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Abstract

Lymphatic vessels play vital roles in immune surveillance and immune regulation by conveying
antigen loaded dendritic cells, memory T cells, macrophages and neutrophils from the peripheral
tissues to draining lymph nodes where they initiate as well as modify immune responses. Until
relatively recently however, there was little understanding of how entry and migration through
lymphatic vessels is organized or the specific molecular mechanisms that might be involved.
Within the last decade, the situation has been transformed by an explosion of knowledge generated
largely through the application of microscopic imaging, transgenic animals, specific markers and
function blocking mAbs that is beginning to provide a rational conceptual framework. This article
provides a critical review of the recent literature, highlighting seminal discoveries that have
revealed the fascinating ultrastructure of leucocyte entry sites in lymphatic vessels, as well as
generating controversies over the involvement of integrin adhesion, chemotactic and haptotactic
mechanisms in DC entry under normal and inflamed conditions. It also discusses the major
changes in lymphatic architecture that occur during inflammation and the different modes of
leucocyte entry and trafficking within inflamed lymphatic vessels, as well as presenting a timely
update on the likely role of hyaluronan and the major lymphatic endothelial hyaluronan receptor
LYVE-1 in leucocyte transit.
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Introduction

The lymphatic system is comprised of an extensive network of vessels that permeates
virtually every tissue in the body, frequently intertwining with the blood vessels and nerve
fibres. Taking up plasma that leaks from blood vessels, the lymph capillaries convey this
through the lymph nodes to the thoracic duct for return to the venous circulation as lymph, a
clear fluid containing leucocytes and various tissue derived macromolecules [1]. The
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physiological importance of the lymphatics for fluid drainage and their clinical relevance for
dissemination of tumours in cancer metastasis are both well recognized [2,3]. More
importantly, the lymphatics are a major conduit for conveying free antigen and antigen
loaded dendritic cells from the tissues to local draining lymph nodes for immune
surveillance and immune activation [4,5]. Indeed, several other leucocyte populations
including T and B lymphocytes and neutrophils also migrate v7athe lymphatics to modulate
the quality and polarity of immune responses in lymph nodes [6—11] while macrophages are
cleared from the tissues via lymph during the resolution phase of inflammation [12-14].
Surprisingly little is known however about the basic mechanisms by which leucocytes enter
lymphatic vessels and migrate to lymph nodes, and whether or how the entry of each
leucocyte subpopulation is regulated. Partly because the process of fluid transport in lymph
has been regarded as an indolent process, it has been assumed that the entry of leucocytes
from the tissues is also passive. However, a wave of research in this area over the last decade
has provided exciting new insights into the ultrastructural features of lymphatic capillaries
and the specialized interendothelial junctions that permit leucocyte entry. Amongst these is
the discovery that lymphatic endothelial cells can tune their expression of adhesion
molecules and chemokines to meet the differing demands for leucocyte entry in resting and
inflamed tissues [4,5,15-17]. These findings have led to the realisation that leucocyte
trafficking in lymphatics is an active process akin to that in the blood vasculature and one
that is subject to complex regulation to allow fine control over cell transit. This review will
cover what is currently known about the unusual endothelial junctions within lymphatic
vessels and the various processes that regulate leucocyte chemotaxis and transendothelial
migration at these sites. Such processes allow both the entry of cells to peripheral lymphatic
vessels and their exit to the paracortex and cortex in lymph nodes. However, | shall mostly
confine my discussion to peripheral vessels and the transit of dendritic cells, the leucocyte
subpopulation about which we know the most.

Lymphatic transmigration—specialised endothelial junctions in lymphatic capillaries for
constitutive transit of DCs

Earlier studies using cannulated domestic animals [18] showed that the migrating cell
populations in afferent lymph are mostly lymphocytes (85-90% CD4 positive effector
memory T cells) and dendritic cells (10-15%). Given the constant interstitial flow created by
distal lymphatic pumping, the apparently discontinuous nature of lymphatic endothelium
and its high permeability to fluids and dissolved macromolecules it was tacitly assumed that
leucocyte entry into the lymphatic capillaries was driven solely by hydrodynamic forces.
However, electron microscopic images of skin explants that have captured particularly the
larger DC in the process of transmigrating afferent lymphatic vessels have shown that the
dimensions of the cell body are many times greater than those of the endothelial “gaps”
through which they enter, underlining the fact that DC make intimate contacts with
lymphatic endothelial cells and must constrict their nuclei and cell bodies during entry [19].
Further insight into the architecture of these entry points came from the seminal work of
Baluk et al. who imaged the lymphatics of the mouse trachea using confocal microscopy
[20]. These studies revealed that the endothelial junctions of initial blind-ended capillaries
had a distinct architecture, quite different to that of junctions in both blood vessels and larger
downstream lymphatic capillaries and collectors. Whereas the endothelia of blood vessels
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are connected by continuous zipper-like arrangements of conventional tight and adherens
junctions, the oakleaf shaped endothelia of initial lymphatics are joined at their scalloped
edges by discontinuous button-like junctions interspersed with loose flap like openings.
Unlike the buttons, which contain molecules associated with tight junctions and adherens
junctions such as VE-Cadherin, ZO-1, claudin-5, occludins, JAM-A and ESAM pinning
their sides, the loose openings at their tips are decorated with CD31, the lymphatic
hyaluronan receptor LYVE-1 and likely other proteins that have yet to be determined.
Interestingly, this discrete arrangement of CD31 was lost upon genetic ablation of VE-
cadherin, suggesting that CD31 is specifically corralled at these sites [20]. Moreover,
migrating DC most frequently targeted these specialized junctions in initial lymphatic
capillaries and appeared to enter the vessel lumen at the loose flaps, squeezing themselves
through the 2-3 pm apertures they formed. Due to the extent of the overlap, these entry
points resemble deep endothelial-lined crevices, in which CD31, LYVE-1 and likely other
receptors have the potential to mediate transient contacts with transmigrating cells (see
below).

Even before reaching the vessel endothelium to initiate adhesion and transmigration,
leucocytes migrating in the tissues have to negotiate the perilymphatic basement membrane,
the matrix structure comprised of collagens, laminins, nidogen and perlecan that surrounds
lymphatic capillaries and collectors. Unlike blood vessels however, the basement membrane
of lymphatic capillaries is loosely organized [21,22]. Notably, this basement membrane is
enriched for a4 laminins, which lack the short c-terminal arm required for network
formation, and this may explain their characteristically low density and high permeability
[23]. In an intriguing study on the subject, Pflicke et al. imaged the collagen IV and laminin
enriched perilymphatic matrix surrounding lymphatic vessels in skin explants using spinning
disc confocal microscopy and observed a discontinuous structure permeated by small gaps
or portals (Figure 1).

Furthermore, using ex vivo “crawl-in assays” with exogenous fluorescently labelled bmDC
they showed that leucocytes transiting from the dermis targeted these gaps to access the
basolateral surface of the lymphatic vessel prior to transmigration. The gaps appear to form
spontaneously rather than as a result of remodeling by DC, as they were observed also in the
basement membrane of initial capillaries in CCR7- mice where DC traffic is ablated.
Curiously this process is the inverse of the mechanisms used by neutrophils to extravasate
from inflamed blood capillaries where exit occurs by transient MMP-mediated remodeling
of the vascular basement membrane in discrete regions specifically depleted of collagen IV
and laminin [24]. In the lymphatics however, the portals are devoid of all matrix components
and DC entry did not appear to require MMP activity. Moreover, having squeezed through
these basement membrane portals, the adoptively transferred bmDC appeared to
transmigrate the vessel endothelium by squeezing through the flap valves while maintaining
the integrity of the lateral buttons, confirming the findings of Baluk et al. [20].

Given the intimate contacts that must occur between DC and endothelium during
transmigration at flap valves, one would predict involvement of typical leucocyte adhesion
molecules such as p1 and B2 integrins and their counter-receptors ICAM-1 and VCAM-1.
Surprisingly and somewhat counter-intuitively this does not appear to be the case. DC
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genetically deleted for all major leucocyte integrin chains displayed normal transmigration
in vivo and trafficked to skin draining lymph nodes via afferent lymphatics without any
obvious defects [25]. Hence it was concluded that DC migrate solely by amoeboid
movement, guided by a combination of lymph flow and chemotaxis (see below, and Figure
1). An important feature of these experiments is that DC migration was assessed under
steady-state conditions, in the absence of any overt inflammatory stimulus [25].
Nevertheless the data suggest that during normal homeostasis, the lymph-borne trafficking
of DC proceeds in an unhindered manner, at least within proximal initial capillaries and that
the novel discontinuous junctional architecture in these structures presents little if any
barrier to transit.

This free mode of interstitial migration and vessel entry may well be necessary to allow
efficient low level trafficking of immature and semi-mature tissue resident DC during
immune surveillance and the homeostatic maintenance of lymph node HEVs [26]. However,
the mode of DC transmigration during inflammation, involving e.g. epidermal Langerhans
cells and monocyte-derived DC recruited from the blood circulations appears to be rather
different (Figure 1).

A distinct mechanism for transmigration in inflamed lymphatics

Whereas resting DC migrate at a low rate from tissues to lymph nodes under conditions of
normal homeostasis, the rate of migration increases an order of magnitude during conditions
of inflammation. The release of various inflammatory mediators, leukotrienes and
prostaglandins, leads to an increase in the permeability of blood vessels that provokes an
influx of plasma to the interstitium, raising interstitial fluid pressure and lymph flow.
Furthermore, classical inflammatory cytokines such as 1L-18, IL-1 and TNFa following
tissue injury, and pathogen associated molecular patterns including LPS and other toll-like
receptor ligands produced in microbial infection trigger activation of the lymphatic
endothelium, conditioning lymphatic vessels for enhanced leucocyte transit in much the
same way as documented for blood endothelium. Earlier /n vivo studies had already
indicated ICAM-1 induction in inflamed lymphatics and its involvement in the migration of
Langerhans cells to skin draining lymph nodes following contact hypersensitisation or
hapten administration [27,28]. Such findings have been both confirmed and greatly extended
by studies documenting considerable changes in the transcriptional profile of human
lymphatic endothelial cells treated with TNFa, and of murine LEC isolated from the skin
subjected to either oxazolone contact hypersensitivity or Freund’s complete adjuvant. These
revealed dramatic upregulation of classical adhesion molecules including ICAM-1,
VCAM-1, E and P-selectin and chemokines such as CCL21 and CXCL12 that promote DC
and lymphocyte trafficking, together with transient loss of lymphatic differentiation markers
such as PROX-1 and LYVE-1 consistent with a reversible change to an intermediate vascular
phenotype. Curiously, similar upregulation of ICAM-1, VCAM-1 and E-selectin, together
with an increase in CCL21 and de-localisation of junctional VVE-cadherin may also be
achieved by increasing the rate of transmural flow /n7 vitro, suggesting that in inflamed
tissues, such flow may be a primary stimulus for LEC activation /n vivo[29]. In particular,
the role of ICAM-1 in supporting B2 integrin mediated DC adhesion to inflamed
endothelium has been confirmed both /n vitro and /n vivo, and ICAM-1 blocking mAbs were
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shown to impair DC trafficking from skin to lymph nodes during contact hypersensitivity
reactions by arresting their entry to lymphatic capillaries at the basolateral surface [15].
Similar blockade has also been shown to impair lymphatic uptake of antigen loaded DC after
dermal vaccination with flu nucleoprotein and subsequent T cell priming in downstream
lymph nodes [5,15,30]. Curiously the ICAM-1 integrin adhesive interaction may also
influence DC maturation [31].

Further details of how ICAM-1 and VCAM-1 support integrin-mediated adhesion of DC
have emerged from confocal imaging of the inflamed dermal lymphatic vessels of
oxazolone-hypersensitised mice /in vivo. Here, DCs were seen to adhere and transmigrate
preferentially at endothelia that had upregulated ICAM-1 [32]. Furthermore, ICAM-1 and
VCAM-1 were shown to be concentrated on filopodia-like protrusions that were extended
from the endothelial cells to envelope the transmigrating DCs and engage them via
interaction with B1 and B2 integrins (see Figure 1). Interestingly, these interactions appeared
to precede mostly transcellular rather than paracellular transit through the endothelium.
Clearly the process has close parallels with the transcellular migration of mononuclear cells
across blood vascular endothelium, where leucocytes were observed to engage
transmigratory cups lined with ICAM-1 which translocated to the basolateral surface via
caveolin-1 rich vesicular structures in a mechanism co-ordinated by actin and vimentin
fibres [33—-35]. Whether ICAM-mediated leucocyte transmigration across lymphatic
endothelium can also proceed via a transcellular route /77 vivois not known, but the
possibility exists that individual populations such as macrophages or neutrophils might use
the mechanism.

These findings have led to general acceptance that the trafficking of DC in inflamed as
opposed to resting lymphatics is dependent on integrin-adhesion although the contributions
of individual components may vary according to the nature of the inflammatory stimulus [5].
Why should it be necessary to induce a separate adhesion-dependent pathway when initial
lymphatic capillaries already possess overlapping junctions specifically adapted for transit?
One likely answer is that additional entry sites may be required to accommodate the large
increase in leucocyte trafficking that occurs in response to inflammation. Whether these are
located in proximal lymphatic capillaries or within distal capillaries and pre-collectors where
conventional zipper junctions predominate is still uncertain. In this regard, Baluk and co-
workers have shown that during inflammation-induced lymphangiogenesis provoked by
infection with M. pulmonis, the newly sprouting lymphatic vessels have predominantly
zipper type junctions rather than buttons and flaps, recapitulating the pattern seen during
embryonic development [20,36]. More surprisingly, they also found that pre-existing
lymphatic capillaries with button junctions underwent a transformation to zipper junctions
over a period of 14 days post-infection [36]. The switch from buttons to zippers could also
be reversed by application of dexamethasone, indicating regulation by glucocorticoid
receptors. Hence, integrin-mediated leucocyte transmigration may actually be the default
mode within inflamed tissue.

J Clin Cell Immunol. Author manuscript; available in PMC 2016 October 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Jackson

Page 6

Additional receptors contributing to leucocyte transmigration

The button and zipper junctions of lymphatic capillaries contain a number of receptors that
are characteristic of the tight junctions and adherens junctions of vascular endothelia
including CD31 (PECAM-1), CD99, JAMs, ESAM, claudins and others that are specific to
lymphatic endothelium as listed in Table 1.

Hence it is likely that some of these mediate events during both integrin-independent
leucocyte transmigration at buttons and integrin-dependent transmigration at zipper
junctions-subsequent to engagement with ICAM-1 or VCAM-1. During leucocyte
transmigration of the blood vasculature, CD31 mediates adhesion to the luminal surface of
the endothelium before handover to CD99 in the convoluted lateral border recycling
compartment (LBRC) where they each mediate subsequent diapedesis [37-40]. In lymphatic
endothelium CD31 is at the basolateral surface and lines the flap valves between button
junctions that constitute DC entry sites, while CD99 is mostly on the luminal surface [41].

Interestingly, DC transmigration over TNFa activated HDLEC monolayers or whole skin
explants is significantly impaired after treatment with either CD31 or CD99 blocking mAbs
[41]. The dynamics of CD31 and CD99 in lymphatic endothelium have yet to be
investigated, however it is conceivable that an interplay between these molecules in button
junctions forms a conveyor belt for leucocyte diapedesis. One might even speculate that the
relatively large area of endothelium within the crevice-like flap valves of button junctions
(where most contacts with transmigrating DC occur) is a lymphatic equivalent of the
vascular LBRC.

The tight junctional adhesion molecule, JAM-A, a component of button and zipper junctions
and a constituent of the LBRC has received relatively little attention in terms of its role in
lymphatic transmigration. Expressed also in DC and other leucocyte populations, JAM-A
can engage in homotypic interactions in c/s that stabilize tight junctions and in #rans that
allow modulation of tight junctions for leucocyte transmigration in the blood vasculature
[20]. In the only study to date, Cera et al. used constitutive (LoxP/CAG.Cre) and endothelial
specific (LoxP/Tie-2 Cre) knockout approaches [42]. Surprisingly, they found that
endothelial specific deletion of JAM-A resulted in no significant impairment in DC
trafficking /n vivo and no disruption of lymphatic vessel structure or junctional stability.
However, isolated JAM-A"- DC displayed increased transmigration through JAM-A*/* LEC
monolayers /n vitro and enhanced trafficking to lymph nodes in response to skin contact
hypersensitivity /n vivo when adoptively transferred to wild-type mice [42]. These findings
suggest that JAM-A on DC mediates heterotypic interactions with LEC that regulate
important steps in the transmigratory pathway, although the identity of the endothelial
ligand(s) and their overall significance remain obscure.

A further set of receptors that are induced specifically in cytokine activated LEC has also
been found to play roles in leucocyte transmigration. These include the Ig superfamily
receptor LLCAM, the integrin associated protein CD47 and the lymphocyte co-receptor
molecule 4-1BB each of which is outlined briefly below.
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L1CAM, (CD171) a homotypic adhesion molecule associated with neuronal axon guidance
was shown to mediate transmigration across TNFa activated lymphatic endothelium /n vitro
as well as trafficking to draining lymph nodes in contact hypersensitised mouse skin /n vivo
[43]. The participation of LLCAM in transmigration was apparently specific to inflamed
lymphatic endothelium as the receptor was absent from resting cells and required incubation
with inflammatory cytokine for its induction. Which specific step LLCAM controls during
adhesion and transmigration and its location in relation to buttons and zippers, remains to be
determined.

CDA47, an integral membrane Ig superfamily protein, has been reported to regulate retention
of Langerhans cells in the epidermis viaits ligand SIRPa and to mediate T cell
transendothelial migration under flow [44,45]. Although expressed on both leucocytes and
endothelia, genetic deletion of the receptor in DC as opposed to lymphatics impaired DC
transmigration and subsequent trafficking to lymph nodes in FITC sensitized skin
inflammation. The identities of the CD47 ligands in lymphatic endothelium however remain
unknown.

Lastly 4-1BB, a TNF superfamily receptor normally associated with haematopoietic cells
and a co-receptor for T lymphocyte activation was reported to play an indirect role in
promoting leucocyte transmigration. Inducibly expressed in LEC treated with TNFa., IL-1 or
LPS J/n vitro and inflamed skin lymphatics /7 vivo, 4-1BB was shown to potentiate DC
transmigration by eliciting expression of VCAM-1 and E-selectin, and secretion of CCL21
when ligated with the agonist mAb 6B4 [46]. It may be that repeated interactions between
4-1BB and its natural ligands in migrating DC condition lymphatic vessels for increased cell
transit in inflammation.

Finally, a subset of constitutively expressed scavenger receptors that includes the mannose
receptor (CD206) [47,48] and the Combined Lymphatic Endothelial and Vascular
Endothelial receptor CLEVER-1 [49] has been reported to play roles in lymphatic
trafficking. The mannose receptor (MR) which is largely expressed in macrophages and
absent from blood vascular endothelium contains an N-terminal carbohydrate recognition
domain that binds sulphated glycans including sialyl Lewis X and mediates uptake and
clearance of immunoglobulins, hormones and certain pathogens. In the lymphatics, MR is
expressed both in peripheral vessels and lymph node sinuses, and is reported to mediate
lymphocyte and tumour cell adhesion to lymphatic endothelium through interaction with L-
selectin as shown by /n vitrobinding and /n vivo lymph node trafficking studies [50].
Likewise CLEVER-1, a multidomain scavenger receptor expressed in peripheral lymphatics
in addition to lymph node HEV and type 2 macrophages was shown to support adherence of
lymphocytes, monocytes and granulocytes and its blockade by antibody impaired
lymphocyte migration to draining lymph nodes during antigen-driven lymph node
hypertrophy [51]. As yet the ligands for CLEVER-1 on leucocytes that mediate trafficking in
lymphatics are not known. It is tempting to speculate that CLEVER-1 and perhaps MR in
lymphatic endothelium, through their association with scavenging activity mediate the
clearance of phagocytes or cell debris from peripheral tissues via afferent lymph.
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In summary, a relatively large number of adhesion or adhesion related molecules appear to
play roles in leucocyte transit that are accessory to the key integrin counter receptors
IICAM-1 and VCAM-1 which mediate DC firm adhesion durjng inflammation. Indeed
individual blockade of these molecules by antibody administration or genetic deletion can
impair transmigration to a significant extent, often as much as 70%. Hence there is either
some redundancy or each receptor may control sequential steps in the transit process. One
needs to exercise caution in interpreting whether these receptors contribute to the
transmigration process itself or to subsequent trafficking events as the data are still in many
cases incomplete and much further characterisation will be needed to determine A) the
precise location of each component in relation to button and zipper junctions, B) their
involvement in homeostatic and/or inflammatory trafficking and ultimately C) their
mechanisms of action.

Orchestration of DC entry and trafficking by chemotaxis and haptotaxis

In addition to the adhesion machinery described in the preceding sections, leucocytes require
orchestration from chemokines and other chemoattractant molecules not only to migrate
through the interstitial spaces towards lymphatic vessels, but to guide them towards gaps in
the basal lamina to trigger their arrest beneath the endothelium and to direct their polarity for
diapedesis. Lymphatic endothelial cells themselves provide many of these cues through their
synthesis of a wide range of different chemokines (reviewed in [52]) including the
immature/mature DC, monocyte and T cell attractants CCL2 (MCP-1), CCL5 (RANTES),
CCL20 (MIP 1a) and CCL21 (secondary lymphoid chemokine), and the neutrophil
attractants CXCL1 (Groa)), CXCL2 (Grop), CXCL5 (ENA-78) and CXCLS (IL-8), all of
which are upregulated upon stimulation with inflammatory cytokines [5,15]. Hence in terms
of chemotaxis, lymphatic vessels display a pleiotropic response to inflammation and can in
principle attract the recruitment of almost any tissue migrating leucocyte subpopulation.

Of these many chemokines, the most widely studied is CCL21, which is expressed primarily
in lymphatic endothelium, and its G protein coupled receptor CCR7 expressed by DC and
certain other migratory leucocytes. Indeed CCR7 and its ligands has also been reported to
direct the trafficking of effector memory T cells from skin and lung via afferent lymphatics
[10,11] and just recently, the lymphatic trafficking of subpopulations of neutrophils in skin
[7]. Mice lacking CCR7 had delayed T cell immune responses and abnormal skin contact
hypersensitivity responses in which Langerhans cells fail to exit the skin through afferent
lymphatic vessels and migrate to draining lymph nodes [53,54]. Similarly, exerting blockade
of CCL21 by administering neutralizing mAbs impaired DC trafficking in skin lymphatics
[55]. Mice unlike humans express two different isoforms of the chemokine, CCL21ser and
CCL21leu that differ by a single residue, are encoded by separate genes and localize
exclusively to lymph node sinuses or peripheral lymphatics respectively [56-58]. Notably,
pltmice, which carry a deletion of CCL21 leu, have a paucity of lymph node T cells and
impaired immune responsiveness, consistent with a requirement for lymphatic endothelial
derived CCL21 for entry and trafficking of antigen loaded DC.

Normally stored within intracellular vesicles and secreted at low levels by resting LEC,
CCL21 is transcriptionally upregulated by inflammatory cytokines such as TNFa. After

J Clin Cell Immunol. Author manuscript; available in PMC 2016 October 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Jackson

Page 9

secretion, CCL21 induces both chemotaxis of DC towards lymphatic capillaries and
ICAM-1 dependent adhesion to the endothelium v7a conformational activation of p2
integrins on the DC [59]. In common with other chemokines, CCL21 has a heparin-binding
tract and is sequestered by heparan sulphate proteoglycans and collagen in the extracellular
matrix (see below). Indeed this property appears to be critical in facilitating translymphatic
migration as well as permitting microscopic imaging of secreted CCL21 in and around
initial lymphatic capillaries in tissues.

Intravital imaging of resting and inflamed skin in the mouse footpad revealed the presence
of discrete puncta of secreted CCL21 on the basolateral surface of initial lymphatics, close
to the flap-like openings at button junctions, where it is tethered by collagen IV within the
loose subendothelial matrix [60]. Curiously, migrating DC were observed to extend filopodia
towards these puncta after which they docked to the underlying lymphatic endothelium and
transmigrated. In contrast, CCR7 deficient DC migrated past the CCL21 puncta and failed to
dock [60]. These findings suggest that CCL21 prompts the arrest and adhesion of DC at
lymphatic vessels rather than exerting fluid phase chemotaxis, transiently docking the
migrating cells next to perforations in the loose basal lamina from which they can initiate
transendothelial migration.

A separate study using intravital microscopy to image DC trafficking in the more superficial
layers of unstimulated mouse ear skin explants, revealed CCL21 to be distributed in the
perilymphatic interstitium along a steep gradient that decayed with distance from the
lymphatic capillary wall [61]. Furthermore, migratory DC in the skin explants were
observed to change from random to directional movement at a point some 90 um from the
vessel wall, the maximal effective distance that the gradient was estimated to extend from
the vessel perimeter. Importantly, the CCL21 gradient was not disrupted by washing the
explants or by short-term exposure to brefeldin A, an inhibitor of membrane re-cycling, but
was flattened by adding exogenous CCL21 or by enzymatic digestion with heparitinase. The
discrepancies in these two studies seem to indicate subtle differences in the distribution of
CCL21 in the upper and lower dermal layers due to immaobilization on different matrix
components [60,61]. However both studies imply a haptotactic rather than chemotactic
function in which CCL21 signals adhesion close to the basolateral surface of lymphatic
capillaries and subsequent transendothelial migration, presumably by activating B2 integrins
in DC through CCR7 engagement and inside out signaling. How these features can be
reconciled with a model of DC migration that relies purely on amoeboid movement is
unclear [25]. Indeed, conformational activation of 2 integrins by CCL21 has been shown to
promote adhesion and transmigration across human LEC monolayers 7 vitro [59,62].
Furthermore, depots of CCL21 have been observed next to the ICAM-1 microvilli that
envelop transmigrating DCs in inflamed lymphatics, (as described above) and development
of these protrusions is blocked by CCL21 neutralising mAbs [32].

Besides CCL21, the chemokine and survival-inducing factor CXCL12 (SDF-1) has also
been shown to direct trafficking of DC in lymphatic vessels. Expressed at low levels in
resting LEC and normal skin and upregulated in inflamed skin lymphatics, CXCL12 is a
potent chemoattractant for monocyte-derived DCs and stimulates basolateral-to-luminal
transmigration across hDLEC monolayers /n vitro [63,64]. Furthermore, its receptor CXCR4
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is highly expressed in cutaneous MHC class 11" DC and a synthetic CXCR4 antagonist (4-F-
benzoyl-TN14003) was reported to impair migration of dermal DC and Langerhans cells to
skin draining nodes during the sensitization phase of contact hypersensitivity in mice [63].
In contrast, CXCL12 does not appear to control the exit of T cells to afferent lymphatic
vessels in inflamed skin, despite expressing CXCR4 and retaining chemokine
responsiveness [65]. Hence CXCL12 may be rather specific for DC. Given some of the
similarities with CCL21, and the fact that CXCL12 also binds heparan sulphate v/a a tract of
basic residues at the c-terminus, it is tempting to speculate that the two molecules regulate
similar steps in DC transmigration through haptotactic guidance.

Recently a third chemokine CX3CL1 (fractalkine) and its sole receptor CX3CR1 have also
been reported to direct leucocyte trafficking in lymphatics. Unusually, CX3CL1 shares the
dual properties of an adhesion molecule and a conventional chemoattractant, in both cases
through interaction with its receptor expressed in cells of the CD14+ monocyte/
macrophage/DC lineage and subsets of tissue resident DCs and epidermal Langerhans cells
[66—69]. Synthesized as a type | integral membrane protein with an extracellular domain
containing a novel C-X-X-X-C chemokine motif and a mucin-like stalk, the full-length
molecule induces tight integrin-independent adhesion of leucocytes to blood vascular
endothelium [66,70-72]. The soluble chemokine form is generated by cleavage of
membrane-anchored CX3CL1 with the disintegrin and metalloproteinases ADAM10 and
ADAML17 and promotes conventional integrin-mediated chemotaxis [73,74]. Significantly,
lymphatic endothelial cells were shown to express CX3CL1 only after activation with
inflammatory cytokines and it is the soluble chemokine rather than the membrane-bound
form that predominates [75]. Notably, CX3CL1 was also found to mediate transmigration of
DC across LEC monolayers, and disruption of CX3CR1 in these cells results in impaired
entry to lymphatics and delayed trafficking to draining lymph nodes. However CX3CL1
appears to have a more subtle effect on migration and unlike CCR77- DC, CX3CR1”- DC do
not accumulate at the basolateral surface of lymphatic capillaries during skin contact
hypersensitivity responses in mice. The polarity of CX3CL1 secretion by HDLEC is similar
to that of CCL21 and the majority is released from the basolateral surface of the
endothelium /n vitro [75]. However, CX3CL1 does not bind heparin sulphate and so cannot
establish similar haptotactic gradients near lymphatic capillaries. It may therefore assist in
directing DC migration close to the basolateral surface of the vessel, perhaps guiding cells
towards ICAM-1 rich microvillar projections in inflamed tissues.

Interestingly, the activity of CCL21, CXCL12 and several other C-C chemokines in directing
leucocyte entry is also regulated by a group of recently discovered atypical chemokine
receptors that includes ACKR1 (Duffy antigen), ACKR2, formerly known as D6, ACKR3
(CXCR7) and ACKR4 (CCRL1). These non-signalling receptors endocytose their
chemokine ligands and thus regulate their levels in the extracellular milieu. In the case of
ACKR2, which binds as many as eighteen different CC chemokines, the receptor prevents
their accumulation in lymphatic endothelium during inflammation that would otherwise
cause inappropriate logjamming of recruited leucocytes at the vessel surface [76—78]. In
contrast, CXCR7, which binds CXCL12 and CCRL1, which binds CCL21 are thought to
control cell migration by shaping chemotactic gradients of these chemokines near lymphatic
vessels and between the floor and ceiling of lymph node subcapsular sinuses [79,80].
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Undoubtedly, further investigation into these novel receptors will reveal additional subtleties
in the way that leucocyte chemotaxis is regulated by lymphatic endothelia.

Besides conventional chemokines, a number of other chemotactic agents can also direct
leucocyte trafficking via lymph. For example the semaphorins, a group of membrane bound
and secreted chemorepellants that direct axonal guidance via their receptors, the plexins and
neuropilins were reported to play a critical role during transmigration by regulating the
contraction and squeezing of DC that allows their migration through the lymphatic
endothelium to the vessel lumen. In particular, the soluble semaphorin Sema 3A was shown
to be secreted by LEC and to bind neuropilin 1 at the posterior surface of transmigrating DC,
delivering a signal v/ia RhoA and its downstream effector kinase ROCK for actomyosin
contraction and amoeboid movement as opposed to adhesion [81]. Hence semaphorins
appear to mediate diapedesis and are likely to participate in this important event under both
resting (integrin-independent) and inflammatory (integrin-dependent) conditions.

Finally, the lipid mediator sphingosine 1 phosphate and its receptor S1P1 that regulate
lymphocyte egress in the lymph node medulla have been shown also to control leucocyte
transit across lymphatic vessels in the tissues. Dermal lymphatic vessel endothelial cells
were reported to release sphingosine 1 phosphate in response to inflammatory stimuli, and
its interaction with T cells led to their arrest via 2 integrin mediated adhesion in the
underlying parenchyma [82].

Migration within lymphatic vessels-Intraluminal crawling

Having reached the vessel lumen, transmigrated DCs maintain contact with the endothelium
and have been observed to crawl along its inner surface. Curiously, this crawling appeared to
lack directionality, with some DCs migrating in the opposite direction to lymph flow rather
than advancing downstream towards collectors [60]. However, a large component of this
random behaviour may be due to the reduction in lymph flow induced by the ketamine/
xylazine anaesthesia used during the intravital imaging experiments, Indeed, more
directional migration appeared to predominate when mice were anaesthetized with
isoflurane, which had a lesser effect on lymphatic contraction [60].

Further details of DC crawling along the luminal surface of lymphatic endothelium have
emerged from studies in which events were closely monitored in the skin of mice by
intravital microscopy. Specifically, Nitschke et al [83] found that inhibition of the Rho-
associated protein kinase ROCK that controls cell motility and triggers release from p2
integrin mediated adhesion had little effect on DC crawling under conditions of normal
homeostasis, but massively disrupted the process under conditions of inflammation.
Consistent with earlier published findings that the integrin ligand ICAM-1 is upregulated in
inflamed lymphatic endothelium, where it allows initial adhesion of DC to the basolateral
floor and subsequent transmigration [15], these findings suggest that integrin:ICAM
interactions may also be essential for adhesion and crawling within the vessel lumen (see
Figure 1).

Given that chemokines orchestrate DC migration towards lymphatic vessels and their initial
entry during diapedesis, they may well also influence migration within the vessel lumen.
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Besides CCL21 and CX3CL1, most of the chemokines synthesized by lymphatic endothelial
cells including CCL2, CCL5, CCL20, CXCLS8 are secreted luminally rather than
basolaterally [15,17,59]. Sequestration on the luminal surface of initial lymphatics could
potentially establish haptotactic gradients to orchestrate migration of DC or other leucocyte
populations towards downstream collectors where the higher rate of flow is sufficient to
convey them to draining nodes by passive drift [60]. One likely candidate for mediating
sequestration is the 43 kDa sialomucin podoplanin, a classical lymphatic marker that is
expressed primarily on the luminal surface of the endothelium [84]. Indeed podoplanin has
been reported to bind CCL21 (Kd 70 nM) and other CC chemokines, presumably vizits O-
linked glycan chains and hence could function as a low-affinity binding partner.
Alternatively chenokines could be sequestered via heparin sulphate proteoglycans [85-87].
Consistent with this notion, a recent report demonstrated that CCL21-dependent DC
adhesion to the luminal surface of primary LEC under flow was reduced after disruption of
heparan sulphate biosynthesis by knockdown of the enzymes N-deacetylase
sulphotransferase (NDST) or xylose transferase 2 (XylT2), or following treatment with
heparitinase [85]. As yet the identities of such HSPGs are unknown.

Hyaluronan and lymphatic trafficking—the role of LYVE-1

One of the most abundant surface proteins in lymphatic endothelium LYVE-1, the lymphatic
vessel hyaluronan receptor has long been implicated in regulating leucocyte trafficking. A
member of the Link superfamily, the LYVE-1 polypeptide incorporates an extended
consensus binding module for the large polymeric matrix glycosaminoglycan hyaluronan
(GIcNAc-GIcUA), at the N-terminus of an approximately 130 residue mucin-like stalk
[88,89]. The selective expression of LYVE-1 in discontinuous “loose” endothelia including
liver and spleen sinusoids coupled with its segregation within those regions of the vessel
network - the initial capillaries and lymph node sinuses where leucocytes enter and exit,
attest to a function in regulating leucocyte transit. Moreover, the particular location of
LYVE-1 at known leucocyte entry points between button junctions implies intimate contact
with transiting cells [20]. Added to this, LYVE-1 is a close homologue of the leucocyte
hyaluronan receptor CD44 that mediates recruitment of lymphocyte, monocyte and
neutrophils to inflamed tissues through adhesion to HA synthesized by activated vascular
endothelial cells [90,91]. Our initial hypothesis was that sequestration of HA by LYVE-1
would promote adherence of migrating leucocytes bearing the major haemopoietic HA
receptor CD44 and subsequent transmigration. Although formation of this tripartite complex
was validated using recombinant soluble receptor preparations in plate binding assays [88],
there was little evidence of any HA binding when primary lymphatic endothelial cells
expressing native LYVE-1 were investigated [92]. One explanation for this apparent paradox
is that lymphatic endothelial cells decorate the stalk region of LYVE-1 with sialylated O-
glycans that mask HA binding in the endogenous receptor [92,93]. Although we originally
predicted that LYVE-1 might become re-activated by an endogenous neuraminidase activity
in vivo, it is more likely that sialylation is a constitutive modification that serves to tune the
receptor for selective HA binding rather than its silencing. Accordingly we found that the
sialylated receptor can indeed bind HA after appropriate ordering on the surface of native
LEC or engagement with HA organised in appropriate supramolecular complexes
(Lawrance, Banerji and Jackson unpublished). The basis for these properties is that the
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binding affinity of the large HA polymer for an individual LYVE-1 molecule is relatively
weak (100 uM), so simultaneous interactions with many neighbouring receptors are required
to achieve stable binding through receptor avidity. We predict the true physiological function
of LYVE-1 is to bind HA synthesised and presented on the plasma membrane of migrating
DC [94-96]. Indeed the fact that LYVE-1 can be internalized or shed from lymphatic
endothelium after activation would allow for subsequent detachment during transit [97]. It is
also worth noting that the formation of a tripartite LYVE-1:HA:CD44 adhesion complex
could extend the distance between the plasma membranes of DCs and LECs by 100-200 nm
at the site of contact, based on the likely dimensions of HA and its receptors (see e.g. ref.
[98]). In inflamed tissues this would have consequences for the generation of firm adhesion
between more compact molecules such as B2 integrins and ICAM-1. Such considerations
will have to be factored into future models of LYVE-1 mediated leucocyte adhesion and
transendothelial migration.

Surprisingly, LYVE-1 gene deletion yielded no obvious defects in lymphatic vessel
development or drainage function and no overt defects in trafficking of DC when this was
tested under conditions close to normal homeostasis [99,100]. However, measurement of DC
trafficking under inflammatory conditions in our laboratory is beginning to reveal
differences between LYVE-1"- and wild-type mice, and mice treated with LYVE-1 function
blocking mAbs consistent with a role for the receptor in regulating lymphatic trafficking
(Johnson and Jackson unpublished).

Intriguingly the carbohydrate chains of LYVE-1 have also been reported to bind certain
growth factors. In their original studies, Huang and co-workers described interactions with
PDGF-BB, VEGF-A and IGFBP3 separate from the HA binding site in LYVE-1, via
conserved basic heparin-binding tracts present within the mitogens [101,102]. In addition,
they presented evidence for an interaction between LYVE-1 and the tyrosine kinase-linked
growth factor receptor PDFGR, inferring a role for LYVE-1 as a low affinity co-receptor
analogous to heparin sulphate proteoglycans and FGFRs/VEGFRs. Some of these findings
were confirmed recently by Platonova et al. who showed the binding interaction involved
LYVE-1 N-linked sugars, based on sensitivity to N-glycanase cleavage, and furthermore that
ligation with these growth factors promoted LEC proliferation /n vitroand
lymphangiogenesis /n vivo (corneal vascularization assay) [103]. The significance for
leucocyte transmigration is that the growth factors also induced VE-cadherin
phosphorylation and redistribution at endothelial junctions, culminating in elevated
junctional permeability [104]. Importantly, experiments in our laboratory indicate that direct
ligation of LYVE-1 with its main ligand hyaluronan or with cognate LYVE-1 mAbs also
leads to intracellular signaling and modulation of VE-cadherin. Given that VE-cadherin
underpins the button junctions either side of the LYVE-1 lined flap valves in initial
capillaries, it is easy to imagine how such effects could facilitate the transit of DC by
loosening restraints at the entry site. Of course, these hypotheses will need to be tested and
further experimentation will be required before such a mechanism can be confirmed.
Whether these events also mediate leucocyte transit under conditions of inflammation at
zipper junctions will clearly need to be investigated.
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Conclusions

It has become increasingly clear that the entry of leucocytes to initial lymphatic capillaries is
an intricate multistep process that involves integrin-dependent and integrin-independent
mechanisms, contingent on steady-state or inflammatory conditions. Nevertheless our
understanding of the process is still rudimentary, and a number of questions remain to be
answered. For example in inflammation, it is not clear whether integrin-mediated
mechanisms permit leucocyte transmigration in more distal vessels including valved pre-
collectors in deeper tissues, or whether the process is confined to proximal blind-ended
capillaries in the superficial layers; do ICAM-1 lined filopodia form in the vicinity of button
junctions or only in the continuous zippered junctions ? Even though transit at button
junctions may be independent of ICAM-1 and VCAM-1 adhesion, it is likely that adhesion
to other molecules such as CD31, CD99 and LYVE-1 plays a role in the process. In fact we
know relatively little about how the many *“accessory” molecules outlined in this review
contribute to the discrete transmigratory machineries that mediate steady state and
inflammatory trafficking. There is also uncertainty as to whether DC or other leucocytes can
exit as well as enter lymphatic vessels and whether they receive signals for differentiation or
immune function from the endothelium during transit.

With regard to intraluminal crawling, do the many chemokines secreted from the luminal
surface of lymphatic endothelium serve to guide the process through haptotaxis or do they
act downstream to condition draining lymph nodes for leucocyte recruitment?

Resolution of these issues and elucidation of the detailed choreography of cell-cell
interactions during lymphatic trafficking will be greatly aided by the ready availability of
lymphatic reporter mice (eg Prox tom) and transgenic lines (eg CD11c YFP) that allow
visualization of events in live mice, or in tissue explants by 2 photon microscopy. No doubt
we can look forward to many new insights within the next ten years.
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Figure 1.
Stages in the transit of dendritic cells from tissue to lymph. The three main steps during

transit are represented as shown as |. migration through the loose perforated basal lamina
membrane (BM) surrounding initial lymphatic vessels (LV), a process that is thought to
involve migration along haptotactic gradients of CCL21 and other chemokines Il. Basal to
luminal transmigration, a process that is reported to involve integrin-independent migration
for steady state vessels and integr-independent adhesion/migration via ICAM-1 and
VCAM-1 in the case of inflamed vessels. I11. Intraluminal crawling, a process that directs
DC migration in low flow regions of the initial capillaries before they reach the downstream
valved collectors, where flow increases by two orders of magnitude.

J Clin Cell Immunol. Author manuscript; available in PMC 2016 October 26.




syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Jackson

Page 22

Table 1

Major adhesion molecules on lymphatic endothelial cells associated with leucocyte transmigration.

ICAM-1 Endothelial cell Receptor for B2 integrins

VCAM-1 Endothelial cell Receptor for p1 integrins

E-selectin Endothelial cell lectin-like cell adhesion molecule

L1CAM Integral membrane protein. Homotypic adhesion receptor

CD47 Integrin-associated protein, binds thrombospondin-1 and signal-regulatory protein alpha (SIRPa)

MMR Macrophage mannose receptor. Binds and internalizes glycoproteins with sugar chains containing mannose residues

CLEVER-VUFEL-1

Rapidly recycling scavenger receptor for LDL, bacteria, advanced glycation end-products etc.

Activated leucocyte cell adhesion molecule. Ig superfamily receptor, mediates homotypic interactions and binds

ALCAM scavenger receptor CD6 on lymphocytes, LICAM and galectin-8
JAM-1 Endothelial tight junction adhesion receptor. Engages in homotypic and heterotypic interactions
Neuropilin-1 Endothelial cell receptor for Semaphorin 3A

CD31 (PECAM-1)

Endothelial cell homotypic adhesion receptor.

CD99

Endothelial cell homotypic adhesion receptor.

Podoplanin

Lymphatic endothelial cell sialomucin. Binds CLEC-2 on leucocytes and mediates blood lymphatic separation during
development. Binds chemokines v7a O-glycans

LYVE-1

Lymphatic endothelial cell hyaluronan receptor, also binds certain growth factors via N-glycans
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