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1  |  INTRODUC TION

To fulfill their function of immune defense and surveillance, most 
leukocytes are not stationary positioned in the body but constantly 
migrate within tissues or circulate between tissues and organs.1,2 
Considering that active interstital migration is very slow, leukocytes 

use blood and lymphatic vessels to rapidly move between different 
sites of the body. Over the past decades, the process of immune cell 
migration out of blood vessels has been studied in great detail, cul-
minating in the identification of the intravascular adhesion cascade 
and a plethora of molecules involved in leukocyte extravasation from 
different blood vascular beds in steady-state and in inflammation.3-5 
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Abstract
Afferent lymphatics mediate the transport of antigen and leukocytes, especially of 
dendritic cells (DCs) and T cells, from peripheral tissues to draining lymph nodes 
(dLNs). As such they play important roles in the induction and regulation of adaptive 
immunity. Over the past 15 years, great advances in our understanding of leukocyte 
trafficking through afferent lymphatics have been made through time-lapse imaging 
studies performed in tissue explants and in vivo, allowing to visualize this process with 
cellular resolution. Intravital imaging has revealed that intralymphatic leukocytes con-
tinue to actively migrate once they have entered into lymphatic capillaries, as a con-
sequence of the low flow conditions present in this compartment. In fact, leukocytes 
spend considerable time migrating, patrolling and interacting with the lymphatic en-
dothelium or with other intralymphatic leukocytes within lymphatic capillaries. Cells 
typically only start to detach once they arrive in downstream-located collecting ves-
sels, where vessel contractions contribute to enhanced lymph flow. In this review, we 
will introduce the biology of afferent lymphatic vessels and report on the presumed 
significance of DC and T cell migration via this route. We will specifically highlight how 
time-lapse imaging has contributed to the current model of lymphatic trafficking and 
the emerging notion that - besides transport – lymphatic capillaries exert additional 
roles in immune modulation.
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More recent technologic advances in intravital imaging, particularly 
the use of confocal and two-photon microscopy, have opened up 
new ways of studying leukocyte interstitial migration and immune 
function in tissues like the skin, lymph nodes (LNs) or lung.2,6,7 
Compared to leukocyte extravasation from blood vessels, migra-
tion through lymphatic vessels is much less well explored. This is 
likely due to the fact that the lymphatic vasculature as a whole has 
been far less well studied in comparison to the blood vasculature. In 
fact, the first markers allowing to faithfully distinguish blood vessels 
from lymphatic vessels only emerged a bit more than 20 years ago. 
Ever since research on lymphatic biology has exploded and there is 
a growing interest in this vessel type and its involvement in health 
and disease.8-10 Considering that one of the main functions of lym-
phatic vessels consists in mediating the migration and transport 
of leukocytes, it is not surprising that recent years have witnessed 
great advances in our knowledge of lymphatic trafficking. Besides 
deciphering the mechanisms of lymphocyte egress from LNs into 
efferent lymphatics, we have also gained a good mechanistic under-
standing of how dendritic cells (DCs) and T cells – that is, the main 
cell types found in afferent lymph - migrate into and within afferent 
lymphatic vessels. In this review, we will report on how imaging has 
contributed to deciphering the cellular and molecular determinants 
of leukocyte trafficking through afferent lymphatics. We will first 
introduce the biology of afferent lymphatics and report on the im-
portance of DC and T cell migration for immune function. Next, we 
will focus on selected recent discoveries in the field of DC and T 
cell trafficking via afferent lymphatics that have been achieved by 
time-lapse imaging and discuss their presumed relevance for the in-
duction and regulation of the immune response.

2  |  STRUC TURE OF THE AFFERENT 
LYMPHATIC VA SCUL ATURE IN THE SKIN

The lymphatic system is composed of primary and secondary lym-
phoid organs (SLOs) and lymphatic vessels. The lymphatic vascula-
ture comprises a hierarchically organized network of vessels that 
can be subdivided into three subgroups, based on their localization 
in tissues; afferent lymphatics, which connect peripheral tissues 
with draining LNs (dLNs), the lymphatic vasculature present within 
LNs and the efferent lymphatics, which exit from LNs.8-10 Similarly 
to blood vessels, afferent lymphatic vessels are present in virtually 
all tissues of the body. They originate as blind-ended structures, so 
called capillaries, which merge into a second type of vascular bed, 
that is, the collecting vessels. The latter subsequently fuse into even 
larger collectors which leave the tissue and connect with the sub-
capsular sinus of dLNs. Within the LN, the various LN sinuses are 
lined by different types of lymphatic endothelial cells (LECs) with 
distinct gene expression patterns and function.11 Typically, one ef-
ferent lymphatic vessel leaves the LN and connects it to a further 
downstream-located LN. As LNs are frequently arranged in chains, 
the efferent lymphatic exiting from one LN can at the same time 
be the afferent collecting vessel of another LN located further 

downstream in the chain. Notably, in this review we will exclusively 
mean lymphatic vessels originating in peripheral tissues when talk-
ing about “afferent lymphatics”. Ultimately, larger efferent collectors 
converge in the central region of the body to form the thoracic and 
lymphatic ducts. The latter fuse with the subclavian veins and re-
lease the lymphatic content – that is, a cell-, protein- and lipid-rich 
fluid commonly referred to as lymph - into the blood circulation.

Afferent lymphatic vessels play a crucial role in the regulation of 
interstitial fluid homeostasis, as they return excess tissue fluid that 
has leaked out of blood vessels back to the circulation. Moreover, 
they are important for the uptake of dietary fats and vitamins from 
the intestine.8,9 Afferent lymphatics further transport soluble anti-
gen, inflammatory mediators as well as leukocytes from peripheral 
tissues to dLNs, establishing their crucial role in adaptive immunity. 
Much of our current knowledge of lymphatic morphology has been 
gained from old electron microscopy studies12,13 and more recently 
from the analysis of tissue whole-mounts prepared from murine 
skin or trachea by confocal microscopy.14,15 The latter studies have 
revealed that LECs present in lymphatic capillaries have a charac-
teristic oakleaf shape14 (Figure 1). Peculiarly, capillary LECs partially 
overlap and are only loosely connected by button-like cell-cell junc-
tions at the sites of such overlaps, thereby generating characteristic 
overhanging flaps. These flaps, also called primary valves, were first 
identified as the sites of leukocyte entry into lymphatic capillaries by 
electron microscopy.14 Originally described in the murine skin and 
trachea,14 the oakleaf shape of capillary LECs and button-like cell-
cell junctions of afferent lymphatic capillaries have meanwhile been 
confirmed in many other murine tissues and also in human tissues 
like the skin.16,17 Capillary LECs are further connected to the extra-
cellular matrix (ECM) by anchoring filaments that force the vessel 
to expand and the flaps to open and fluid to enter when pressure 
increases, for example, during tissue inflammation18,19 (Figure  1). 
Lymphatic capillaries are also surrounded by a discontinuous thin 
basement membrane (BM), which is composed of layers of a spe-
cialized sheet-like ECM, that forms the supporting structure of the 
endothelial cells. The lymphatic BM of both capillaries and collec-
tors is primarily composed of laminin, type IV collagen, nidogens, 
and perlecan.15

Conversely, LECs in collecting vessels, that is, the more 
downstream-located vessel segments, display an elongated shape 
and are surrounded by continuous, zipper-like cell-cell junctions, 
resembling the junctional setup of blood vessels (Figure 1). Due to 
the LEC-surrounding tight junctions, collecting vessels are much less 
permeable compared to capillaries and hence more suited for fluid 
containment and transport. Collectors are also surrounded by a sim-
ilar yet in comparison to capillaries thicker and less fenestrated BM 
and by lymphatic muscle cells (LMCs), which confer contractility.20 
Similar to veins, lymphatic collectors also contain valves that prevent 
fluid backflow upon vessel contraction and support lymph trans-
port14,21 (Figure 1). Because of the tree-like, hierarchical organiza-
tion of the lymphatic network, with many capillaries merging into 
few collecting vessels and vessel contractions occurring in lymphatic 
collectors, also the lymph flow is markedly increased in this segment 
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of the lymphatic vascular bed: While lymph flow in capillaries ranges 
from 1 to 30  μm/s,22,23 velocities of up to several mm/s can be 
reached in larger collectors as, for example, in the mesentery.24,25

3  |  LYMPHATIC MARKERS

The discovery of different lymphatic markers approximately 
20 years ago has propelled lymphatic research and also facilitated 
the development of different molecular imaging approaches. These 
markers nowadays allow to unambiguously distinguish lymphatics 
from blood vessels or to distinguish between lymphatic capillaries 
and collectors. All LECs express the prospero-related homeobox 
1 (Prox1), a master transcriptional regulator of lymphatic differ-
entiation and identity and the receptor tyrosine kinase vascular 
endothelial growth factor (VEGF) receptor–3 (VEGFR-3) the re-
ceptor of the lymphatic growth factor VEGF-C. While podopla-
nin (also known as gp38), a mucin-type transmembrane protein, 
is also expressed by all LECs, the hyaluronan receptor LYVE-1 is 
only expressed by lymphatic capillaries (reviewed in8,9). Moreover, 
the chemokine CCL21, which is the main attractant of leukocytes 
expressing the CCR7 chemokine receptor into afferent lymphat-
ics,26 is abundantly expressed in capillaries and displays a mosaic 
expression pattern in downstream collectors.27,28 Over the past 
15  years, various gene-targeted mouse strains with lymphatic-
specific expression of Cre-recombinase (eg, 29-31) or fluorescent 

proteins have been generated, what has greatly facilitated time-
lapse imaging of leukocyte migration into or within afferent lym-
phatic (Table 1). However, it is important to note that none of the 
described markers are exclusively expressed in lymphatics; for ex-
ample, Prox-1 is also expressed in the liver32 and in certain muscle 
cells,33 LYVE-1 by liver sinusoidal endothelial cells34 and certain 
macrophages,35 and podoplanin by various stromal cells,36 what 
may limit the applicability of reporter mice in certain tissue.

4  |  CELL POPUL ATIONS MIGR ATING 
THROUGH AFFERENT LYMPHATIC S

Cannulation studies, mostly performed 20–50  years ago in larger 
animals like sheep and also in humans, have revealed that the pre-
vailing cell population in afferent lymph in steady-state conditions is 
T lymphocytes (80%–90%), specifically antigen-experienced CD4+ 
effector memory T cells (TEMs).

37-40 Contrary, naive T cells, which 
migrate mainly between blood and SLOs, are found in low numbers 
in afferent lymph, since they are typically not equipped with hom-
ing molecules needed for extravasation into peripheral tissues. DCs, 
the major antigen-presenting cells, constitute the second most com-
mon cell type in afferent lymph (5%–15%). Other cell types such as 
monocytes and granulocytes or B cells, are present in the lymph 
but in lower percentages (1%–10%) and rather in the context of in-
flammatory responses.37,38,41,42 Furthermore, during inflammation, 

F I G U R E  1  Morphology and structure of afferent lymphatics. Afferent lymphatics begin as blind-ended capillaries present in peripheral 
tissues. Capillaries are composed of oakleaf-shaped LECs that are connected by discontinuous button-like cell-cell junctions. These 
junctions create open flaps between neighboring LECs that facilitate leukocyte entry and uptake of fluids and macromolecules. LECs also 
possess anchoring filaments that connect to the ECM and regulate the opening of the flaps. Capillaries are further surrounded by a thin and 
fenestrated BM. Lymphatic capillaries subsequently merge into collecting vessels. In contrast to the capillaries, LECs in collecting vessels are 
elongated and tightly connected to each other by zipper-like cell-cell junctions. Collectors are surrounded by a thick BM as well as LMCs. 
Collectors further have valves, which upon vessel contraction support unidirectional fluid flow toward the dLN [Colour figure can be viewed 
at wileyonlinelibrary.com]
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cell migration into afferent lymphatics is substantially increased.39 
Interestingly, neutrophils are the first cell type to migrate via affer-
ent lymphatics to dLNs during an inflammatory stimulus.43

Considering the difficulty of cannulating afferent lymphatics in 
smaller animals, particularly in rodents, only few cannulation exper-
iments performed in mice or rats have been reported.44,45 Lately, 
the use of transgenic mice expressing the photoconvertible Kaede 
or Kikume proteins in all body cells has provided further insights into 
endogenous lymphatic migration in mice.46,47 Illumination of a tis-
sue or organ with violet light induces the conversion of cells from 
a green- to a red-fluorescent state, allowing to identify leukocytes 
that have emigrated from this site via afferent lymphatics in dLNs 
by flow cytometry. Interestingly, photoconversion experiments have 
revealed that under inflammatory conditions the major fraction of T 
cells emigrating via afferent lymphatics to dLNs are regulatory T cells 
(Treg).39,48,49 However, since Treg where not yet known/analyzed for 
at the time when most cannulation experiments in sheep or humans 
were performed, this finding still warrants confirmation in larger an-
imals and humans. Also, considering that laboratory mice comprise a 
much smaller pool of TEM as compared to feral mice or humans,50 the 
percentage to Treg migrating in humans is likely to be smaller.

5  |  PRESUMED SIGNIFIC ANCE OF 
MIGR ATION THROUGH AFFERENT 
LYMPHATIC S

Although cannulation studies have indicated that DCs are less 
frequent in afferent lymph than T cells, the importance of their 
migration has been best studied.26 DCs are professional antigen-
presenting cells (APCs) with essential roles in initiation and regula-
tion of adaptive immunity. In peripheral tissues DCs continuously 
sample their environment and migrate via lymphatics to the first 
dLN to present peptides derived from ingested proteins on MHC 
molecules. In absence of an infection, the peptide pool presented 
will be derived from self-proteins, and DCs will be rather immature, 
that is, expressing low levels of co-stimulatory molecules. This will 

prevent potentially self-reactive cognate T cells from being activated 
but rather induce a state of anergy or tolerance. Consequently, DC 
migration via afferent lymphatics is considered essential for the 
maintenance of tolerance. On the other hand, a recent study showed 
that even in germ-free mice, where most DC migration would be ex-
pected to occur under steady-state conditions, T cell activation in 
dLNs is still observed but suppressed by co-localizing Tregs.51 This 
illustrates that induction of anergy and tolerance by immature mi-
gratory DCs is likely not sufficient for preventing T cell activation 
across the entire T cell repertoire, highlighting the importance of ad-
ditional pathways in maintaining peripheral tolerance. Conversely, 
in the context of infection or inflammation, DCs sense pathogen-
associated molecular patterns (PAMPs) and damage-associated 
molecular patterns (DAMPs), leading to their maturation and en-
hanced migration to dLNs and effective priming of cognate T cell 
responses.26 Thus, DC migration from peripheral tissues via afferent 
lymphatics is considered essential for both induction of adaptive im-
munity and maintenance of tolerance.

In contrast to DC migration, the functional significance of T cell 
migration via afferent lymphatics is less clear. During an inflamma-
tory response, for example, caused by an infection, many effector 
cells (Teff) are typically recruited to the affected tissue.52 Several 
studies support the notion that retention of Teff at the site of in-
fection occurs in an antigen-specific manner: when encountering a 
cognate antigen in the context of a viral lung infection, CD4+ Teff 
have been found to loose residual expression of CCR7, making them 
less likely to emigrate via CCL21-expressing lymphatics.53 By con-
trast, unspecific Teff are thought to retain low levels of CCR7, allow-
ing them to sense the chemokine gradient from afferent lymphatics 
and exit the tissue via this route.54 Similar results were obtained in 
a delayed-type hypersensitivity (DTH) response induced in murine 
skin, where CCR7-deficiency in Teff diminished tissue egress and en-
hanced inflammation.55 Modulation of CCR7 expression in Teff was 
also shown to impact the strength of the inflammatory response in a 
murine model of Morbus Crohn: adoptive transfer of CCR7-deficient 
CD4+ Teff or blockade of CCR7 with antibodies exacerbated the 
disease.56 Conversely, overexpression of CCR7 increased CD4+ Teff 

Reporter mice
First report of 
mouse line(s)

Used to study trafficking 
through afferent lymphatics

Prox1-GFP 119 70,88

Prox1-mOrange 2 120 88,115

Prox1-tdTomato 121 No report

Prox1-CreERT2 tdTomato 31,122 122

Prox1-mOrange 2 × CD11c-YFP 120,123 115

Prox1-GFP × hCD2-DsRed 119,124 70,88

VEGFR3-tdTomato 125 No report

VE-cadherin-Cre × Rosa-RFP 126,127 86,88

Podoplanin GFP-Cre+ 128 No report

Lyve1 GFP-Cre+ 129 No report

Lyve1-CreERT2-tdTomato 130,131 No report

TA B L E  1  Lymphatic reporter mice and 
their use to study trafficking through 
afferent lymphatics
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egress from inflamed skin, thereby accelerating resolution of in-
flammation.56 The regulation of CCR7 expression and tissue exit of 
unspecific Teff via afferent lymphatic have therefore been brought 
forward as a mechanism for preventing overshooting tissue inflam-
mation and immune-mediated pathology.

The notion that T cells exiting from inflamed tissues via afferent 
lymphatics might serve to dampen immune-mediated tissue inflam-
mation is also supported by recent findings regarding Treg migra-
tion. As mentioned, in mice Treg have been identified as the major 
T cell subset exiting inflamed tissues.39,48,49 In the case of the skin 
and colon, it was shown that Treg that have emigrated from these 
sites to dLNs via afferent LVs display a more suppressive phenotype 
and exert stronger suppressive activity than Treg that have entered 
the LN via high endothelial venules (HEVs).39,48,49 Similarly, differ-
ent studies in tissue allograft models showed that Treg migration via 
afferent lymphatics to dLNs is needed for an efficient downregu-
lation of the adaptive immune response against the allograft.57-59 
Interestingly, mice lacking afferent lymphatics were shown to dis-
play multiple signs of autoimmunity, what might be a consequence 
of missing migration of either immature DCs in steady-state or of Treg 
in inflammation.60 However, considering that—in contrast to mice - 
the presence and abundance of Treg have thus far not been studied/
reported in human afferent lymph, the proof of the potential human 
relevance of these findings is still missing.

Finally, recirculation of memory T cells through peripheral tis-
sues and their tissue exit via afferent lymphatics is thought to gener-
ally contribute to immune surveillance. In addition to tissue-resident 
memory T cells (TRM) also recirculating memory T cell (TRCM) sub-
sets have recently been identified.61-63 TRCM have been identified in 
mice62 and humans, where at least two different subsets were dis-
covered.64 As all other skin-exiting T cells, TRCM express CCR7 and 
use this receptor for migration to dLNs, form where they continue 
to recirculate via the blood to distal tissues. In contrast, CCR7-/- TRM 
do not migrate but remain in the tissue where they provide local and 
immediate protection. Several recent studies have indicated that 
TRM delay pathogen spread and at the same time serve to “sound the 
alarm” for the recruitment of TRCM.61 However, in many experimental 
models of viral or bacterial infection, TRM suffice for immune pro-
tection.61,63 Thus, the exact role of TRCM in immune surveillance and 
pathogen clearance is not fully understood at present.

6  |  INSIGHTS INTO LYMPHATIC 
MIGR ATION GAINED FROM MICROSCOPY

Over the past 20 years, in vivo techniques, such as FITC painting, 
adoptive transfer studies and experiments in photoconvertible mice 
(discussed in65) have greatly contributed to deciphering the mo-
lecular mechanism of lymphatic migration. One downside of these 
approaches is that they do not allow to dissect the particular ana-
tomic location where a molecule contributes to migration, or how 
the cellular migration pattern differs at different sites in the tissue 
or in the vasculature. Contrary to the techniques mentioned above, 

microscopy allows to study immune cell migration at the single-cell 
level. Particularly time-lapse imaging approaches have therefore 
greatly contributed to deciphering the mechanism of cell entry into 
afferent lymphatics and the intralymphatic behavior of cells, reveal-
ing that lymphatic migration occurs in a stepwise manner (Figure 2). 
The entire process, and in particular the insights gained from imag-
ing, shall be described in greater detail in the following parts.

6.1  |  Leukocyte entry into lymphatic capillaries

A breakthrough in our understanding of lymphatic migration was 
achieved in 2008 by the group of Michael Sixt, who introduced a 
new, nowadays widely used model to image DC entry into lym-
phatic capillaries in murine ear skin explants66 (Figure 3A). It in-
volves ripping murine ears along the central cartilage to expose 
the dermal aspects of the dorsal and ventral ear skin, in which 
lymphatic capillaries can be readily visualized by staining with 
fluorescent anti-LYVE-1 antibodies. When adding fluorescently 
labelled DCs onto the explants, DCs rapidly adhere and migrate 
into the tissue, allowing to visualize the lymphatic entry process 

F I G U R E  2  Lymphatic migration occurs in distinct steps. 
Leukocytes migrate in a stepwise manner from peripheral 
tissues via afferent lymphatics to dLNs. (1) Interstitial migration: 
Leukocytes squeeze and migrate through the interstitial ECM. In 
vicinity of the lymphatic capillaries, they start to sense the peri-
lymphatic CCL21 gradient and begin to directedly migrate toward 
the vessels. (2) Transmigration into capillaries: Near capillaries, 
leukocytes squeeze through the thin and discontinuous BM and 
subsequently transmigrate into the capillary lumen through the 
open flaps generated between neighboring LECs. (3) Intralymphatic 
crawling: Once inside the capillaries, leukocytes continue to 
actively crawl on capillary LECs and patrol the capillary lumen. (4) 
Passive transport in collectors: Within collecting vessel segments, 
lymph flow is elevated due to vessel contractions. Once leukocytes 
have reached this compartment, they start to detach, roll and flow, 
resulting in rapid transport to the dLN [Colour figure can be viewed 
at wileyonlinelibrary.com]
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by time-lapse imaging. This first report revealed that added DCs 
rapidly (within 30–60 min) approached and entered into afferent 
lymphatic capillaries.66 By simultaneously staining for BM com-
ponents like laminin or collagen IV, the Sixt lab further reported 
that the capillary-surrounding BM is discontinuous and contains 
preformed pores through which DCs squeeze during their ap-
proach of the lymphatic endothelium.15 Real-time imaging also 
confirmed that entry into the capillary lumen involved transmigra-
tion through the endothelial flaps formed by neighboring oakleaf-
shaped LECs,15 in line with what had been hypothesized based on 
electron microscopy.14

6.2  |  Integrin requirement of lymphatic migration

Using time-lapse imaging in ear skin explants and adoptive transfer 
experiments the lab of Michael Sixt further demonstrated that DCs 
do not require integrins for lymphatic migration in steady-state.66 
This finding was rather surprising at the time, considering that leu-
kocyte extravasation from blood vessels is known to be integrin de-
pendent. The reason for this discrepancy likely is that the integrin 
ligands ICAM-1 and VCAM-1, which also mediate leukocyte extrava-
sation from blood vessels, are much less expressed in LECs than in 
blood vascular endothelial cells (BECs) in steady-state and are only 
upregulated under inflammatory conditions.67,68 Consequently, leu-
kocyte migration through inflamed afferent lymphatics also becomes 
integrin dependent, as evidence by adoptive transfer and FITC 
painting experiments.68-70 Besides DCs, the integrin dependency 

of leukocyte migration from inflamed tissue to dLNs was also con-
firmed for T cells as well as for neutrophils.70,71

6.3  |  CCL21 directs leukocytes toward 
lymphatic vessels

The dermal ear skin model also generated new insights on how inter-
stitial DCs sense and approach lymphatic capillaries. As previously 
mentioned, the chemokine CCL21 is constitutively expressed by 
LECs27,28,72 whereas its corresponding chemokine receptor CCR7 is 
induced in maturing DCs73 and also expressed by the T cell subsets 
exiting from peripheral tissues. Several studies have identified the 
CCL21/CCR7 axis as the most important determinant of DC and T 
cell exit into afferent lymphatics.26,62,74

CCL21 contains a highly positively charged C-terminus, which 
confers binding to glycosaminoglycan-containing heparan sulfates 
(HS-GAGs) present on the surface of LECs and other cell types.75,76 
However, also other negatively charged molecules, including LEC-
expressed podoplanin77 and BM/ECM components have been 
shown or suggested to bind CCL21.78,79 Confocal imaging per-
formed in ear skin revealed that most CCL21 is stored intracellu-
larly in the trans-Golgi network.72,80 Secreted CCL21 gives rise to a 
peri-lymphatic gradient that decreases toward the interstitium. As 
revealed by time-lapse imaging in the ear skin model, DCs sense the 
peri-lymphatic CCL21 gradient starting from approximately 90 μm 
distance to the vessel wall.72 Surprisingly, a recent study revealed 
that LEC-expressed HS is not necessary for the formation of the 

F I G U R E  3  Techniques for time-lapse imaging of leukocyte migration into and within afferent lymphatics. (A) Mouse ear skin explant 
model (crawl in assay). In this widely used preparation, mouse ears are ripped along the cartilage to expose the dermal tissue aspects. 
Lymphatics are rapidly stained by fluorescent antibodies (unless using ears of fluorescent lymphatic reporter mice). Subsequently, 
fluorescent leukocytes (eg, DCs) are added and left to crawl into the tissue. After washing off cells that have not entered the tissue, 
leukocytes are followed by time-lapse imaging as they approach, enter or crawl within afferent lymphatics. (B) Intravital microscopy 
(IVM). This image technique allows us to visualize cell dynamics and cell behavior in vivo in anesthetized mice by multiphoton or confocal 
microscopy. Commonly used sites for imaging are the murine ear skin (depicted), footpad or cremaster muscle. IVM typically requires the 
use of reporter mice with fluorescent lymphatics and leukocytes, particularly for imaging endogenous leukocytes. Examples shown are from 
Prox1-GFP × CD2-Dsred mice (green lymphatics, red-fluorescent T cells70) and from Prox1-mOrange2 × CD11c-YFP mice (red lymphatics 
and yellow DCs,115)
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CCL21 gradient, as its loss resulted in an only modest decrease in 
CCL21 co-localizing with lymphatic capillaries and did not impact 
DC migration toward capillaries.78 These results suggest that other 
negatively charged molecules in the LEC glycocalyx or in the LEC-
surrounding BM or ECM are the major site of CCL21 anchoring. 
Adding to the complexity of CCL21 gradient formation, a recent 
study demonstrated that CCL21 in peripheral tissues exists in a full-
length and a more soluble, cleaved version lacking the positively 
charged C terminus.81

The availability of extracellular CCL21 and the resulting CCL21 
gradient appear to be tightly regulated: Under inflammatory condi-
tions, for example, upon stimulation with TNFα, the release of CCL21 
from LECs is increased.80 On the other hand, DCs interacting with 
capillary LECs induce Ca2+ signaling in LECs and trigger the release 
of intracellular CCL21, thereby depositing a CCL21 track for other 
migratory DCs.82 Finally, the formation of the extracellular CCL21 
gradient is reportedly also regulated by the atypical chemokine re-
ceptor 4 (ACKR4), which in the skin is expressed by keratinocytes 
but also by some fibroblast and LECs.81,83 ACKR4 scavenges CCL21 
as well as CCL19, the second CCR7 ligand, which is upregulated in 
maturing DCs. In absence of ACKR4, DC migration from skin to dLNs 
was reduced.81,83 Moreover, quantitative DC crawl in experiments 
in murine ear skin explant and intravital imaging in the footpad re-
vealed that in absence of ACKR4 less DCs entered into dermal lym-
phatic capillaries, likely because of saturation of the immobilized 
CCL21 gradient.81

6.4  |  Leukocytes actively crawl within lymphatic 
capillaries and flow in collectors

In addition to time-lapse imaging in explants, also intravital micros-
copy (IVM) has provided valuable insights into the cellular and mo-
lecular determinants of lymphatic migration (Figure  3B, Table  1). 
Imaging either in the murine footpad84,85 or ear skin86 these initial 
studies confirmed that also in vivo DCs enter into LYVE-1+ lym-
phatic capillaries. Additionally, they revealed that DCs within lym-
phatic capillaries were actively crawling at average velocities ranging 
from 2 to 12 μm/min.84-86 This observation was rather surprising at 
the time, since in analogy to blood vessels, where leukocytes are 
typically transported passively with the blood flow, it was initially 
assumed that leukocytes would immediately detach and flow upon 
entry into afferent lymphatics. However, it needs to be remembered 
that the flow in lymphatic capillaries is several orders of magnitude 
lower than in blood vessels22,23 likely explaining why leukocytes do 
not readily flow in lymphatic capillaries. Particularly the work of 
our group further revealed that DCs in capillaries not only crawled, 
but rather displayed a patrolling behavior; that is, they frequently 
turned and also migrated in opposite direction of drainage.27,86 On 
the other hand, once reaching the vessel segments located deeper in 
the tissue, which likely were the collectors, DCs detached and were 
passively and rapidly transported with the lymph flow.85,86 In anal-
ogy to the reports on DCs, we also found T cells to actively crawl 

in lymphatic capillaries - at average speeds ranging from 4 μm/min 
in steady state to 12 μm/min in inflammation - and to start rolling 
and flowing once they arrived in contracting lymphatic collectors.70 
Imaging in the ear skin, our group observed T cells rolling along con-
tracting dermal collectors at a speed of approx. 300 μm/min. By con-
trast, in larger collecting vessels of the flank70 or in the mesentery25 
all cells are typically observed flowing at velocities reaching 1 mm/s 
or higher (ie, comparable to blood vessels24,25). These velocities re-
veal that leukocytes are greatly (50–10 000-fold) accelerated once 
they start to roll and detach in collectors. Transition to flow is thus 
key for timely arrival of leukocytes in dLNs.

Using IVM, our group further characterized the process of in-
tralymphatic crawling of DCs and T cells. We could demonstrate 
the involvement of the Rho-associated protein kinase (ROCK) in 
intralymphatic DC crawling and in the overall migration process.86 
ROCK affected DC migration in at least two ways; by regulating nu-
clear contraction, ROCK was important for efficient DC migration 
through the interstitial space. Moreover, ROCK supported DC de-
adhesion from integrin ligands during crawling in inflamed lymphatic 
capillaries. Performing IVM in murine ear skin inflamed by induc-
tion of a contact hypersensitivity (CHS) response we observed that 
DC crawling in lymphatic capillaries, which expressed high levels of 
ICAM-1, was strongly reduced in presence of the ROCK inhibitor 
Y27632. Conversely, intralymphatic crawling of DCs in steady-state 
murine ear skin, where LECs expressed little ICAM-1, was not com-
promised.86 In a subsequent study, imaging T cells in CHS-inflamed 
ear skin, we showed that the integrin ligand ICAM-1 also supported 
intralymphatic crawling of T cells: during tissue inflammation the ve-
locity of T cell crawling in inflamed capillaries was strongly increased 
and dependent on ICAM-1/LFA-1 interactions.70 Interestingly, IVM 
studies performed in the inflamed ear skin or cremaster muscle re-
cently confirmed that also neutrophils crawled within lymphatic cap-
illaries71,87 and that this process was Mac-1-/ICAM-1-dependent.87

In sum, the ex vivo and in vivo imaging studies combinedly estab-
lished that lymphatic migration starts with (1) leukocyte migration 
toward and (2) entry into lympahtic capillaries, followed by (3) active 
migration through capillaries and (4) detachment and passive trans-
port in downstream, contracting lymphatic collectors (Figure 2).

6.5  |  Intralymphatic crawling is semi-
directional and guided by CCL21

Our initial IVM studies revealed that leukocytes patrol within lym-
phatic capillaries, that is, take frequent turns and spend significant 
time migrating in opposite direction of drainage.86 This finding 
prompted our group to further investigate the directedness of in-
tralymphatic migration. We addressed this by IVM and measuring 
directionality of either adoptively transferred DCs or endogenous 
DCs in dermal lymphatic capillaries.27

Directionality of cell migration is typically measured by calcu-
lating the chemotactic index, that is, the ratio between the cellular 
displacement and the total path length (TPL) a cell migrated in a 
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given time interval. However, considering that intraluminal migra-
tion is constrained by the curvature of the vessel, we had to intro-
duce a new parameter for measuring directed cell migration in this 
compartment: the downstream migration index (DMI) (Figure 4A). 
Rather than the displacement, we measured for each tracked cell 
its “optimal migratory path” (OMP), which represents the short-
est path along the vessel midline that it could have migrated from 
its starting-point to its end-point. In analogy to the chemotac-
tic index, the DMI is calculated by dividing the OMP by the TPL 
(Figure 4A). If net migration occurred in the downstream direction 
of the dLN, a positive value is assigned to the DMI. Conversely, 
if net migration rather occurred in upstream direction of blind-
ending capillaries, a negative value is assigned. Accordingly, di-
rected migration toward either the downstream collecting vessels 
or the upstream capillary-endings would result in a DMI of 1 and 
−1, respectively, whereas random migration would result in a DMI 
of 0.

In our experiments, both adoptively transferred as well as en-
dogenous DCs displayed a positive DMI of approx. 0.2, indicating 
that on average they migrated in a semi-directed manner within lym-
phatic capillaries.27 However, this low DMI also revealed that migra-
tion is rather inefficient, with only 20% of the performed movement 
advancing the cell in the downstream direction of the contracting 
lymphatic collectors, that is, where they would be expected to mi-
grate toward in order to approach the dLNs. In contrast to another 
previous study,85 we did not observe any contribution of lymphatic 
flow to direction sensing of DCs within capillaries. In fact, we ob-
served that semi-directed migration (with a DMI of approximately 
0.1) was retained for DCs crawling within lymphatic capillaries in ear 
skin explants, that is, in complete absence of flow. Further experi-
ments revealed that CCL21 sensing was required for semi-directed 
intralymphatic migration; upon antibody-based blockade of CCL21 
or genetic deletion of CCR7 in DCs the DMI of intralymphatic migra-
tion was reduced to 0, both in vivo and in ear skin explants, pointing 
toward the presence of a downwards-oriented CCL21 gradient pres-
ent within lymphatic capillaries.27

Although functionally demonstrated by our DMI data, we were 
thus far not able to visualize the intralymphatic CCL21 gradient, due 
to poor intravascular sensitivity of the staining. However, our ex-
perimental evidence suggests that such a gradient is formed by the 
constant low flow present in lymphatic capillaries. The latter causes 
dissociation of CCL21 from the surface of the producing LECs and 
its rebinding to further downstream-located LECs, leading to the 
build-up of CCL21 in more downstream parts of the capillary seg-
ments (Figure  4B). Specifically, we observed that a downstream-
oriented gradient could be established in vitro when CCL21-secreting 
LECs were cultured for 24 hours in presence of low flow. Conversely, 
upon culture under high flow, mimicking the conditions in collectors, 
no gradient formation was observed, likely because rebinding of dis-
sociated CCL21 was no longer occurring under high-flow conditions. 
Similarly, the DMI of DCs crawling in collecting vessels segments 
of ear skin explants was 0, indicative of random migration and the 
absence of a CCL21 gradient present in collectors.27

Overall, our study demonstrated that semi-directed CCL21-
guided migration helps to advance DCs from capillaries to collecting 
vessel segments, were detachment and rapid transport can be initi-
ated. Considering that we found DCs to migrate at an average speed 
of 6  μm/min in capillaries,86 of which only 20% (DMI  =  0.2) con-
tributes to advancing them toward collectors (ie, 1.2 μm/min), DCs 
spend hours within this lymphatic compartment. The dwell-time in 
capillaries can therefore be considered a rate-limiting step in the mi-
gration of cells from peripheral tissues to dLNs. Interestingly, recent 
IVM performed in the cremaster muscle indicated that the described 
concept of intralymphatic crawling and direction sensing not only 
applies to DCs in dermal lymphatic capillaries: Also intralymphatic 
neutrophil crawling was found to occur in a semi-directed manner, 
and direction sensing was associated with the establishment of an 
intralymphatic CCL21 gradient pointing in the direction of lymph 
flow.87

6.6  |  Dendritic cells and T cells interact within 
murine afferent lymphatic capillaries

While we typically only observed few endogenous T cells or DCs 
crawling and patrolling in lymphatic capillaries in steady-state murine 
skin, their numbers were strikingly increased during tissue inflamma-
tion, induced by either a CHS or DTH response.27,70,86 Intriguingly, 
our IVM studies revealed that besides the continuously crawling 
cells, approximately 75% of DCs displayed a “stop-and-go” behavior, 
sometime arresting for long time periods (>30 min) within lymphatic 
vessels88 (Figure 4C). This was observed for both adoptively trans-
ferred as well as for endogenous DCs. Similarly, performing IVM in 
CHS-inflamed ear skin of Prox1-GFP  ×  hCD2-DsRed mice, which 
feature green-fluorescent lymphatics and red-fluorescent T cells, 
we observed that also T cells remained arrested or clustered inside 
lymphatic capillaries for long time periods.88 This peculiar behavior, 
which did not seem to contribute to migration, made us hypoth-
esize that T cells arresting or clustering within lymphatic capillar-
ies might be interacting with thus far not visualized intralymphatic 
antigen-presenting cells. In further support of this hypothesis we 
observed that intralymphatic red-fluorescent T cells were occasion-
ally interacting with motile GFP-expressing cells – likely DCs that 
had phagocytosed parts of dying Prox1-GFP+ LECs (Figure  4C).88 
Evidence for the occurrence of intralymphatic DC-T cell interactions 
also came from an adoptive transfer setup, in which a DTH response 
toward ovalbumin (OVA) was induced in the ear skin of Prox1-GFP 
mice spiked with CD2-DsRed-OTII T cells. Upon adoptive transfer 
of fluorescent bone marrow-derived DCs, generated from either 
wildtype or I-A/I-E-deficient mice, pulsed with OVA-peptide we 
could observe long-lasting DC-T cell interactions within afferent 
lymphatics that were formed in an antigen/MHCII-dependent man-
ner (Figure  4C). Interestingly, both in this adoptive transfer setup 
and also when observing endogenous interactions in the Prox1-
GFP × CD2RFP mice, the involved cells did not arrest for the time 
of the interaction, but the interacting cells (DC and T cell) continued 
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F I G U R E  4  Key mechanistic insights on lymphatic migration made by time-lapse imaging. (A-B) An intralymphatic CCL21 gradient 
directs DC crawling within lymphatic capillaries in the downstream direction of the dLN. (B) The DMI serves to quantify directedness of 
leukocyte migration in lymphatic capillaries. Within the imaging interval, each cell covers a certain distance, referred to as the total path 
length (TPL). The optimal migration path (OMP) represents the shortest path that the cell could have migrated within the vessel from its 
starting-point to its end-point. The DMI is calculated by dividing the OMP by the TPL and assigning a positive value if the overall migration 
occurred in the downstream direction to the dLN and a negative value if it rather occurred in the upstream direction of the capillaries' blind 
endings. DMI of 1 or −1: completely directed movement toward the downstream collectors or the upstream capillaries. DMI of 0: random 
migration. The actual DMI measured for DCs was approximately 0.2, indicative of semi-directed migration. (B) Hypothesis on how low 
lymph flow in capillaries helps to establish a downstream-oriented CCL21 gradient. The positively charged C terminus of CCL21 is anchors 
it on the negatively charged LEC surface. Due to the constant low flow, CCL21 gets washed off from the producing LEC and rebinds to 
the endothelium further downstream, leading to the preferential accumulation of CCL21 in downstream capillary regions. (C) Unexpected 
behaviors of intralymphatic DCs and T cells revealed by IVM. In addition to actively crawling and patrolling in the capillary lumen, DCs and T 
cells frequently arrest for long time periods (>40 min) within lymphatic capillaries. Endogenous T cells were observed to frequently cluster in 
inflamed capillaries or to occasionally exit from the vessel back into the tissue. DCs were observed interacting with T cells within lymphatic 
capillaries. Left: schematic representation of the observations. Right: Images taken from IVM experiments as described in.88 Scale bar: 
100 μm. (D) Under inflammatory conditions DCs can directly enter into lymphatic collectors. Tissue inflammation induces degradation of the 
thick BM surrounding dermal collectors and preferential upregulation of VCAM-1 in dermal collecting vessels, enabling collector entry. By 
directly entering into collectors, which can contract and cell rapidly detach and transition to fast flow, DCs avoid the slow migration step in 
capillaries. Collector-entry therefore enables fast track for migration to dLNs

Patrolling Arresting Clustering

Interacting

DC 

Arresting

Patrolling
Interacting

Immobilized
CCL21 Glycocalyx

(A)

(C)

(D)

(B)

CD4+ 

T cell

Clustering
Exit

Legend

 DCs
T cells
Lymphatics

In�ammation In�ammation

Capillary entry

Steady-state Steady-state

Capillary entry

Collector entryCollector entry

 BM degradation BM degradation

VCAM-1VCAM-1
UpregultedUpregulted

Intact BMLegend

Dendritic cell (DC)
T cell
Basement membrane
LECs

LEC

Flow

OMP

DMI = +0.6
DMI = -0.7

upstream 

downstream 

DMI= OMP(+/-)
TPL

-1≤ DMI < 0: upstream direction 
0< DMI ≤ 1: downstream direction 

TPL



52  |    COLLADO-DIAZ et al.

to migrate as a duo within lymphatic vessels.88 This type of motile 
interactions seems different from DC-T cells interactions previously 
observed by IVM in LNs. However, it needs to be kept in mind that in 
contrast to the LN parenchyma, which is packed with immune cells, 
there are much fewer cells within afferent lymphatic vessels, leaving 
much more space for cell movement.

Given current knowledge of T cell trafficking through inflamed 
afferent lymphatics26,89 we suspect that these interactions involved 
either CD4+ Teff or Treg. In the context of a developing or ongoing 
immune response, it is perceivable that some antigen-specific CD4+ 
Teff will fail to encounter cognate antigen while scanning APCs in 
the peripheral tissue and therefore leave the tissue by entering into 
lymphatic capillaries. We speculate that in this case, Teff might get re-
activated upon interacting with an intralymphatic, cognate antigen-
presenting DCs, what could confer a signal to the cells to exit back 
into the tissue and continue searching for antigen/exert their ef-
fector functions. Indeed, in contrast to DCs which we have never 
observed exiting from lymphatic capillaries, we occasionally (in the 
low percentage range) observed T cells that transmigrated back into 
the tissue.88 This exit-behavior could contribute to enhancing the 
efficacy of immune recognition: by exiting the capillary, these cells 
would take a “short-cut” back into the tissue, instead of recirculating 
through dLNs, lymphatics and blood vessels, what would represent 
a long journey before returning to the tissue in which their cognate 
antigen is located. Intriguingly, a cannulation study reported more 
than 20 year ago the presence of small cell clusters comprising IL-
12+ DCs and IFNγ1+ lymphocytes in cannulated human afferent 
lymph.40 Although it cannot be ruled out that these clusters formed 
during the lymph collection process, these findings might support 
the occurrence of DC-Teff cell interactions in afferent lymphatics.

On the other hand, considering that at least in mice Treg have 
been identified as a major fraction of T cells exiting from inflamed 
skin,39 it is possible that intralymphatic DC-T cell interactions might 
involve Treg. Treg are well known to suppress the antigen-presenting 
functions of autoantigen-presenting DCs.90 DC-Treg interactions 
occurring within afferent lymphatic vessels in the context of tissue 
inflammation might therefore help to prevent that DCs expressing 
high levels of co-stimulatory molecules but presenting primary self-
antigen arrive in dLNs, where they could support activation of self-
reactive T cells. A similar DC-suppressing function has been ascribed 
to Treg in dLNs.90 However, considering the vast number of cells pres-
ent in a LN, the ability to identify and suppress mature autoantigen-
presenting DCs already within afferent lymphatics could help to 
improve the logistic challenges of this suppressive mechanism.

6.7  |  Long arrest periods of DC and T cells within 
lymphatic capillaries

Our IVM experiments performed under both inflammatory and 
steady-state conditions also revealed that intralymphatic DCs and T 
cells undergo long arrest periods within lymphatic capillaries27,70,88 
(Figure 4C). Considering that the cells spend several hours crawling 

and arresting within this compartment, this behavior might imply 
that leukocytes exchange signals with LECs while migrating. Indeed, 
several reports support the existence of such signaling events and 
indicate that it shapes both LECs in capillaries and the migrating leu-
kocytes: As previously mentioned, a recent study demonstrated that 
transmigrating DCs may induce Ca2+ signalling in LECs, leading to 
the release of CCL21 from intracellular stores.82 Similarly, interac-
tions of DCs with collecting vessels were shown to reduce permea-
bility and support fluid transport through larger collecting vessels.91 
Likewise, LTα1β2/LTβR-mediated interaction of Treg with LECs were 
found to upregulate expression of VCAM-1, CCL21 and other traf-
ficking molecules in in afferent lymphatics of inflamed tissues. The 
latter findings suggested that Treg contribute to resolution of inflam-
mation by supporting tissue exit of inflammatory leukocytes.92

Similarly, several studies have identified LEC-derived molecules 
that modulate the activation state of migrating DCs. In all reports 
thus far, the signal received from LECs lead to a suppression of the 
migratory DC’s maturation state and APC function: Specifically, 
interaction of LEC-expressed ICAM-1 with the integrin MAC-1 on 
DCs reportedly reduced expression levels of co-stimulatory mole-
cule CD86 in migratory DCs, resulting in reduced T cell activation 
in dLNs.93 Other studies identified prostaglandins secreted by 
LECs94 and CD73 expressed on LECs95 as negative modulators of 
DC maturation, dampening inflammation and immune responses 
in dLNs. More recently, also the LEC-expressed adhesion molecule 
CLEVER-1 (also known as Stabilin-1 and FEEL-1) was shown to im-
pact both DC cell migration from the skin to the dLN as well as the 
maturation state of migrated DCs and their ability to induce T cell 
proliferation.96 In further support of these findings, other studies 
have reported that migratory DCs present in dLNs in steady-state 
generally have a less immune-activating phenotype in comparison 
to LN-resident DCs.97,98 By contrast, under inflammatory conditions 
migratory DCs reportedly acquire a more stimulatory phenotype 
compared to LN-resident DCs and are critical for inducing effective 
adaptive responses in the context of peripheral infection or vacci-
nation.99-102 This apparent discrepancy could suggest that the DC 
maturation-dampening effects of LECs are more pronounced in 
steady-state as compared to inflammatory conditions. Alternatively 
- and in our opinion more likely - the much stronger DC maturation-
inducing stimuli present in the peripheral tissue, for example, in con-
text of an infection, likely override the immune-dampening effects 
of LECs, explaining why migratory DCs are more mature as com-
pared to LN-resident DCs under the latter conditions.

With regards to T cell migration, no immunemodulatory mol-
ecules expressed by capillary LECs that impact migratory T cells 
have been reported so far. This is contrast to the various studies 
documenting the immunemodulatory and APC functions exerted by 
LECs in LNs103 or in tumors.104 For example, LN LECs and other LN 
stromal cells were shown to suppress T cell activation by release of 
nitric oxide105 or expression of PD-L1.106 In addition to expressing 
MHCII, LN LECs were found to scavenge and cross-present antigen 
drained to the LN via afferent lymphatics or to acquire antigen-MHC 
complexes from migratory DCs.103,107 In most cases, the responses 
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elicited by antigen-presenting LECs resulted in T cell anergy or con-
version to a regulatory phenotype.103,108 Similarly, several recent 
studies have highlighted the immunemodulatory properties exerted 
by tumor LECs, in particular via the PD-L1/PD-1 axis.104 Moreover, 
a recent study showed that MHCII expression by tumoral LECs sup-
ported expansion and immunosuppressive activity of Treg, thereby 
contributing to tumor immune-evasion.109 Whether similar APC und 
immunemodulatory functions also occur in lymphatic capillaries in 
the context of an inflammatory response and whether this impacts 
tissue-resident or emigrating T cells is not yet clear at this stage. 
However, it is interesting to note that, for example, PD-L1 is strongly 
upregulated in LECs of afferent lymphatics during tissue inflamma-
tion67 and so is MHCII (unpublished observations).

Overall, these findings - including our observation of lengthy DC 
or T cell interactions with capillary LECs – contribute to the emerg-
ing notion that afferent lymphatics exert immune-regulatory activity 
and generally dampen adaptive immune responses.

6.8  |  Lymphatic collectors support dendritic 
cell entry and rapid migration to lymph nodes in 
inflammation

IVM has revealed that leukocyte migration through capillaries is a 
lengthy process27,86,88 and likely a rate-limiting step in the overall 
migration from peripheral tissues to dLNs. In the case of DCs, the 
kinetics of migration from skin to dLNs have been studied in quite 
detail over the past 16 years.46,110 In line with the low speed of in-
terstitial migration,111,112 the time needed for DC maturation and 
entry and crawling within lymphatic capillaries, these studies have 
revealed that even under inflammatory conditions, DC migration 
to dLNs remains a fairly slow process. Generally, it has been re-
ported that dermal DCs numbers in the dLNs peak 1–2 days after 
induction of inflammation and epidermal Langerhans cells after 
3–4 days.46,110,113,114 However, even in these studies always some 
cells could be detected that arrived much faster in dLNs, namely 
within less than 8 hours. Considering the long time spent in capil-
laries and the inefficient mode of forward movement in this com-
partment, we wondered whether in the case of such early arriving, 
rapidly migrating DCs, entry into afferent lymphatics had occurred 
directly into the collecting vessel segments, where the elevated flow 
should favor rapid transport to the dLN. Performing in vivo migra-
tion studies and time-lapse imaging, our group recently demon-
strated that under inflammatory conditions, some DCs indeed enter 
directly into lymphatic collectors, allowing for their fast arrival in the 
dLN115 (Figure 4D).

Specifically, we found that under in inflammatory conditions the 
rather tight BM surrounding dermal lymphatic collectors is degraded 
and adhesion molecules like VCAM-1, CX3CL1 and CXCL12, which 
had all been previously shown to mediate migration to dLNs,68,80,116 
were preferentially upregulated in collector LECs but not in cap-
illary LECs (Figure  4D). When performing time-lapse imaging of 
fluorescently labeled DCs in the ear skin explant model, we could 

observe DC entry into LYVE-1- lymphatic collectors. We could fur-
ther show that entry into both capillaries and collectors was highly 
CCR7-dependent, whereas loss of VCAM-1 in collectors or genetic 
deletion of integrin β1 subunit in DCs selectively reduced the DC’s 
ability to enter into collectors but not into capillaries. Considering 
the difference in migration/transport speed in lymphatic capillaries 
and collectors, entry into collector vessels would be expected to 
favor fast arrival of DCs in the dLNs. In line with this assumption, 
when performing adoptive transfer studies with wild-type (WT) DCs 
and DCs deficient in the VCAM-1-binding integrin subunit β1, we 
observed that β1-deficiency had a strong impact on DC arrival in 
dLNs at early time points (eg, 8 hours after transfer). Conversely, at 
later time points (eg, 40 hours) at which also DCs that have entered 
via capillaries would be expected to have arrived in dLNs, the impact 
of β1-deficiency was much less pronounced, in support of the impor-
tance of collector entry for fast arrival in dLNs.115

These results challenge the prevailing paradigm of lymphatic 
trafficking assuming that leukocyte exclusively enter at the level of 
lymphatic capillaries. The reason why this alternative entry route was 
overlooked in the initial ear skin crawl in experiments15,66,72 is likely 
due to the fact that the original experiments were performed in ven-
tral murine ear skin, which in contrast to the dorsal ear skin used in our 
studies contains virtually only LYVE-1+ capillaries but not collecting 
vessels. Also, in light of the prior knowledge of lymphatic morphol-
ogy14 it seemed/seems more intuitive that cell entry occurs through 
capillaries, which in contrast to collectors are surrounded by an ultra-
thin BM and comprise large openings, that is, primary valves, through 
which leukocytes can easily access the vessel lumen. The morphol-
ogy of collectors, on the other hand, more resembles that of blood 
vessels. But considering that leukocytes also constantly extravasate 
from blood vessels, despite their continuous, zipper-like endothelial 
cell-cell junctions, and thick BM and surrounding pericytes, it is not 
so surprising that also entry into collectors is possible. Although thus 
far only demonstrated for DCs, we suspect that also the other cell 
types are capable of entering afferent lymphatics through collecting 
vessels in tissues. For example, we previously found that VCAM-1 
also mediated T cell migration from skin to dLNs in the context of 
inflammation.70 Furthermore, neutrophils are known to be the first 
lymph-borne cell type arriving in dLNs in the context of inflamma-
tion.43 This is probably in part associated with the fact that these cells 
– in contrast to DCs – already arrive in the tissue in an activated and 
highly motile state. But preferred entry through collectors could po-
tentially be a further explanation for their rapid migration kinetics.

The next goal will be to gain a better understanding of the oc-
currence of collector-entry and its functional relevance. For exam-
ple, at present, we do not know whether all or possibly only certain 
DC subtypes transmigrate via this route, for example, depending 
on their tissue location and chemotactic requirements. By enter-
ing directly into contracting collecting vessel segments, DCs will 
avoid the inefficient migration step in capillaries and arrive faster 
in dLNs. With regards to the potential functional relevance of this 
process, we speculate that a more rapid arrival of antigen-bearing 
DCs could be an advantage in the context of infections with a 
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rapidly dividing pathogens, as it would allow for an earlier start 
of the adaptive immune response. On the other hand, direct entry 
into collectors could not only help to avoid slow migration kinetics 
associated with the capillary compartment, but also bypass the im-
munosuppressive signals that DCs might receive from interacting 
with capillary LECs or potentially with intralymphatic T cells.

7  |  CONCLUSION AND OUTLOOK

Over the past 15  years, time-lapse imaging studies performed in 
tissue explants and in vivo have identified multiple steps involved 
in the migration of leukocytes into and within afferent lymphatics. 
In addition to providing insight into the migratory process and dis-
secting the contribution of molecules at distinct locations in/around 
the vasculature, these studies have revealed unexpected behaviors 
of leukocytes within lymphatic capillaries. The fact that DCs and 
T cells spend many hours crawling, arresting and even interacting 
within lymphatic capillaries before migrating toward the dLN has 
contributed to the emerging notion that lymphatic capillaries exert 
immunemodulatory functions, in addition to their conventional role 
in leukocyte transport. In the future, it will be interesting to further 
investigate the immunemodulatory and potential APC functions of 
lymphatic capillaries using time-lapse imaging and other techniques. 
One obvious challenge will be to differentiate between effects in-
duced by LECs in lymphatic capillaries and such caused by LN LECs, 
that is, the second site where long-lasting or repeated interactions 
of leukocytes with LECs are expected to occur. Thus far, no gene-
targeted mouse strains allowing for specific deletion of genes in 
LNs vs. peripheral LECs are available, but it is likely that - propelled 
by the many single-cell sequencing studies performed on both LN 
and peripheral LECs (eg, 117,118) - new tools will arise from the iden-
tification of LEC subset-specific markers. So far, time-lapse imaging 
of leukocyte migration through afferent lymphatics has only been 
performed in steady-state or in acute inflammation models, but not 
in disease models, for example, in settings of autoimmunity, graft 
rejection or tumor growth. Such studies are expected to deliver 
new insights into both aspects of migration and immunemodulation. 
Likewise, transferring the time-lapse imaging protocols established 
for murine tissue explants to human tissues could help to compare 
migratory processes in both systems, thereby contributing to a bet-
ter understanding of their translational potential.
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