to enter or arise in the islets of Langerhans
[138]. Pancreatic lymph collects from the pancreaticoduodenal, pancreaticosplenic and
pyloric nodes entering the celiac nodes, leading to intestinal lymph trunks, union of
abdominal lymphatics and finally, to the thoracic duct. It has been reported that chronic
pancreatitis obliterates some pancreatic sub-capsular lymphatic ‘channels [139], which is
interpreted as evidence that interruptions in lymphatic flow might contribute to disease
severity. Increased pancreatic duct pressure can be relieved by increased lymphatic flow and
protects the pancreas from injury. The blockade or ligation of proximal pancreatic lymphatic
efferent vessels provokes severe pancreatitis via release of toxic proteolytic enzymes. Anti-
proteases can block development of shock mediated by the release of these cytotoxic
enzymes into lymph with transfer to the general circulation in pancreatitis. Lymph
containing such cytotoxic enzymes is also referred as ‘shock’ lymph.

Prox-1 is a critical regulator of pancreas ‘bud’ development [140]. Prox-1~/~ mice have
disturbed pancreas epithelial organization, reduced pancreas size, but unaffected early
endocrine cell development. By embryonic day 13.5, Prox-1~/~ mice have reduced numbers
of islet precursors, so that by the “2° transition” relatively fewer cells are available for later
pancreatic maturation; it is unclear how the Prox1~/~ phenotype relates to cadherin
expression. Conditional deletion of Prox-1 causes exocrine cell apoptosis, inflammation and
impaired function of the pancreas. Prox-1 is abundantly expressed in adult pancreas [141]
linking adipogenesis, insulin action and obesity. In non-obese diabetes, pancreatic LECs
lose expression of 5’-nucleotidase and increase CCL21 in an age-dependent fashion, (not
seen in controls), driving leukocyte infiltration [89].

3. Lymphatic Gl pathophysiology

Lymphatics as a hormone conducting network in the Gl system?

Lymphatics have been suggested to act as a parallel conduit for some hormones and
autacoids (local acting hormones). Many enzymes are present in lymph (aldolase, alkaline
and acid phosphatases, lactate dehydrogenase, diamine oxidase and amylase). Fat-feeding
increases Cu-amine oxidase/histaminase secretion into lymph. Pilocarpine also triggers
pancreatic release of amylase, lipases and proteases which can appear in lymphatics
[91;142]. Insulin has been measured in thoracic duct lymph [143] and insulin transported in
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visceral lymph might bypass the liver to retain the ~50% insulin destroyed via portal venous
flow [91;144]. However, lymphatic insulin appears to reflect filtration from blood, rather
than direct release into lymph. O’Morchoe [137] found that normally, pancreatic exocrine or
endocrine secretion into the thoracic duct is not physiologically significant, but it can
become important in the setting of acute or chronic pancreatitis.

Lymphatic pathophysiology producing Gl disease

Defects in Gl lymphatic patterning and structure, lymphatic pump function and Gl
lymphatic obstruction or remodeling produce several forms of Gl pathology and exacerbate
Gl injury. Lymph flow is affected by a variety of factors, including the state of hydration of
the interstitial compartment, external compression forces generated by gut motility
(extrinsic) and lymphatic contractile (intrinsic) forces. While gastrointestinal lymphatics
normally maintain ISF volume by clearing fluid entering the mucosal and submucosal tissue
layers, during pathological inflammation, lymphatic clearance is insufficient to prevent
accumulation of excess ISF, generating edema and dilating lymph vessels. Another effect of
lymphatic insufficiency can be an accumulation of immune cells in the mucosa and
submucosa. Prolonged residence times of cytotoxic cells within the gut wall are thought to
contribute to the immune cell-mediated tissue injury accompanying chronic gut
inflammation. Further, if the uptake and transfer of gut luminal antigens by mucosal
macrophages is an essential step in triggering adaptive immunity, then an impaired transport
of immune cells in gut lymphatics may contribute to the dysregulated immune response that
initiates chronic gut inflammation.

Protein-losing enteropathies

Protein-losing enteropathies are characterized by the progressive loss of protein from bowel
due to elevated lymphatic pressure, lymphatic congestion and non-ulcerative mucosal
disease as well as inflammatory and ulcerative diseases. Primary intestinal
lymphangiectasia (PIL, Waldmann’s disease) and intestinal lymphatic hypoplasia
(ILH). PIL and ILH, two important forms of protein-losing enteropathy, share some clinical
features with different root causes. PIL (‘Waldmann’s disease’) [143;143;145] isa
childhood bilateral lower limb edema exhibiting protein-losing enteropathy with nausea,
abdominal pain, diarrhea/steatorrhea (fatty stools) [146]. The lymphangiectasia (pathologic
lymphatic dilation) in PIL (seen in obstructed, distended small intestinal lymphatic lacteals)
causes the gut to leak lymph back into the lumen, with malabsorption of protein (protein-
losing enteropathy) and fat. Lymphedema may develop in PIL wherever lymphatics become
blocked including sites outside Gl system [147]. Levels of serum albumin and y-globulin are
low in PIL and can result in a hypo-oncotic-driven edema (hence PIL’s described as
‘Idiopathic Hypoproteinemia’). This large loss of fluid also causes lymphocytes to be lost
from the blood circulation, producing lymphopenia. PIL results from improperly formed
lymph vessels and is diagnosed by small intestine biopsy, which shows dilated lymphatics.
Plasma alphal-antitrypsin (A1-AT) is shed in PIL and other forms of protein losing
enteropathies (PLE) and is used as an index of Gl protein loss. As A1-AT is an inhibitor of
elastase, A1-AT deficiency may increase susceptibility to neutrophil injury [148] and is
correlated with Crohn’s’ disease etiology [149]. A low fat/ high protein diet for PIL is used
to help limit lymphatic dilation and protein loss. Lupus and lymphedema may develop
wherever lymphatics become blocked including sites outside the GI system [147]. Lupus
and other collagen vascular diseases like Scleroderma, Whipple’s disease, various forms of
obstructive lymphomas, sclerosing mesenteritis, mesenteric sarcoidosis and mesenteric
tuberculosis can also provoke PLE. PIL is associated with increased levels of mucosal
VEGFR-3 and LYVE-1, but low levels of VEGF-C and D, suggesting that increased
VEGFR-3 anticipates VEGF-C/D production necessary for normal homeostasis. There is a
relatively reduced density of VEGFR-3* LYVE-1 vessels in the deeper mucosa. Intestinal
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lymphatics in PIL also contain low levels of FoxC2 and SOX18, two important lymphatic
patterning genes [150] but normal Prox1.

Intestinal lymphatic hypoplasia

Intestinal lymphatic hypoplasia a congenital protein-losing enteropathy is usually detected in
infancy [151]. Intestinal lymphatic hypoplasia is characterized as a condition with fewer
podoplanin* (D2-40%) vessels which alters gut tissue function provoking protein losing
enteropathy [152]. Stormon et al. [153] have reported that lymphatic hypoplasia in utero
'fetal hydrops ' (prenatal ascites and generalized edema). While lymphangiectasia is
characterized by defective, usually distended and obstructed lymphatics, lymphatic
hypoplasia histologically presents many fewer lymphatics, and without lymphopenia.

Nonne-Milroy-Meige syndrome

Nonne-Milroy-Meige syndrome is now recognized as two distinct diseases which are
Hereditary Lymphedemas (HL) type | (Nonne-Milroy, Milroy’s disease) and hereditary
lymphedema type 1l (Meige’s syndrome, (‘MS”), also known as familial lymphedema
praecox). These are defined by the age of onset. HL type | appears before age 35; HL type Il
appears after 35y. Nonne-Milroy’s disease (NMD) [154], a congenital form of lymphedema,
usually appears early in females as a unilateral lower limb edema that may progress to
bilateral edema. NMD is an autosomal dominant condition, and the least common heritable
form of lymphedema (NMD is ~2% of inherited lymphedemas). NMD is caused by defects
in VEGFR-3 signaling which have been mapped to chromosome 5q, (5q34—q35 region).
These VEGFR-3 mutations lead to errors in lymphatic development and lymphatic failure
[155]. NMD is often characterized by steatorrhea, (reflecting the failure of intestinal
lymphatics to adequately transport chylomicrons) with chylous ascites and lymphopenia due
to loss of lymph retention, which is often associated with impaired cell-mediated immunity.
NMD is also a protein-losing enteropathy known as intestinal lymphangiectasia with
peripheral lymphedema. Additionally, defects in reelin have also been suggested to mediate
some forms of primary lymphedema [156]. At present MS appears to be distinct from NMD.
According to Rezaie et al., FOXC2 mutations when present reflect lymphadema distichiasis
rather than MDS [157].

Lymphedema distichiasis (LD)

Lymphedema distichiasis is collection of >30 autosomal dominant mutations in FOXC2
(chromosome 16g24.3) causing a pubertal lymphedema and double row of eyelashes
(distichiasis). LD is characterized by a normal or increased number of hypo-functioning
lymphatics with a higher than normal pericyte-smooth muscle investment. Petrova et al.,
have reported that this phenomenon is due to unchecked amplification of PDGF signaling in
lymphatics in FOXC2 haploinsufficient mice reminiscent of defective lymphatic drainage
similar to that observed in LD patients [38;67;158]. LD also shows lymph node proliferation
(in the form of grape clusters) and has a male predominance [159]. Mice haploinsufficient
for FOXC2 have lymphedema and lymphatic reflux into the mesenteric lymph nodes, liver
and intestine [158]; however a Gl phenotype in humans with LD has not been described (LD
is not associated with PLE).

Hennekam’s syndrome. Hennekam’s syndrome (HS) is a congenital autosomal recessive
lymphedema described by Dutch physician Raoul Hennekam in 1989 [160]. HS is another
form of protein-losing enteropathy characterized by intestinal lymphangiectasia with
hypoproteinemia, hypo-y-globulinemia and lymphocytopenia. Lymphocyte shedding in HS
may also contribute to subtle immune abnormalities. Pleural lymphangiectasia is also
present in HS and is accompanied by facial abnormalities (flat face and nasal bridge, widely
set eyes often with epicanthal folds, small mouth, dental and ear defects), lymphedema,
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cellulitis and erysipelas (skin infections usu. Strep. spps). The gene responsible for the
generalized lymphedema found in HS, (mapped to chromosome 15q) [38] has recently been
found, and is currently being investigated (pers. comm. Dr. R.C.M. Hennekam). Conditions
producing venous obstruction can also provoke protein-losing enteropathy including right
heart failure [161], constrictive pericarditis [162;163], familial cardiomyopathy [164],
interatrial septal defect [165]. Lutembacher’s syndrome (septal defect with mitral stenosis)
[166] and pulmonary stenosis [167]. Constrictive pericarditis provokes lymphatic dilation
and increased loss of lymph protein and lymphocytes (lymphopenia). Most recently,
Meadows et al., [168] reported that patients with congenital heart disease and protein-losing
enteropathy often show evidence of lymphatic obstruction whereas patients undergoing
Fontan repair show venous congestion and PLE [169].

Aagenaes's syndrome

Aagenaes's syndrome (AS, named for Norwegian physician @ystein Aagenaes) is a
congenital form of lymphedema with intrahepatic cholestasis (also ‘cholestasis lymphedema
syndrome’). This lymphedema affects the lower torso [170]. Lymphatic vascular
development in peribiliary tracts is deficient and may underlie development of this disease.
AS is the most common in Norway, followed by Europe and USA. Fifty percent of all AS
cases are in Norway with ~ 3% frequency in gene alteration in southern Norway alone. AS
has been reported as autosomal recessive and has been mapped to chromosome 15q.
Dominant forms of AS have been reported in non-Norwegians but the genetic basis is not
yet identified.

Noonan syndrome

Noonan syndrome (NS) is another congenital condition which also exhibits lymphatic
dysplasia. It shows autosomal dominant inheritance and in ~50% of individuals is caused by
a mutation in protein tyrosine phosphatase-N11, (SHP-2) (chromosome 12g24.1). Mutations
in KRAS and SOS1 have also been associated with the development of NS [171] but
lymphatic pathology is not a major symptom of NS. Some cases of NS will exhibit intestinal
lymphangiectasia [172].

Yellow Nail Syndrome

Yellow-nail syndrome (YNS) is a disorder apparently caused by poor lymphatic drainage
due to hypoplastic lymphatic vessels; there is evidence for intestinal lymphangiectasia and
PLE in YNS [173]. While YNS has been reported as an autosomal dominant condition
(associated with FOXC2), at least some cases may not have a documented underlying
genetic basis [174].

Gl diseases involving lymphatic dysfunction

In 1935 Pullinger and Florey described increased lymphangiogenesis as an important
consequence of inflammation [175]. Because lymphatics play central roles in normal Gl
function, lymphangiogenesis is a prominent but often overlooked feature of Gl
inflammation. Crohn’s disease (CD) and ulcerative colitis (UC). Despite divergent causes,
Crohn’s disease and ulcerative colitis both exhibit evidence of lymphatic disturbances. Van
Kruningen and Colombel, (2008) have summarized contributions of lymphangitis and
lymphangiectasia to CD etiology [176;177]. While many CD current studies focus on
genetics and gut flora, lymphatic sclerosis [120;123] produce segmental lymphocytic and
granulomatous lymphangitis even showing enteric and cutaneous fistulae. Using anti-
podoplanin immunohistochemistry Kaiserling et al., [178] and Geleff et al., [179] have
demonstrated significant increased lymphangiogenesis (increases in the abundance of
lymphatic capillaries) in CD and UC. In the large intestine, the lymphatic capillaries are
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normally found in the lower third of the mucosa. Significant lymphatic vessel expansion is
seen in the muscularis mucosae, the tunica submucosa and the tunica subserosa and was
often associated with regions where chronic inflammation had converted to fibrosis. An
example of lymphatic expansion in these diseases is shown in Fig. 3. Podoplanin* lymphatic
expansion is seen in all areas of the colon mucosa in ulcerative colitis (UC) and in the
colonic and ileal mucosae of patients with UC and CD, respectively [178;179]. Geleff found
similar patterns of lymphatic expansion in CD and UC, and that these disease associated
lymphatic changes were still found in end-stage disease. Lymphatic proliferation in the gut
mucosa during inflammation may therefore compensate for lymphatic insufficiency due to
obstruction, pump failure or obliteration as seen in IBD, where there is an increase and
redistribution of lymphatic vessels. In UC, lymphatics that are normally found only under
the muscularis mucosa expand deeply into the colon lamina propria and submucosa. The
scale of this lymphatic redistribution into the mucosa/submucosa seems to be closely related
to severity of the disease and that colon lymphatic expansion into the mucosa during active
IBD regresses with disease remission.

Tonelli et al., (2000) have also suggested that a congenital failure of primary lymphatic
valves may underlie edema and inflammation in Crohn’s disease, and possibly other forms
of Gl inflammation [180]. Failure of lymphatic pumps produced by several inflammatory
mediators intensifies the development of edema and lymphangitis [17]. Wu et al., [18]
showed that the rate of lymphatic pumping is decreased in experimental IBD, apparently
mediated action of PGE, and PGl [181]. Relief of intestinal lymph congestion reduces this
type of edema and protein loss [182]. In Crohn’s, proliferated lymphatics have been
suggested as a basis for the lymphatogeneous metastasis of malignant cells from the gut.

All forms of IBD show cytokine dysregulation [183] including lymphatic-active cytokines.
The release of IL-3 by lamina propria monocytes is decreased in CD and UC, and is
reversed by hydrocortisone/5-ASA therapy [183]. Elevated IL-7, an inducer of VEGF-D
[184;185] is seen during clinical remission of IBD [186]. TNF-a, a central regulator in CD
and UC, may dysregulate lymphatic phenotypic markers such as LYVE-1 [47;187]. While
TNF-a drives VEGF-C and lymphatic expansion in inflammation [188], antibodies to TNF-
a relieve inflammation and increase lymphangiogenesis [189]. Lymphatics could promote
immune cell egress and help to attenuate immune-cell driven chronic inflammation.

Mesenteric venous thrombosis and IBD

Hatoum et al. [190] have described mesenteric venous thrombosis (MVT) as an infrequent
but clinically severe syndrome that interrupts flow causing intestinal ischemia, often
triggering portal hypertension. An association between inflammatory bowel disease (1BD)
and MVT was seen in 1.1% of IBD cases and may contribute to injury through lymphatic
derangement. Fibrosis and obstruction of lymphatic vessels produced by tuberculosis,
appendicitis/peritonitis, [191] or experimental obstruction of lymphatic vessels [192] can
also lead to protein-losing enteropathies which resemble congenital protein-losing
syndromes.

Menetrier's disease

Menetrier’s disease (hyperplastic-hypersecretory gastropathy) is a form of gastric
hyperplasia characterized by mucosal thickening and mucus production, which is mediated,
in part, by defects in lymphatics. Miura et al., [193] correlated epithelial hyperplasia and
edema of the lamina propria / submucosa with increased lymphatic density, lymph nodes
and lymphangiectasia in this condition. The pediatric form of Menetrier’s appears to
represent a response to H. pylori or cytomegalovirus infection and often resolves
spontaneously, while the adult form is chronic and is mediated by TGF-o expression
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[194;195]. Both forms of Menetrier’s are protein-losing gastropathies (i.e. albumin is shed
from the gastric lining). Similarly lymphangioleiomyomatosis, a smooth muscle hyper-
proliferation often associated with airway, vascular obstruction from smooth muscle
proliferation and chylous effusions, can also induce a protein-losing gastro-enteropathy
[196].

Pancreatitis is characterized by forms of blood vascular and lymphatic injury including
thrombosis, hemorrhage, edema, inflammation and is often associated with severe
hypotension. Pancreatic lymph flow increases in acute pancreatitis [197], with elevation in
amylase and lipases in the thoracic duct. Dupont & Litvine [198], Pissas et al., [136] and
O’Morchoe et al. [137] have described pancreatitis as having an important lymphatic
component, where lymphatic failure to clear edema fluid leads to accumulation of exocrine
secretions and pancreatic injury. Obstruction of the cisterna chyli will also increase
pancreatic edema and exacerbate forms of pancreatitis. Pissas et al., state that ‘pancreatic
edema...is essentially a "lymphatic" edema..” Experimental ligation of proximal pancreatic
lymphatic efferents produced fatal necrotic pancreatitis. Penn et al., 2007 [199] describe
‘autodigestion’, an injury mechanism for formation of highly toxic mediators created in the
intestine in response to the liberation of pancreatic proteases, a potentially important phase
of shock injury. Insulitis may also influence pancreatic function. Following development of
insulitis in non-obese mice, Qu et al., [200] observed that lymphatic endothelium in the
pancreas loses 5’-nucleotidase and expresses CCL21, which may increase binding and
migration of lymphocytes and dendritic cells, an effect correlated with blood glucose levels.
Amylase and lipase are also elevated in thoracic duct lymph in acute pancreatitis [201] as
well as alkaline phosphatase that is shed into lymph from brush border [9]. Montravers et
al., [202] have described that diversion of cytokines (TNF-a, IL-1pB, IL-6), proteases
(amylase, trypsin) and lipase released by the inflamed pancreas (through thoracic duct
cannulation) protects the lung against induction of respiratory distress injury.

Shock, Lymph and the GI system

GI lymphatics play central roles in pathological responses to hemorrhagic shock, trauma and
intestinal ischemia [203] by conveying an array of toxic mediators generated within the GI
system back to the blood circulation, triggering a systemic often “distant’ organ injury with
lethal implications. Several Gl organs, especially the post-ischemic small intestine, generate
toxic lymph which mobilizes endothelial P-selectin, injures microvessels and disturbs
cardiac performance [204-206]. Mesentery-derived ‘shock’ lymph produced by non-lethal
hemorrhage (but not portal venous plasma) activates neutrophils [207], increases vascular
permeability and can induce cell death. Mediators present in ‘shock’ lymph which cause
injury and cell stress include complement [208] and cytokines (e.g., TNF-a, IL-6, IL-1p and
LPS) [209;210]. In particular, IL-1p (produced in the gut and carried in lymph) mediates
remote pulmonary injury after intestinal ischemia [211]. Although relatively distant from the
mesentery, the lung and heart are often downstream targets of remote organ injury due to
effects of ‘shock’ lymph [203;212] delivered by the thoracic duct.

Whipple's disease (WD)

WD is a rare gastrointestinal disease caused by the Tropheryma whipplei bacterium. WD is
another malabsorptive condition characterized by weight loss, chronic diarrhea, weakness,
fever, lymphadenopathy, arthralgia (joint pain), steatorrhea, polyarthropathy, macrophage
infiltration of the lamina propria and lymphopenia [213]. IL-12, IFN-y and IFN-y dependent
1gG2 and TGF-p are reduced in WD. WD shows evidence of lymphatic blockade, enlarged
and often fatty lymph nodes and distended lymphatic vessels [214]. Clinically, Whipple
cells have been shown to circulate in thoracic duct lymph [215] and lymphatics are the
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primary route for the transport of WD microorganisms and abnormal immune cells from the
Gl tract to the circulation. Similarly, lymph in tuberculous enteritis, has also been shown to
transport tubercle bacilli [216].

Cirrhosis (or portal venous obstruction) will produce portal hypertension and a large
increase in lymph flow. In cirrhosis, the lymph flow rate can be 6-10-fold higher than
normal (from 0.8 up to 8ml/min) [217] dilating the thoracic duct to 2-4-fold from the
normal size. There is frequently an increased lymphatic density in cirrhosis [28], which may
represent a physiological compensation. The hepatic lymphatic overload in cirrhosis reflects
sinusoidal hypertension leading to increased formation of lymph. Although shedding of
lymph at the liver surface is seen experimentally, it is not universally observed in human
disease [218]. During portal hypertension or cirrhosis, the increased flow of fluid and solutes
from the gut lumen to lymph allows several classes of bioactive mediators to enter the
lymph, bypassing the liver where they might normally be degraded, sometimes with morbid
consequences. Whenever hepatic venous outflow is impaired provoking portal hypertension
(as in cirrhosis, end-stage liver disease), increased hepatic lymph flow dilates the space of
Disse. This phenomenon is most prominent in acute ‘Budd-Chiari’ syndrome (blocked
hepatic venous outflow resulting from thrombosis, or its fibrotic sequelae at different
regions from small hepatic veins to the inferior vena cava) or right heart failure. Because
hepatic sinusoidal pressure is low (3-5 mm/Hg) and sinusoidal endothelial permeability is
high, even small restriction to hepatic venous outflow will increase lymph flow in human
and experimental cirrhosis. The increased hepatic lymph flow combined with elevated
intestinal lymph flow raises pressure in the cisterna chyli, further restricting intestinal lymph
flow to produce intestinal edema [219;220] linking hepatic lymph homeostasis with gut
inflammation.

In normal physiology, peritoneal fluid formation is minimal, and diaphragmatic lymphatics
efficiently drain the peritoneal cavity. Blood cells and even India ink particulates can enter
lymphatics from the diaphragm which communicates with peritoneal and pleural mesothelial
lining cells (structurally and ontogenetically continuous with lymphatics) [63;221].
Obstruction or hypertension in the liver or intestine, or blockage of peritoneal drainage
increases ascitic fluid derived from these compartments. Defects in lymphatic development
and structure can also provoke ‘chylous’ ascites[222].

Sjogren’s disease (SD)

Garcia-Carrasco et al., [223] describe benign and malignant lymphoproliferation in SD. SD
sufferers carry an increased lifetime risk for developing lymphomas [224], but links between
lymphangiogenesis and lymphoma in SD are not yet well established.

Gl cancer and lymphatics

Sentinel lymph nodes and lymphatics transmit cancer cells from primary to distant sites and
are commonly used for prognosis and staging of disease [225]. Obstruction of lymphatics
and lymph nodes by tumors promotes lymph retention, reflux and hematogenous metastasis,
‘jumping’ and peritoneal metastasis via lymphatic-venous shunting from the lymphatic
system [226]. Yonemura et al., [227] showed that the density and caliber of VEGFR-3+
lymphatic vessels are significantly higher in VEGF-C expressing tumors compared with
tumors having low expression of VEGF-C, further supporting VEGFR-3*/VEGF-C
signaling in tumor lymphatic recruitment and metastasis. Studies with colorectal carcinoma
showed tumor elevated D2-40" lymphatic vessel density, which predicts lymphatic tumor

Pathophysiology. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alexander et al.

Page 17

invasion with better sensitivity (48/90) than PECAM-1/CD31 (37/90) or (H&E) (31/90).
Increased D2-40+ lymphatic density is correlated with lymphatic invasion and lymph node
metastases (p<0.05) and is related to the depth of tumor invasion, positive vascular pedicle
lymph nodes and liver metastases (p<0.05) [228]. Pancreatic cancer also shows increased
VEGFR-3 and VEGF-C expression [141]. Prox1 expression in the pancreas is lost during
malignant transformation. Although Prox1 suppresses cadherins, which are antagonists of
cell transformation, diminished Prox1 may contribute to loss of a differentiated phenotype
and progression to carcinoma with poorer survival. Jin et al. [229] suggested that the
lymphatic abundance in the superior mesenteric artery neural plexus may play a role in the
recurrence of pancreatic cancer, which could be activated by the abundance of
lymphangiogenic factors.

Intestinal transplantation and lymphatics

Obstruction or obliteration of lymphatics produces an intense Gl injury [123]. Intestinal
transplants underscore the importance of lymphatic maintenance. Duxbury et al., [230] have
shown that in intestine transplant models, lymphatics and blood vessels regenerate
independently of one another. Kellersman et al., [231] showed that reconstructing intestinal
lymphatics significantly improves success in small bowel transplants. Liver lymphostasis
(seen as hypodense areas on computerized tomography are also seen after severing
lymphatics in liver transplants. This abnormality often resolves by 6 months because
lymphatic collaterals gradually regenerate without reconstruction [232].

4. Transgenic and mutant models with abnormal thoracic duct/intestinal
lymphatic system patterning / chylous ascites

While defects in VEGFR-3, FoxC2 and SOX18 genes are known to contribute to errors in
lymphatic development and produce different forms of lymphedema, their dysfunction
explains only a small fraction of 1° lymphedema cases. Ferrell et al., [233] have also found
single gene mutations in families with lymphedema within elastin microfibril interfacer
(EMILIN1), lymphocyte cytosolic protein 2 (LCP2), fatty acid binding protein 4 (FABP4),
protein tyrosine kinase SYK (SYK), neuropilin-2 (NRP2), SpSRY-box 17 (SOX17),
VCAM-1, ROR orphan receptor C, and VEGF-B. Among these proteins, FABP4, NRP2,
SOX17 and VCAM-1 were most closely linked and may represent a secondary group of
lymphedema mutations. Interestingly, the adhesion molecule VCAM-1 appears to be a
downstream target of SOX-18 [234] but how it is related to lymphedema is not yet
understood. Emilin 1, is an a4p1 integrin ligand and a component of lymphatic anchoring
filaments, also expressed by large vessels (arteries) which may regulate immune cell traffic
[235]. Emilin 1 appears to help maintain lymphatic vascular integrity since Emilin™~ mice
exhibit lymphedema, lymphatic hyperplasia and enlargement, possibly due to the absence of
Emilin from anchoring filaments [134;236]. Several other transgenic mouse models with
defects in lymphatic signaling or development exhibit GI defects further underscoring the
importance of lymphatics in Gl homeostasis. The Chy-3 mouse [237] is hemizygous for
VEGEF-C and exhibits chylous ascites, with edema in the limbs, skin and genitals, but no
overt Gl disturbances. Ang-2 deficient mice [65;66;238] fail to develop lymphatics in ear
skin and mesentery, do not exhibit a collecting vessel phenotype, and are considered to be a
model of intestinal lymphangiodysplasia. In humans, FoxC2 mutations produce
lymphedema-distichiasis [239;240] and FoxC2 haplo-insufficient mice have defects in
lymphatic patterning, valve defects and lymph reflux [158], the homozygous FOXC2~/~
phenotype is lethal.
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Lymphatic defects in adult-onset obesity?

Summary

Mice deficient for the lymphatic-fate determining transcription factor Prox-1 (Prox-1*/")
exhibit lymphedema with severe defects in the intestinal and mesenteric lymphatics [54].
This phenotype has a high level of perinatal mortality, and interestingly, provokes adult
onset obesity. Prox-1*/~ mice have normal insulin and leptin levels as pups, but progress to
elevated insulin resistance and leptin as adults [141] and suggest a remarkable ‘paradigm
shift” in our understanding of the mechanisms underlying obesity. Further support for this
concept is seen in studies showing that FOXC2 controls the types and distribution of fat
depots in regulating insulin resistance [38;241;242]. Pro-lymphangiogenic FoxC2 and other
forkhead transcription factors may therefore have major effects on metabolism. Conversely,
the onset of obesity may also trigger lymphedema [243], suggesting that cyclical patterns of
lymphatic injury and failure may exacerbate stresses associated with obesity. Pathologically
increased adipose tissue is often a prominent feature of both forms ( 1° and 2°) lymphedema,
and liposuction has been used as treatment to reduce excess tissue volume [244]. Obesity is
also associated with an increase in both hemangiogenic and lymphangiogenic regulatory
factors (VEGF-C, VEGF-D, sVEGF-R2, angiopoietin-2, angiogenin as well as endostatin)
[245]. Alterations in the levels of these vasoregulatory factors could modulate adipose tissue
vascularity. However, the relationship between these obesity-induced vascular regulators
and lymphatic integrity is still unclear. Serum VEGF-D shows sexual dimorphism: higher
VEGF-D is found in lean females than lean males. Obese females have higher VEGF-C and
Ang-2 levels than obese males. These factors may be controlled by metabolic status and
could intensify angiogenesis and inflammation.

Normal lymphatic structure and function supports the absorptive and immune functions of
the Gl tract. Dilated or congested lymphatics fail to transport ISF and exacerbate Gl disease
by increasing the Gl tracts’ vulnerability to edema, poor perfusion, inflammatory injury and
dysregulation of the immune system. Similarly, congenital defects in lymphatic patterning or
development often produce similar forms of Gl pathology. Changes in the flow and
composition of lymph may also modulate Gl disease and distant organ injury [246]. Despite
a current wealth of tools for exploring roles of lymphatics in GI under normal and patho-
physiological conditions, we still lack methods to directly image lymphatics. Effort is still
needed to focus energy and attention on biology and pathobiology of the GI lymphatics to
discover new markers and design new treatments for the disorders of Gl tract.
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Figure 1.

a) Small intestine lymphatics. Small intestinal villous lacteals in the center of each villus, b)
large intestine lymphatics. Large intestine lacks lymphatic lacteals but is supplied with
lymphatic vessels.
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Figure 2.
Lymphatics in liver. Lymph filtered into the space of Disse (peri-sinusoidal) drains to deep
lymphatics in the hepatic parenchyma associated with portal triads.
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Figure 3.

Enhanced lymphatics in IBD. Increased lymphatic abundance (D2-40" staining) is seen in
Crohn’s disease (panel 2) and ulcerative colitis (panel 3), compared to normal controls
(panel 1).
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