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Abstract

Afferent lymphatic vessels fulfill essential immune functions by transporting leukocytes and lymph-borne an-
tigen to draining lymph nodes (dLNs). An important cell type migrating through lymphatic vessels are dendritic
cells (DCs). DCs reside in peripheral tissues like the skin, where they take up antigen and transport it via the
lymphatic vascular network to dLNs for subsequent presentation to T cells. As such, DCs play a key role in the
induction of adaptive immune responses during infection and vaccination, but also for the maintenance of
tolerance. Although the migratory pattern of DCs has been known for long time, interactions between DCs and
lymphatic vessels are only now starting to be unraveled at the cellular level. In particular, new tools for
visualizing lymphatic vessels in combination with time-lapse microscopy have recently generated valuable
insights into the process of DC migration to dLNs. In this review we summarize and discuss current approaches
for visualizing DCs and lymphatic vessels in tissues for imaging applications. Furthermore, we review the
current state of knowledge about DC migration towards, into and within lymphatic vessels, particularly fo-

cusing on the cellular interactions that take place between DCs and the lymphatic endothelium.

Introduction

N CONTRAST TO leukocyte extravasation from blood vessels,

leukocyte migration into afferent lymphatic vessels has
been much less well characterized. Afferent lymphatic vessels
begin as blind-ended capillaries, which merge into larger
collecting vessels and connect with dLNs (Fig. 1A). The
functional units of collecting lymphatic vessels are the lym-
phangions, which span between valves and spontaneously
contract to propagate lymph and lymph-borne cells."* At the
cellular and molecular level, important differences exist be-
tween lymphatic capillaries and collectors: The fluid absorb-
ing lymphatic capillaries are surrounded by a thin, perforated
basement membrane but are devoid of smooth muscle cell
(SMC) coverage. By contrast, collecting lymphatic vessels are
less permeable and are surrounded by a continuous basement
membrane and a SMC layer (Fig. 1A).>® A further important
distinction between these two vessels segments occurs at the
level of the cell-cell junctions: Similar to blood vascular en-
dothelial cells (BECs) in blood vessels, lymphatic endothelial
cells (LECs) in lymphatic collectors are surrounded by a
continuous “zipper-like” lining of junctional adhesion mole-
cules (e.g. CD31, VE—cadherin).4 By contrast, LECs of lym-
phatic capillaries are oakleaf-shaped and are joined by
discontinuous cell junctions with “button”-like accumulations
of cell adhesion molecules (Figs 1B and 1C).* At the sites of

such “buttons”, LECs partially overlap and generate loose
flaps, through which tissue fluid and leukocytes are thought
to enter into lymphatic vessels (F 1C).** Early knowledge
about leukocytes migrating through afferent lymphatics has
come from lymph canulation studies performed more than 20
years ago in large animals like sheep.®” Such experiments
have revealed that afferent lymph contains approximately
90% of lymphocytes, in particular CD4" effector/memory
cells, and 1-10% of dendritic cells (DCs).%”

Similar to lymphatic vessels, DCs are present in most pe-
ripheral tissues and are particularly abundant at interfaces
between the body and the environment, such as in the skin or
in mucosal tissues. DCs function as important immune sen-
tinels and are capable of bridging between the innate and the
adaptive immune system.>’ As their name implies, DCs
possess long dendritic processes' that constantly sample
their environment for pathogens. Moreover, they express
many pattern recognition receptors that enable them to rec-
ognize and respond to pathogens or signs of tissue damage.
These stimuli, particularly pathogen-derived molecules, in-
duce a maturation process during which DCs reduce their
endocytic activity and upregulate genes involved in antigen
presentation and T cell activation, such as major histocom-
patibility complex (MHC) molecules, co-stimulatory mole-
cules and cy’cokines.9'11 Furthermore, maturation induces
changes in the migratory behavior of DCs: Specifically, DCs
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FIG. 1. Dendritic cell (DC) migration into afferent lymphatic vessels (LVs). (A) In tissues like the skin LVs begin as blind-ended
capillaries, which merge into collecting vessels and connect with dLNs. DC migration into afferent LVs primarily occurs at the level of
CCL21-expressing lymphatic capillaries. In contrast to lymphatic collectors, lymphatic capillaries have a highly fenestrated basement
membrane and are not surrounded by smooth muscle cells (SMCs). (B) While lymphatic endothelial cells (LECs) in lymphatic
collectors are tightly connected by continuous, “zipper-like” cell junctions (solid black lines), lymphatic capillaries display a discon-
tinuous, “button-like” expression of junctional adhesion molecules (dotted black lines). (C) In lymphatic capillaries, adjacent oakleaf-
shaped LECs partially overlap, thereby creating open flaps. DCs are thought to transmigrate the lymphatic endothelium by migrating
through the flaps (black lines). Red lines represent tight and adherens junctions present between neighboring LECs. (D) The che-
mokine CCL21 is constitutively expressed by lymphatic vessels and attracts CCR7-expressing DCs. The expression of LYVE-1 (green)
and CCL21 (red) was analyzed in tissue whole mounts prepared from murine ear skin. Stainings were performed under PFA-fixed

and permeabilizing conditions, as described.*® CCL21 is mainly present in intracellular deposits in LECs. Scale bar: 200 um.

down-regulate the expression of inflammatory chemokine
receptors but upregulate the CC-chemokine receptor 7
(CCR?)."*!* The latter receptor is responsible for their mi-
gration towards lymphatic vessels, which constitutively ex-
press the chemokine CCL21 (Fig. 1D)."* Upon arrival in dLNs
CCRY7 coordinates the entry of DCs into the T cell area,” 1518
where CCL21 is expressed by fibroblastic reticular cells
(FRCs)."” Once within the T cell area, DCs can present antigen
to T cells and induce antigen-specific T cell responses.” ">
Thus, DCs are essential for inducing an adaptive immune
response in the context of infections as well as during vac-
cination. Moreover, DCs play an important role in the main-
tenance and induction of peripheral immune tolerance to
auto-antigens.”® Given their importance in the immune sys-
tem, considerable interest exists in modulating DC function

and migration, for example in the context of cancer immuno-
therapy or vaccine design.”"** DCs present in different organs
are not a homogenous population but comprise functionally
related cells that can be grouped into multiple subsets.”> > In
mice a common feature of all DCs is their expression CD45,
CD11c and constitutive expression of MHC I1.%* However, this
definition is very broad and in certain tissues may lead to the
false inclusion of other leukocytes, particularly from the mac-
rophage lineage.>*° In the skin, the tissue where DC migration
into lymphatic vessels has been best studied, one commonly
distinguishes between Langerhans cells (LCs) in the epidermis,
and dermal DCs, which can be further subdivided into differ-
ent subsets, based on their expression of markers like CD11b,
langerin and CD103.>* Both L.Cs and dermal DCs migrate to
dLNs in response to pathogen encounter or in response to an
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inflammatory stimulus, such as during contact sensitization.
Interestingly, the kinetics of DC and LC migration greatly dif-
fer. Experiments in mice have shown that in response to contact
sensitization the arrival of dermal DCs in dLNs peaked 1 day
after skin sensitization, whereas most LCs only arrived in the
LN several days later.””*® The functional differences between
LCs and the individual dermal DC subsets are only now
starting to be unraveled ***

Since many new insights into DC migration to dLNs stem
from fluorescent time-lapse-microscopy experiments, the
transgenic mouse models and other strategies used for visual-
izing DCs and lymphatic vessels in tissues for imaging appli-
cations will be briefly introduced. In the subsequent sections,
we will then describe and discuss what is currently known
about the process and the cellular interactions occurring during
DC migration towards, into and within lymphatic vessels.

Investigating Interactions between Dendritic Cells
and Lymphatic Vessels by Time-Lapse Microscopy

Over the last 10 years advances made in two-photon or
confocal microscopy-based imaging have greatly expanded
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our knowledge about the dynamics of the immune response,
and several excellent reviews on this topic exist.”” > Recently,
also the process of DC migration into or within lymphatic
vessels has started to be further investigated at the cellular
level by real-time imaging.>**” Such studies have either
been performed in dermal explants or in the skin of anesthe-
tized mice. Both setups greatly depend on tools to simulta-
neously visualize lymphatic vessels and DCs in the tissue (Fig.
2A). Current approaches involve imaging endogenously
fluorescent DCs in transgenic reporter mice or imaging
in vitro-generated fluorescent DCs that are injected into the
tissue. Similarly, lymphatic vessels can be visualized by direct
labeling with injected fluorescent antibodies or by performing
imaging in gene-targeted mice expressing a fluorescent pro-
tein in lymphatic vessels (Fig. 2A). In the following, these
different approaches will be further described:

Visualization of dendritic cells

The most widely used tool for visualizing DCs during in-
travital microscopy (IVM) have been mice expressing yellow
fluorescent protein (YFP) under the control of the CD1lc
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FIG. 2. Visualizing lymphatic vessels (LVs) and dendritic cells (DCs) for time-lapse microscopy experiments. (A) Time-lapse
microscopy experiments depend on tools that allow simultaneously visualizing DCs and lymphatic vessels (LVs), labeled in
two different colors. The panel summarizes the different approaches that have been undertaken to visualize DCs and
lymphatic endothelial cells (LECs) in tissues. These involve the use of gene-targeted reporter mice expressing a fluorescent
protein in LECs or DCs, labeling LVs or the surrounding basement membrane with fluorescent antibodies in situ, or working
with vitro-generated fluorescent DCs. The references indicate studies, in which these strategies have been applied. (B)
Visualizing LVs and DCs in VE-cadherin-Cre x RFP mice.?” These mice express RFP in both blood and lymphatic vessels, as
well as in a low percentage of leukocytes.” Left image: Confocal image taken from an TVM experiment performed in the ear
skin of a VE-cadherin-Cre x RFP mouse: LVs can be distinguished from blood vessels (BV) based on morphological differ-
ences: Lymphatic capillaries are much larger than capillary blood vessels and often contain characteristic blind ends. Also
some epidermal Langerhans cells (LC) are visible. Scale bar: 100 um. Middle and right image: Two different approaches were
followed to incorporate fluorescent DCs into the skin of VE-cadherin-Cre x RFP mice. Middle image: LPS-matured BM-derived
YFP" DCs mice were injected into the ear skin. The panel shows a high-magnification confocal image with z-axis projections,
confirming the intralymphatic location of a selected DC. Scale bar: 50 um. Right image: Alternatively, BM chimeras were
generated by reconstituting irradiated VE-cadherin-Cre x RFP mice with BM from CD11c-YFP mice. The panel shows a
confocal image taken from an IVM experiment performed in the ear skin. Scale bar: 100 um.
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promoter (CD11c-YFP mice).* In fact, CD11c-YFP mice have
been used in several IVM studies investigating interstitial DC
migration or DC interactions with dermal lymphatic ves-
sels.**353739 Also other transgenic mouse strains, e.g. mice
expressing Cre recombinase or a fluorescent protein under the
control of the CD11¢,** CX3CR1*"*? or langerin”’43 promot-
ers, have been successfully used to visualize DCs in IVM. The
advantage of a genetic approach is that it allows to study
endogenous DCs in the unperturbed tissue environment.
However, given the existence of numerous DC subsets, 22 it
needs to be considered that not all DCs in a transgenic re-
porter mouse might express high levels of the fluorescent
protein. Furthermore, in some tissues or mouse models,
fluorescent protein expression might not be restricted to DCs
but include cells from other lineages.”>?® A further compli-
cation might be the insufficient mobilization of endogenous
fluorescent DCs into lymphatic vessels: In uninflamed skin
only few DCs are typically found within lymphatic vessels.
Although the number of DCs migrating into or within lym-
phatics can be increased by injection of a maturation-inducing
stimulus like lipopolysaccharides (LPS),*” intralymphatic cell
numbers per field of view typically remain low, what will
complicate quantitative analysis. As an alternative to imaging
endogenous DCs, time-lapse microscopy has also been per-
formed using in vitro-generated, bone-marrow (BM)-derived
DCs that are added to the tissue®*>>° or injected into the tis-
sue®™* prior to imaging (Fig. 2A). In this case, DCs are either
labeled with a fluorescent dye in vitro or are generated from
transgenic BM (e.g. BM from CD11c-YFP mice). Since BM-
derived DCs differ from endogenous tissue-resident DCs and
need to be introduced into the tissue, this approach is less
physiologic. However, a clear advantage of this method is
that it allows working with in vitro-matured CCR7™ DCs,
what will increase the likelihood of capturing numerous DCs
migrating into or within lymphatic vessels during IVM.

Visualization of lymphatic vessels

Various gene-targeted mice expressing a Cre-recombinase
or a fluorophore under an LEC-specific promoter have
recently been genera’ted,“_48 and some have already been
applied to IVM.*”™* These genetic models undoubtedly rep-
resent promising tools, but they have not yet been used to
investigate interactions between lymphatic vessels and DCs.
Thus far, lymphatic vessels have mainly been visualized in
situ by injection of fluorescently labeled anti-LYVE1 anti-
bodies™** or fluorescent antibodies directed against com-
ponents of the lymphatic basement membrane.” On the other
hand, our group has recently performed IVM in the ear skin of
VE-cadherin-Cre x RFP mice,*” which feature Cre-mediated
expression of a red-fluorescent protein (RFP)° under the
control of the VE-cadherin promoter’' in both LECs and
BECs. Since lymphatic vessels and blood vessels in tissues can
easily be distinguished based on morphologic differences, it is
possible to directly use these mice for IVM-based visualiza-
tion of lymphatic vessels (Fig. 2B). To incorporate DCs into
VE-cadherin-Cre x RFP mice, BM-derived DCs from CD11c-
YFP mice are injected into the ear skin, where imaging is
performed. Alternatively, endogenous DCs can be imaged,
by performing IVM in BM chimeras, generated by recon-
stituting irradiated VE-cadherin-Cre x RFP mice with the BM
of CD11c-YFP mice (Fig. 2B).%
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Dendritic Cell Migration Toward Afferent
Lymphatic Vessels

As mentioned previously, DC maturation induces the up-
regulation of the CCR7 chemokine receptor in DCs.'*'* CCR7
expression is widely accepted as the most important deter-
minant of DC migration to dLNs.'*'””* The ligands of the
CCRY7 receptor are the chemokines CCL21 and CCL19. CCL21
comprises a C-terminal moiety of highly positively charged
amino acids, which is responsible for the immobilization of
CCL21 on heparan sulfates in the interstitium or on cell sur-
faces.”>® By contrast, CCL19 lacks these positively charged
C-terminal residues and therefore mainly remains soluble in
tissues.”* Interestingly, it was recently shown that DCs that
are in direct contact with surface-bound CCL21 can proteo-
lytically cleave off the heparan sulfate-binding moiety,
thereby generating a soluble form of CCL21.*” Surface-bound
and soluble CCL21 are thought to cooperatively contribute to
DC migration: While surface-bound CCL21 enhances cell
migration by triggering integrin activation and cell adhesion,
soluble CCL21 can form soluble gradients that contribute to
DC chemotaxis.”” Lymphatic vessels are the main source of
CCL21 in peripheral tissues like the skin (Fig. 1D). In analogy
to CCR7-deficiency, antibody-mediated blockade of CCL21
was shown to reduce DC migration to dLNs."* CCL19 does
not appear to be expressed in LECs, but is produced by FRCs
in LNs.'”® Furthermore, CCL19 is expressed by activated
DCs and has been suggested to serve as an autocrine sensing
mechanism of interstitial flow in DCs.>® However, no reduc-
tion in DC migration to dLNs was recently observed in
CCL19-deficient mice.®’

Interestingly, CCL21 is encoded by two genes in the murine
genome. The gene products, CCL21-Leu and CCL21-Ser,
differ in only one amino acid in position 65, as well as in the
anatomic location where they are expressed.®"*> CCL21-Ser is
mainly expressed by high endothelial venules (HEVs) and
FRCs in secondary lymphoid organs (SLOs) and helps guid-
ing T cells and DCs into the T cell zone."”® By contrast,
CCL21-Leu is mainly expressed by lymphatic vessels in pe-
ripheral tissues and therefore is the main attractant for DCs
towards afferent lymphatics.®!%>%*%> An interesting naturally
occurring mutant mouse strain are so-called plt (paucity of
lymph node T cells) mice, which have a defect in the pro-
duction of CCL19 and CCL21-Ser but retain expression of
CCL21-Leu in peripheral lymphatics.lg'61 Consequently, DCs
in plt mice are still able to enter into dermal afferent lym-
phatics, but their entry and correct positioning in the dLN are
impaired.'®'” Immunofluorescent analysis performed in ear
skin whole mounts has detected large intracellular deposits of
CCL21,%7%%%%7 (Fig. 1D) which appear to form part of the
extended trans-Golgi-network in LECs.>® More recently,
Weber et al. have achieved to stain extracellular CCL21.%° The
authors of this study could demonstrate that CCL21 is im-
mobilized in the interstitium on heparan sulfates, forming a
gradient of CCL21 that surrounds dermal lymphatic vessels.*®
Performing time-lapse microscopy experiments in murine ear
explants this study revealed that DCs within a distance of
100 um from a lymphatic vessel start to sense CCL21 and in-
crease the velocity and the directedness of their migration
towards the lymphatic vessel.*®

Experiments performed in vitro and in vivo have revealed
that inflammation upregulates CCL21 expression in LECs.®*~%®
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This suggests that increased availability of CCL21 could con-
tribute to the enhancement of DC migration that is typically
observed in the context of inflammation.?®®® However, it is
still unclear how inflammation affects the in vivo secretion of
CCL21 in LECs and the formation of the extracellular CCL21
gradien’c.36 Besides CCL21, several other chemokines are
strikingly upregulated in the context of inflammation.®®**”°
However, DC migration to dLNs in the context of tissue in-
flammation remains highly dependent on CCR7-signalling,
indicating an only minor contribution of inflammation-
induced chemokines or other LEC-expressed mediators.®®
Nevertheless, besides the CCL21/CCR7 axis, at least two other
pathways involved in DC migration to dLN have recently
been identified. During tissue inflammation LECs upregulate
the expression of CXCL12,°%”" which was shown to enhance
the migration of CXCR4-expressing dermal DCs and LCs to
dLNs.”* Similarly, the sphingosine-1-phosphate (S1P) system,
which is indispensible for T cell egress from LNs into efferent
lymphatics,”* appears to be important for DC migration into
afferent lymphatics: LECs are thought to be the main source of
the high S1P levels present in lymph,44 and maturing DCs
have been shown to upregulate S1P receptors and to display
chemotaxis towards S1P.”>”* Moreover, S1P receptor 1
(S1P;)”" DCs as well as DCs in mice treated with the S1P
analog FTY720 displayed reduced migration from skin to
dLNs.”*”* Thus, although CCL21/CCRY signaling is of key
importance for DC migration to dLNs,"””***%® other chemo-
tactic signaling pathways also contribute, possibly by affecting
distinct steps in the migratory process.

Dendritic Cell Migration into Afferent Lymphatic Vessels

Entry of DCs into afferent lymphatic vessels was long
thought to be a rather passive process mainly driven by flow.
However, recent studies demonstrating the involvement of
adhesion molecules and of other LEC-expressed molecules in
DC migration to dLNs clearly argue for a molecular regula-
tion of the entry process.”**””>”” Whole mount experiments
have revealed that the button-like cell junctions in initial
lymphatic capillaries generate loose flaps of about 2-3 ym in
diameter, through which leukocytes are thought to migrate
into the lymphatic vessel lumen*® (Fig. 1C). Notably, leuko-
cyte migration through the dense network of the interstitium
or through blood vascular endothelium is highly dependent
on actomyosin-mediated contraction of the cell body, in par-
ticular of the cell’s bulky nucleus.”®”® Therefore, it is rather
unlikely that lymphatic flaps, which present narrow open-
ings, could be traversed passively, without active cellular
contraction of the transmigrating leukocytes. Indeed, in vitro
transwell chemotaxis assays performed with T lymphocytes
have revealed that pharmacologic inhibition of the Rho-
associated protein kinase (ROCK), which is important for
actomyosin-mediated nuclear contraction, did not affect
lymphocyte migration through large pores but significantly
reduced transmigration through narrow pores of 3 um in di-
ameter.® The latter finding suggests that also DC transmi-
gration through lymphatic flaps requires active cell migration
and actomyosin-mediated nuclear contraction.

In addition to the lymphatic endothelium, also the thin
basement membrane surrounding lymphatic capillaries*>*
likely represents a barrier for leukocytes. The lymphatic
basement membrane is composed of collagen IV, laminin,
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perlecan and nidogen and is highly fenestrated.”** It contains
permissive sites, so-called portals, that likely need to be
overcome by active cellular squeezing.5 Intriguingly, time-
lapse microscopy experiments performed in murine skin ex-
plants have shown that the pores present in the basement
membrane are physically widened up by the transmigrating
DCs.® After traversing the basement membrane DCs are in
direct contact with the lymphatic endothelium. Here, time-
lapse microscopy studies have revealed that DCs use the
characteristic flaps for their entry into the lymphatic vessels.’
High-resolution imaging of this process in ear explants, in
which lymphatics were visualized with fluorescent anti-
LYVE-1 antibody, suggest that entry causes deformation of
the oakleaf-shaped LECs and an inward bending of the flaps
in the direction of the lymphatic vessel lumen, while leaving
the button-like junctions intact’ (Fig. 1C). It is currently un-
clear, whether DCs also enter lymphatic vessels by migrating
through the zipper-like junctions of lymphatic collectors. Of
note, the basement membrane surrounding lymphatic col-
lectors was shown to be much less fenestrated,® indicating
that access and transmigration into collectors might be more
difficult. Interestingly, it was recently reported that in the
context of chronic inflammation in the airways and ongoing
lymphangiogenesis, the button-like junctions in lymphatic
capillaries were replaced by zippers.®' Given that DC migra-
tion typically is enhanced in the context of inflammation, the
latter finding suggests that migration into lymphatics may
also occur across zipper-like junctions. However, it has thus
far not been quantitatively investigated how inflammation-
induced morphologic changes of the lymphatic network affect
leukocyte transmigration.

Besides experiments performed in tissue explants, DC mi-
gration into lymphatic vessels has recently also been visualized
by IVM performed in the ear skin or foot pad of anesthetized
mice,***>% Sen et al. observed that DCs probed the surface as
well as the lumen of lymphatics for several minutes before taking
approximately 20-30 minutes to transmigrate.* Similarly, Tal
et al.*® and our group™ reported that DCs interacted with the
Iymphatic vessels and transmigrated into the lumen within ap-
proximately 30-60 minutes. Interestingly, both latter studies
observed that occasionally more than one DC sequentially
transmigrated through the same location, likely representing the
same portal and flap of the lymphatic capillary.>*>?

Molecules involved in transmigration

A ot of our current knowledge about molecules involved
in DC migration across lymphatic endothelium stems from
in vitro cell culture experiments. In these experiments, LECs
are typically grown to confluence on the upper side of
transwells inserts, and DC migration towards a chemotactic
stimulus deposited in the lower well is studied over time.
Since tissue exit of DCs into lymphatics involves basolateral to
luminal migration, some investigators have attempted to
better mimic this process by growing LECs on the bottom of
the transwell inserts.®”**”>%2 One potential limitation of both
in vitro setups is the fact that LECs grown in monolayers form
continuous zipper-like cell junctions.**** Monolayers there-
fore more resemble the architecture of lymphatic collectors
rather than the button-like arrangement of cell junctions,
which give rise to the characteristic flaps present in lymphatic
capillaries. Nevertheless, in vitro transmigration assays have
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identified various molecules, such as the LEC-expressed ad-
hesion molecules CD31,%> CD99,*> VCAM-1,% ICAM-1,%
L1CAM,” and CD137,% that mediate in vitro DC transmi-
gration across lymphatic endothelium, and most of these
molecules were also shown to affect this process in vivo.®*”>7¢
Interestingly, besides LEC-expressed adhesion molecules,
also transmural lymph flow was shown to enhance DC
transmigration, likely by inducing the upregulation of CCL21
and ICAM-1 in LECs.**

One LEC-expressed adhesion molecule that has received
particular interest with regards to its involvement in DC mi-
gration is ICAM-1. FITC painting and adoptive transfer ex-
periments had revealed that in ICAM-17" mice DC and LC
migration from skin to dLNs was reduced, suggesting an in-
volvement of LEC-expressed ICAM-1 in this process.”” More
recently, Johnson et al. reported that ICAM-1 and VCAM-1,
are upregulated on lymphatic vessels in response to inflam-
mation® and that these molecules were involved in DC
migration to dLNs.*” Since ICAM-1 is a ligand of the DC-
expressed integrins Mac-1 (ayf2) and LFA-1 (0. f2),%8 these
data suggested that DC-expressed fi,-integrins were involved
in DC migration to dLNs. Surprisingly, experiments per-
formed with pan-integrin knock-out DCs did not reveal any
integrin-dependence of DC migration into lymphatic vessels
or from skin to dLNs under steady-state conditions.*® Tt is
important to note that in absence of inflammatory stimuli
lymphatic vessels in the tissue—in contrast to in vitro-
cultured LECs—express very low levels of ICAM-1 and VCAM-
1. Therefore, the apparent discrepancy concerning the role of
integrins in DC migration likely is explained by the inflamma-
tion-induced upregulation of integrin ligands in LECs, what
might modulate the requirement for integrins in DC migration.
In support of this explanation, blockade of the DC-expressed
integrin LFA-1 was recently shown to reduce DC migration to
dLNs from inflamed but not from uninflamed skin.*

Besides LEC-expressed adhesion molecules, also CCL21
has been implicated in the DC transmigration process. In vi-
tro, CCL21 was shown to enhance in vitro DC transmigration
across lymphatic endothelium.®” This process was inhibited
by blockade of DC-expressed f,-integrins, suggesting that
migration across lymphatic endothelium involved integrin-
mediated adhesion. Interestingly, in vitro-cultured LECs
display CCL21 on their cell surface via heparan sulfates,”>°
suggesting that LEC-bound CCL21 might indeed trigger in-
tegrin activation and adhesion in transmigrating DCs.”
However, as outlined above, LECs present in steady-state
tissues express virtually no ICAM-1 or VCAM-1. Therefore,
the exact role of CCL21, ICAM-1 and integrin activation in DC
transmigration across lymphatic endothelium has not yet
been conclusively addressed.

Besides adhesion molecules and CCL21 also other LEC-
expressed molecules have recently been implicated in DC
migration into lymphatic vessels. In particular, the LEC-
expressed small transmembrane glycoprotein podoplanin
was found to support DC migration to dLNs by interacting
with the DC-expressed C-type lectin receptor CLEC-2.”
CLEC-2 deficiency impaired the entry to DCs into lymphatic
vessels. The authors further showed that activation of CLEC-2
by binding to surface-expressed podoplanin induced the re-
arrangement of the actin cytoskeleton in DCs and promoted
DC motility,77 Of note, CLEC-2 is also expressed on platelets,
and interactions between platelet-derived CLEC-2 and po-
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doplanin were recently shown to mediate blood vascular and
lymphatic separation during embryonic development.”*”!
Finally, another molecule shown to mediate DC migration to
dLNs is the axonal guidance molecule semaphorin 3A (Se-
ma3A),”® which is highly expressed in lymphatic vessels but
not in blood vessels.”>”® Takamatsu et al. reported that DC
migration to dLNs was significantly reduced in Sema3A™~
mice or in mice deficient in plexin-Al, which together with
neuropilin-1 forms the Sema3A receptor on DCs.”® The authors
further demonstrated that LEC-derived Sema3A promoted
actomyosin-mediated cellular contraction in DCs, thereby en-
hancing DC transmigration across lymphatic endothelium. The
observation that Sema3A-induced cellular contraction was re-
quired for DC migration into lymphatic vessels in vivo provi-
des further evidence that the lymphatic vasculature indeed
poses a physical barrier to immigrating leukocytes.

Dendtritic Cell Migration within Afferent
Lymphatic Vessels

Until recently, it was commonly assumed that DCs and
other leukocytes that had transmigrated into the lym-
phatic vessel lumen were passively transported by lymph
flow.>?* This assumption was supported by IVM per-
formed in rat mesentery lymphatics, where freely flowing
lymphocytes are rapidly propagated in a pulsatile fashion.”®"”
Notably, the peak velocities of lymph flow in collecting mes-
enteric lymphatic vessels reach several mm/sec”” **—values
that are comparable to the blood flow velocities through blood
vascular capillaries and venules.'” By contrast the lymph flow
velocities in lymphatic capillaries appear to be several orders
of magnitude lower, reportedly ranging from 1-30 ym/s."*"1%
These findings have raised doubts whether the hydrodynamic
forces within lymphatic capillaries are sufficient to support
passive transport of flowing leukocytes, as observed in blood
vessels or in larger collecting lymphatics. In fact, recent IVM
data from three different groups®*~>*” have revealed that most
DCs actively migrated within initial lymphatic capillaries and
appeared to be only passively propagated by lymph once they
reached collecting vessels (Fig. 1B). Performing IVM in the ear
skin of VE-cadherin-Cre x RFP mice (Fig. 2B) our group could
identify a first molecule, namely ROCK, which is involved in
intralymphatic DC migration.”” As previously mentioned,
ROCK is required for actomyosin-mediated cellular contrac-
tion when leukocytes migrate through narrow pores, such as
the interstitial space or across endothelium.”®”® In addition,
ROCK was shown to support leukocyte migration by medi-
ating the de-adhesion of integrins at the cellular rear from
endothelial-expressed integrin ligands, for example during
leukocyte crawling in blood vessels.*”'> Our IVM data have
revealed that pharmacologic blockade of ROCK only had a
very subtle effect on reducing intralymphatic crawling in
steady-state. By contrast, in presence of tissue inflammation,
ROCK blockade profoundly reduced the velocity of DC
crawling within lymphatic capillaries, likely by inhibiting de-
adhesion from inflammation-induced ICAM-1.%” Thus far, no
other molecules involved in intralymphatic DC crawling have
been identified. However, it is very likely that molecules pre-
viously shown to be critical for DC transmigration across
lymphatic endothelium also support intralymphatic DC mi-
gration. Interesting candidates in this regard could be the
previously mentioned Sema3A /plexin-A17° and podoplanin/
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FIG. 3. Dendritic cells (DCs) actively migrate within lymphatic vessels (LVs) and display a pattern of semidirected mi-
gration. (A) Schematic representation of a DC migrating within a LV: The dotted line exemplifies the typical path of a DC
migrating in semi direction towards the dIN. (B) To determine the propensity of DCs to migrate in the downstream direction
of the presumed lymph flow, a “directed migration index” (DMI) was calculated. 0 < DMI<1: migration in direction of
presumed lymph flow.-1<DMI<0: migration in the opposite, upstream direction. (C) Pooled data from 10 different ex-
periments revealed a DMI of 0.28 (“CTR”), indicating semi-directed DC migration in downstream direction. Notably, the
DMI was not increased after experimentally elevating the lymph flow by injecting PBS into the ear tissue (“PBS”). Dots
represent individual cells. Panel (C) was originally published in Blood.*” Differential requirement for ROCK in dendritic cell
migration within lymphatic capillaries in steady-state and inflammation. Blood; 2012:120:2249-2258. © the American Society

of Hematology.

CLEC-2"7 signaling pathways that were already shown to
modulate DC motility.

Our IVM experiments revealed that albeit DCs displayed a
net forward movement in the direction the dLN, DCs fre-
quently changed direction to migrate for some time against
the presumed lymph flow (Fig. 3A). To determine the pro-
pensity of DCs to migrate in the downstream direction of the
dLN, we calculated a “directed migration index” (DMI), by
dividing the path length contributing to the DC’s downstream
migration by the entire path length the cell had migrated
during a given time-interval (Fig. 3B).>” This analysis revealed
that only approximately 30% of the total DC migratory ac-
tivity accounted for DC movement in the presumed down-
stream direction of the dLN (Figs. 3B and 3C). IVM generally
requires the immobilization of animals and anesthesia, both of
which can reduce lymph flow.'**'% To investigate whether
DCs displayed more migration in downstream direction un-
der conditions of high lymph flow, imaging was also per-
formed upon injection of PBS into the ear. Under these
conditions, many cells started to migrate more directly within
lymphatic vessels,” as previously reported.’® However, in
addition to more directed downstream-migration, also in-
creased migration in upstream direction was observed, re-
sulting in no difference in the net DMI, ie., in the DCs’
propensity to migrate in downstream direction of the dLN
(Fig. 3C and™). Overall, these findings suggest that DC mi-
gration in afferent lymphatic vessels occurs in a semi-directed
fashion, but the stimulus that determines downstream mi-
gration is still unclear.

Conclusion

New tools for visualizing the lymphatic vasculature and
cutting-edge imaging technologies now make it possible to
simultaneously visualize lymphatic vessels and DCs in living
tissues and to study interactions between these two cell types
in real time. This approach has provided valuable new in-
sights into the process of DC migration towards, across and
within lymphatic capillaries. One of the most recent findings
made by IVM has been that intralymphatic DCs are not
immediately drained by the lymph flow but crawl within

lymphatic capillaries and hence continue to interact for long
time with the lymphatic endothelium. This indicates that
leukocyte migration within lymphatic vessels is more com-
plex than previously anticipated and that similar steps as in
the well-studied extravasation from blood vessels'*®'"
might be involved in this process, namely, crawling, rolling,
free flow—albeit in reverse order. Furthermore, it remains
to be investigated whether some DCs that have entered
into lymphatic vessels might exit the vessel again before
reaching the dLN. The finding that DCs migrate in a semi-
directed fashion within lymphatic vessels opens up the in-
triguing possibility that active intralymphatic DC migration
might have biologic effects that reach beyond the mere
propagation of DCs to downstream vessel segments. For
example, it is possible that LECs provide further maturation
and differentiation signals to interacting and crawling DCs.
In fact, it was recently shown that in the context of sterile
tissue inflammation LECs can directly influence the matu-
ration phenotype and function of DCs by a Mac-1/ICAM-1
dependent mechanism.'”® Moreover, DCs crawling within
lymphatic vessels might confer survival and differentiation
signals to the lymphatic endothelium and help to maintain
the characteristic phenotype and function of afferent lym-
phatic vessels. Interestingly, it was recently reported that
DCs that have migrated to dLNs exert a similar effect on
HEVs.1%110 Furthermore, the observation that DCs crawl
within lymphatic vessels raises the possibility that many
molecules that were previously thought to only mediate DC
transmigration across lymphatic endothelium are in fact
also involved in intralymphatic DC migration. Clearly,
further research is warranted to better understand the mo-
lecular control and biologic relevance of DC interactions
with lymphatic endothelium.
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