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To ensure proper immune function, most leukocytes constantly move within tissues or
between them using the blood and lymphatic vessels as transport routes. While afferent
lymphatic vessels transfer leukocytes from peripheral tissues to draining lymph nodes
(dLNs), efferent lymphatics return lymphocytes from LNs back into the blood vascular circu-
lation. Over the last decades, great progress has been made in our understanding of leukocyte
migration into and within the lymphatic compartment, leading to the approval of new drugs
targeting this process. In this review, we first introduce the anatomy of the lymphatic vascu-
lature and the main cell types migrating through lymphatics. We primarily focus on dendritic
cells (DCs) and T cells, the most prominent lymph-borne cell types, and discuss the functional
significance as well as the main molecules and steps involved in their migration. Additionally,
we provide an overview of the different techniques used to study lymphatic trafficking.

he lymphatic system is composed of primary

lymphoid organs (i.e., bone marrow and thy-
mus), secondary lymphoid organs (SLOs), such
as spleen and lymph nodes (LNs), and the
lymphatic vasculature. The latter consists of a
network of lymphatic vessels (LVs), which are
present in most vascularized tissues of the body
(Petrova and Koh 2018, 2020; Wong et al. 2018).
In contrast to the closed blood vascular circula-
tion, the lymphatic vasculature is an open-ended
vascular system, which starts at the level of initial
afferentlymphatics in peripheral tissues (Fig. 1 A;
Jackson 2019; Schineis et al. 2019). The main
function of initial afferent lymphatics is to drain
excess fluid that has leaked out of blood vessels
and to return it to the blood circulation. At the
same time, initial afferent lymphatics serve as
conduits for the trafficking of antigen and leuko-
cytes from peripheral tissues to draining LNs

(dLNs), where immune activation, modulation,
and induction of tolerance take place (Randolph
etal. 2017).

Lymphatic research started in the early 17th
century with the discovery of the lacteal vessels,
which are located in each intestinal villus and
transport absorbed lipids from the small intes-
tine to the mesenteric LNs (Aselli 1627). Over
the course of the subsequent centuries, LVs were
discovered in the skin, heart, lungs, and other
organs (Petrova and Koh 2018, 2020; Wong
et al. 2018). However, advancements in our mo-
lecular understanding of lymphatic biology were
only made possible in the late twentieth century
with the discovery of lymphatic-specific mark-
ers, such as the lymphatic-specific transcription
factor Prox-1 (Wigle and Oliver 1999), the lym-
phatic vessel endothelial hyaluronan receptor 1
(LYVE-1) (Banerji et al. 1999), the mucin type-1
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Figure 1. Structure of the lymphatic vasculature. (A) Lymphatic vessels (LVs) originate in peripheral tissues and
are organized in a tree-like network that includes the lymph nodes (LNs). LVs eventually converge into the
thoracic duct and the right lymphatic duct, which join the blood circulation at the level of the subclavian veins.
(B) Afferent lymphatic capillaries in the peripheral tissues drain the lymph-containing macromolecules and cells.
Lymph is then actively transported through afferent lymphatic collectors toward the draining LN (dLN) where it
gets filtered. Lymph leaves the LN at the level of the efferent LV. (C) Lymphatic capillaries (upper drawing)
are surrounded by a thin basement membrane and are composed of lymphatic endothelial cells (LECs) that are
connected by discontinuous button-like cell-cell junctions. This arrangement generates open flaps that enable
entry of lymph and leukocytes. Anchoring filaments connect LECs to the extracellular matrix (ECM) and regulate
opening of the flaps. On the other hand, lymphatic collectors (lower drawing) are composed of tightly joined
LECs connected by zipper-like cell-cell junctions and have a thick basement membrane. Intralymphatic valves
and smooth muscle cells surrounding the collector ensure unidirectional propagation of the lymph. (D) Afferent
lymphatic collectors deliver the lymph to the LN at the level of the subcapsular sinus (SCS), which surrounds the
entire LN. The LN parenchyma is divided into the outer cortex, the more centrally located paracortex, and the
medulla. Within the LN, the lymph flows through a network of trabecular, cortical, and medullary sinuses and
exits via the efferent LV.
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protein podoplanin (Breiteneder-Geleff et al.
1999), and the vascular endothelial growth fac-
tor receptor 3 (VEGFR-3) (Kaipainen et al.
1995). Their combined use is now frequently
used in the identification of LVs in tissues.

ORGANIZATION OF THE LYMPHATIC
VASCULATURE

The lymphatic vasculature in the body can be
divided into three vascular compartments: the
afferent vessels upstream of LNs, the lymphatic
vasculature within LNs, and the efferent lym-
phatics downstream of LNs (Fig. 1B). Each of
these compartments are introduced in the fol-
lowing paragraphs.

In peripheral tissues, a network of blind-
ended afferent lymphatic capillaries make up
lymph, which mainly consists of tissue fluids,
leukocytes, and macromolecules. Lymphatic
capillaries are composed of a single layer of partly
overlapping oak leaf-shaped lymphatic endothe-
lial cells (LECs) (Baluk et al. 2007). These cells
are loosely interconnected through discontinu-
ous button-like cell-cell junctions, giving rise to
openings, so-called flaps, or primary valves (Fig.
1C), which facilitate the uptake of interstitial flu-
id and leukocytes into the vessel. Capillary LECs
are surrounded by a thin and fenestrated base-
ment membrane and are connected by anchor-
ing filaments to the extracellular matrix (ECM).
This setup leads to the spontaneous opening of
the flaps once interstitial tissue fluid pressure
increases (e.g., during inflammation) (Leak and
Burke 1966).

Lymphatic capillaries converge into precol-
lecting vessels that merge into larger collecting
vessels (Moore and Bertram 2018). While capil-
laries and collectors start as rather small vessel
segments within tissues (diameter in skin of
~50 pm) (Suami and Scaglioni 2018; Montoya-
Zegarra et al. 2019), they steadily increase in size
as collecting vessels merge in the lymphatic net-
work. The largest lymphatic collector, the tho-
racic duct, has been reported to have a diameter
of up to 5 mm in humans (Skandalakis et al.
2007). Considering that LNs are frequently
aligned in chains connected by collectors (Fig.
1A), an efferent vessel exiting from one LN can at

Lymphatic Migration of Leukocytes

the same time be the afferent vessel for the next
dLN (Forster et al. 2012). In this article, we ex-
clusively use the term “afferent LVs” when refer-
ring to LVs that begin in peripheral tissues. The
main function of collectors lies in the transport
of lymph. Regardless of their size, the transport
function of collecting vessels requires distinct
morphological features compared to capillaries,
which primarily serve in lymph uptake. Collec-
tor LECs are connected by continuous and tight
zipper-like cell-cell junctions and display an
elongated shape (Fig. 1C; Baluk et al. 2007). Fur-
thermore, collectors are surrounded by a thick
continuous basement membrane (Pflicke and
Sixt 2009), which together with the zipper-like
junctional setup ensures fluid tightness. Lym-
phatic collectors are further surrounded by a
smooth muscle cell layer, which confers contrac-
tility and lymph propulsion (Oliver et al. 2020;
Petrova and Koh 2020). Additionally, intralumi-
nal valves divide collecting vessels into distinct
units, so-called lymphangions, which prevent
backflow of lymph and ensure unidirectional
flow toward dLNs (Bazigou and Makinen 2013;
Moore and Bertram 2018).

Humans have up to 600 LNs distributed
throughout the whole body, while mice only
have around 20 (Van den Broeck et al. 2006).
The complex structure of LNs is key for initiating
and regulating immune responses. LNs are com-
partmentalized into an outer cortex, followed by
a paracortex and the medulla on the inside (Fig.
1D). These compartments from the LN paren-
chyma are lined on all sides by a series of lym-
phatic sinuses through which the lymph travels.
First, the lymph is delivered via one or more
afferent LVs to the subcapsular sinus (SCS), a
compartment continuous with the afferent lym-
phatics and situated just underneath the outer
collagen-rich capsule of the node. Within the
LN, the afferent vessels branch into a sinus
system comprising multiple conduits for the
intranodal trafficking of antigens and cells. Sub-
sequently, the lymph flows through trabecular
sinuses and cortical sinuses, which expand to
become wider medullary sinuses (Jalkanen and
Salmi 2020). All LN sinuses are lined by LECs
that can be divided into different subtypes
depending on their localization and function
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(Jalkanen and Salmi 2020). For example, the SCS
is lined by specialized ceiling and floor LECs.
Macrophages that are interspersed with LECs
in the SCS and medullary sinuses floor sample
the lymph and capture free antigens or even bac-
teria or viruses (Louie and Liao 2019). Alterna-
tively, small soluble antigens (<70 kDa) can be
passively transported from the SCS to the LN
parenchyma via specialized reticular conduits
(Chang and Turley 2015). These small, colla-
gen-rich channels are tightly surrounded by fi-
broblastic reticular cells. LN-resident dendritic
cells (DCs) can access antigen in these conduits
and present them to lymphocytes in the LN pa-
renchyma (Changand Turley 2015). Larger mol-
ecules and lymph-borne antibodies that are
physically unable to enter via this route may
get transported by vesicular transcytosis across
the floor LECs into the LN parenchyma (Kahari
et al. 2019). After traveling along the complex
sinus architecture, the filtered lymph leaves the
node through an efferent LV in the hilus region
(Fig. 1D). Ultimately, larger collecting vessels
converge into the thoracic and lymphatic ducts,
which return the lymph into the blood circula-
tion at the level of the subclavian veins.

CELLULAR MIGRATION THROUGH
AFFERENT AND EFFERENT LYMPHATIC
VESSELS

Seminal cannulation studies performed in the
late 1950s by Sir James Gowans revealed that
lymphocytes constantly recirculate between
SLOs and blood (Gowans 1957). The most
prominent recirculating lymphocytes are naive
Tand B cells, which enter and exit SLOs in search
of cognate antigen, thereby contributing to im-
mune surveillance (von Andrian and Mackay
2000; Krummel et al. 2016). Lymphocyte extrav-
asation from the bloodstream into LNs takes
place in a specialized vascular bed, the so-called
high endothelial venules (HEVs). The process
occurs through a multistep adhesion cascade,
culminating in lymphocyte transmigration into
the paracortex (Girard et al. 2012). Within the
LN, T and B cells migrate toward the T-cell zone
and B-cell follicles, located in the paracortex and
cortex, respectively, to scan for antigens. Naive B

cells directly take up antigen via their B-cell re-
ceptor, whereas naive T cells need DCs, which
present antigen to them on MHC molecules.
Upon antigen recognition, both lymphocytes
are retained in the LN and differentiate into ef-
fector T cells or antibody-secreting plasma cells.
Once differentiated, these cells leave the LN via
the efferent LVs to eventually enter the blood-
stream and migrate (e.g., to the site of infection)
(von Andrian and Mackay 2000; Krummel et al.
2016). Conversely, if no antigen recognition oc-
curs, the recirculation of naive T cells continues,
and they exit the LN after a few hours via efferent
LVs.

Since the late 1950s, cannulation techniques
have commonly been used to investigate the cel-
lular composition of the lymph in big species,
such as sheep, cows, or humans (Smith et al.
1970; Bujdoso et al. 1989; Olszewski et al.
1995). These studies have revealed that lymph
collected from efferent lymphatics (e.g., thoracic
duct or other postnodal collection sites) contains
almost exclusively lymphocytes, namely, recir-
culating naive T and B cells but also certain types
of antigen-experienced lymphocytes (Mackay
et al. 1988). Interestingly, the composition and
cellular load of efferent lymph is linked to the
inflammatory state of the tissue from which the
lymph is drained. Upon antigenic stimulation
and the concomitant inflammatory response,
lymphocytes are retained in the dLN. This phase
is described as “LN shutdown” and leads to lower
numbers of lymphocytes in efferent lymph as
well as swelling of the LNs. After a few days,
increased numbers of lymphocytes (many of
them differentiated effector cells) egress from
the node, resulting in an elevated cellular output
before the numbers decrease again back to
steady-state baseline levels. This shutdown pro-
cess is hypothesized to promote the likelihood of
antigen-specific activation of lymphocytes in
dLNs (Cahill et al. 1976; Mackay et al. 1992;
Wee et al. 2011).

While efferent lymph contains a large por-
tion of naive T and B cells, afferent lymph mostly
contains antigen-experienced effector or mem-
ory T cells (80%-90%), DCs (5%-15%), as well
as some granulocytes and monocytes (1%-10%),
depending on the inflammatory state (Smith
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et al. 1970; Sokolowski et al. 1978; Zawieja et al.
2019). The best characterized cell type in afferent
lymph undoubtedly are DCs, which migrate to
dLNs to present antigen taken up in peripheral
tissues to CD8" or CD4" T cells. In the context of
inflammation and/or infection, migratory DCs
mature and up-regulate costimulatory molecules
on their cell surface, leading to efficient activa-
tion of cognate T cells in dLNs. Conversely, DCs
migrating in steady-state present mostly self-an-
tigens and express low levels of costimulatory
molecules. Cognate T cells activated under these
conditions typically undergo clonal deletion or
are rendered anergic or tolerant, highlighting the
important role of steady-state DC migration in
the maintenance of peripheral tolerance. DCs
that have migrated to dLNs typically are short-
lived and do not traffic further but undergo
apoptosis (Hilligan and Ronchese 2020).
Antigen-experienced CD4" T cells and to a
lesser extent CD8™ T cells constitute the largest
leukocyte subsets in afferent lymph (Mackay
et al. 1990). In steady-state conditions, the
most abundant CD4" T cells in afferent lymph
are long-lived effector memory T cells (Tgm)
(Yawalkar et al. 2000). Functionally, Tgy recir-
culation through peripheral tissues is thought to
contribute to immune surveillance. However, in
recent years, tissue-resident memory cell popu-
lations have also been detected, which fulfill this
task (Mueller and Mackay 2016; Ho and Kupper
2019). Under inflammatory conditions, short-
lived effector CD4" T cells are also found in
large amounts in afferent lymph. While anti-
gen-specific T cells are thought to be retained
in the inflamed/infected tissue, tissue-exit of un-
specific T cells is thought to help prevent over-
shooting inflammatory responses in the tissue,
which may otherwise be induced by bystander
activation of these unspecific T cells (Goémez
et al. 2015; McNamee et al. 2015). Furthermore,
recent studies in murine models of inflamma-
tion have identified regulatory T cells (Tregs) as
a major T-cell subset exiting tissues both in
steady-state and inflammation. Tregs migration
from peripheral tissues to dLNs is thought to
help maintain immune tolerance and suppress
and regulate the ongoing immune response
(Tomura et al. 2010; Nakanishi et al. 2017).

Lymphatic Migration of Leukocytes

Finally, it is important to note that the total
cellular load in afferent lymph is approximately
one magnitude lower than the one of efferent
lymph, in line with the fact that ~90% of all cells
enter LNs via HEVs and that efferent lymph
mainly comprises recirculating (naive) lympho-
cytes (Smith et al. 1970; Mackay et al. 1988,
1990).

METHODS USED TO STUDY LEUKOCYTE
MIGRATION THROUGH THE LYMPHATIC
VASCULATURE

Since the pioneering cannulation studies de-
scribing the composition of lymph, novel tech-
niques have been developed and applied to study
lymphatic migration. Particularly the develop-
ment of knockout (KO) mice made it possible
to investigate the involvement of a gene of inter-
est in leukocyte migration (Fig. 2), for example,
when used in combination with so-called fluo-
rescein isothiocyanate (FITC) painting or adop-
tive transfer experiments (Table 1). In FITC
painting, the fluorophore FITC is applied onto
murine skin. After penetrating the epidermis
and dermis, FITC is taken up by DCs and other
cell types. FITC" migratory DCs can subse-
quently be detected and quantified in dLNs
(e.g., by flow cytometry performed on LN sin-
gle-cell suspensions). In contrast, in adoptive
transfer experiments, fluorescently labeled
wild-type (WT) and/or KO leukocytes are inject-
ed into the skin or the footpad of a recipient
mouse and their migration to dLNs is subse-
quently analyzed by immunofluorescence or
flow cytometry (see Table 1). Mouse strains in
which the Cre recombinase is expressed under
the control of a lymphatic marker like Prox-1 or
VEGEFR-3 (e.g., Bazigou et al. 2009; Martinez-
Corral et al. 2016) can be used to generate lym-
phatic-specific KO mice. Considering that many
molecules involved in lymphatic trafficking are
not exclusively expressed by the lymphatic vas-
culature, the latter mice are important for assess-
ing the LEC-specific contribution to migration.

In addition to adoptive transfer and FITC
painting experiments, photoconversion experi-
ments are increasingly used for investigating mol-
ecules involved in leukocyte migration through
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Figure 2. Stepwise leukocyte migration through afferent lymphatics. (A) Schematic depiction of leukocyte
migration from peripheral tissues through afferent lymphatics. (B) Illustration of the stepwise leukocyte migra-
tion pattern. (I) Interstitial migration: dendritic cells (DCs) and T cells migrate within the interstitial space
composed of extracellular matrix (ECM) toward initial lymphatic capillaries, guided by chemotactic cues such as
CCL21. (2) Lymphatic capillary entry: DCs and T cells enter blind-ended capillaries through specialized flaps
formed by capillary lymphatic endothelial cells (LECs). (3) Intralymphatic crawling: DCs and T cells actively
crawl and patrol within the capillary lumen attached to the LEC surface. (4) Passive transport through collectors:
Lymph flow increases in collectors due to contraction of the vessel-surrounding lymphatic smooth muscle cells
(SMCs). Once leukocytes arrive in lymphatic collectors, they start to detach from the lymphatic endothelium and
are passively transported toward the next lymph node (LN) by flow. *During inflammation, DCs can enter
directly into lymphatic tissue collectors that provide a rapid route to draining LNs (dLNs) by bypassing the slow

migration within the capillaries.

afferent LVs. The latter rely on transgenic mice ex-
pressing a green fluorescent, photoconvertible pro-
tein, such as Kikume green-red or Kaede, in all cell
types (Tomura et al. 2008, 2014). These proteins
undergo a conversion to the red-fluorescent state
upon illumination with ultraviolet or violet light. By
inducing photoconversion in a particular tissue
(e.g., area of the skin), the red-fluorescent cells orig-
inating from this illuminated tissue can be distin-
guished from all other (green-fluorescent) cells in
the animal. The technique therefore allows re-
searchers to identify and quantify red-fluorescent
leukocytes that have migrated from the illuminated
tissue via afferent lymphatics to dLNs and to inves-
tigate the mechanism of their migration in an en-
dogenous setup (see, e.g., Tomura et al. 2008;

Bromley et al. 2013; Hampton et al. 2015; Ikebuchi
et al. 2016; Tadayon et al. 2021).

Another important advancement in our un-
derstanding of leukocyte migration through LVs
has come from intravital microscopy (IVM),
which involves imaging leukocyte migration in
vivo in anesthetized mice by time-lapse confocal
or multiphoton microscopy. These imaging tech-
niques allow researchers to investigate the migra-
tory patterns and interactions between different
cells inside LV, dLNs, or tissue (e.g., skin) with
single-cell resolution (Secklehner et al. 2017;
Hunter et al. 2019; Nakamizo et al. 2020). In con-
trast to, for example, adoptive transfer or photo-
conversion experiments, which investigate the
mechanisms of lymphatic migration at the popu-
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Table 1. Methods for studying leukocyte migration

Method Description, advantages (+) and disadvantages (-)
Cannulation studies Lymph fluid is collected via a cannula placed directly inside an afferent or
Used to study: efferent LV, or into the cisterna chyli. Its cellular content is subse-
Lymph node (LN) exit (efferent quently characterized by microscopy or flow cytometry. Cannulation
lymph) studies are typically performed in larger animals/humans, and more
Entry into afferent lymphatic vessels rarely also in rodents (Gowans 1957; Mackay et al. 1988; Yawalkar et al.
(LVs) (afferent lymph) 2000; Zawieja et al. 2019).

+ Allows to characterize endogenous migration into afferent/efferent
LVs.

+ Multiple types of analyses possible, ranging from cellular character-
ization to different -omics techniques.

— Technically challenging, especially when performed in small animals

(mice).
Adoptive transfer (I) Fluorescently labeled or otherwise marked leukocytes (e.g., expressing a
(e.g., injected subcutaneously or fluorescent protein or congenic marker) are injected into peripheral
into the footpad) tissues of recipient mice and their presence in the draining LN (dLN) is
Used to study: subsequently quantified by flow cytometry or immunofluorescence.
Entry into afferent LV's Common sites of injection are the ear skin or footpad, as they mainly
Entry from afferent LVs into LN drain into one single LN (i.e., the auricular or popliteal LN, respec-

tively). In some cases, intralymphatic injection is also used (Ohl et al.
2004; Johnson et al. 2006; Brinkman et al. 2016; Teijeira et al. 2017;
Martens et al. 2020).

Adoptive transfer (II) To study the residence time of T cells in LN, a special adoptive transfer
Intravenous injection setup is used. Specifically, fluorescently labeled T cells are first trans-
Used to study LN egress ferred intravenously into a recipient mouse from where they home to

LNs. After a few hours, further immigration of T cells into LNs via
high endothelial venules (HEVSs) is blocked by administration of entry-
blocking antibodies (e.g., anti-integrin a4 or anti-L-selectin). In this
way, T-cell entry is uncoupled from egress, which will continue to
occur. To quantify LN egress, the number of fluorescent T cells in
the LN at the time of antibody injection is determined by quantitative
flow cytometry and compared to the number found in the LNs in the
control and the treatment group (or wild-type [WT] vs. knockout
[KO]) at a certain end point (e.g., 24 h). If egress is inhibited, more
T cells should be present in the LN in the treated (or KO) group at the
end point (Halin et al. 2005; Pham et al. 2010; Reichardt et al. 2013).

+ Useful to study the role of a gene of interest in leukocyte migration in
vivo.

— Adoptively transferred cells need to be injected in high numbers. Often
cells are generated by in vitro expansion or activation, which might not
always reflect the phenotype of endogenous leukocytes.

— When assessing migration through afferent LVs: Cell injection can
damage the tissue at the injection site and push the leukocytes into
LVs.

Continued
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Table 1. Continued

Method Description, advantages (+) and disadvantages (—)
FITC/TRITC painting Topical or intranasal/intratracheal administration of fluorescein isothio-
Used to study: cyanate (FITC) or TRITC allows analysis of the endogenous migration

Entry into afferent LVs
Entry from afferent LVs into LNs

Photoconvertible transgenic mice
Used to study:
Migration via afferent LVs to LNs

Intravital microscopy

Used to study:

Entry/migration within afferent LV's
Entry into or exit from LNs across
lymphatic sinuses

Skin explants

Used to study:

Migration toward, into, and within
afferent LVs

of DCs from the skin or lung, respectively. FITC or TRITC is taken up
by dermal or pulmonary DCs, which subsequently can be identified in
dLNs by flow cytometry or microscopy (Forster et al. 1999; Qu et al.
2004; Vigl et al. 2011; Tolyeva et al. 2013).

+ Allows the study of endogenous DC migration via afferent LVs.

— Method only works for phagocytic cells like DCs, but not for lym-
phocytes.

— FITCand TRITC act as contact sensitizers, and application may lead to
light irritation of the tissue that might be suboptimal when studying
migration in steady-state.

Performed in mice ubiquitously expressing a photoconvertible green-
fluorescent protein (e.g., Kikume or Kaede protein), which is convert-
ed to a red-fluorescent state upon illumination with (ultra)violet light.
Migratory photoconverted cells can be tracked by their red fluores-
cence and detected and quantified by flow cytometry in tissues like LNs
(Tomura et al. 2008, 2010; Bromley et al. 2013; Tadayon et al. 2021).

+ Allows one to investigate migration of endogenous leukocytes and to
identify different subsets of migrating cells.

— Migration from internal organs (e.g., LNs) can only be studied after
invasive surgery (required for illumination).

Fluorescent reporter mice adoptively transferred fluorescently labeled
leukocytes or injected fluorescent antibodies are used to visualize
LVs and leukocytes in vivo. The migration of leukocytes is studied at
the single-cell level by time-lapse confocal or multiphoton microscopy
to determine (e.g., the speed, directionality, or cellular interactions of
migrating cells). Common imaging sites are the popliteal LN, ear skin,
or footpads (Grigorova et al. 2010; Tal et al. 2011; Teijeira et al. 2017;
Hunter et al. 2019).

+ Allows the identification and/or exploration of distinct steps in the
overall migration process.

+ Delivers complementary information to methods investigating cell
migration at the population level (e.g., photoconversion or adoptive
transfer studies).

— Not every tissue can be imaged with minimal invasiveness (e.g., LNs
need to be surgically exposed in anesthetized mice and this can in-
duce tissue inflammation).

— The creation of double- or triple-transgenic mice with multiple fluo-
rescent cellular reporters is time-consuming.

Murine ear skin is ripped along the central cartilage and fluorescently
labeled leukocytes are added on top of the luminal side of the explant
and left to migrate into the dermal tissue. Migration into afferent lym-
phatics is analyzed after ~1-4 h by confocal microscopy after staining

Continued
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Lymphatic Migration of Leukocytes

Method

Description, advantages (+) and disadvantages (—)

LVs with fluorescent antibodies. Alternatively, migration of fluores-
cent leukocytes can be assessed in real time by performing time-lapse
imaging in explants with fluorescent LV (either stained by antibodies
or endogenously visualized in LV reporter mice) (Limmermann et al.
2008; Teijeira et al. 2013; Russo et al. 2016; Johnson et al. 2017).

+ Intermediate between in vitro and in vivo. Allows one to investigate a
distinct migration step (e.g., chemotaxis, transmigration or intralym-
phatic crawling) in a complex tissue environment.

— The ripping of the ear induces a proinflammatory response, up-regu-
lating many inflammatory genes (e.g., adhesion molecules in LVs).

— Soluble mediators (e.g., chemokines) can diffuse out of the ripped
tissue, and lymph flow is absent.

In vitro assays
Used to study:
Adhesion
Transmigration
Crawling

Specific migration steps, such as transmigration, adhesion, or crawling,
can be investigated by in vitro functional assays using lymphatic
endothelial cell (LEC) monolayers and ex vivo isolated or in vitro
differentiated/activated leukocytes (Ledgerwood et al. 2008; Russo et
al. 2016; Arasa et al. 2021; Johnson et al. 2021).

+ Very useful for investigating the involvement of a potential target gene
in lymphatic migration before moving to more expensive and techni-
cally challenging in vivo experiments.

— Simplified assay system in which the composition of lymphatic capillaries
(e.g., junctional arrangement) is not maintained.

— Expression of gene of interest may be lost in in vitro cultured cells.

lation level, analysis at the single-cell level allows
researchers to identify migration cascades and to
study the involvement of a gene of interest in a
particular migratory step. IVM generally requires
the use of reporter mice that feature cell-type-spe-
cific expression of a fluorescent protein in LECs
(Choi et al. 2011; Hégerling et al. 2011; Bianchi
et al. 2015) and DCs (Lindquist et al. 2004) or T
cells (Veiga-Fernandes et al. 2007).

Besides in vivo models, also in vitro func-
tional assays are useful for exploring different
aspects of migration, such as leukocyte chemo-
taxis, adhesion, transmigration, or crawling on
LECs (see, e.g., Johnson et al. 2006; Russo et al.
2016; Arasa et al. 2021). Nowadays, LECs can be
bought commercially or isolated from different
human and murine tissues, which provides a
particular advantage when working with WT
and KO mice (Hirosue et al. 2014; Frye et al.
2018). Alternatively, genetic knockdown can

also be achieved by viral transduction or trans-
fection of LECs and combined with in vitro
migration experiments (McKimmie et al. 2013;
Tadayon et al. 2021).

Migration experiments performed in murine
tissue explants represent an attractive interme-
diate between in vitro and in vivo experiments, as
they allow the study of different migration steps
in a 3D tissue environment. A frequently used
method is the ex vivo crawl-in assay originally
described by Limmermann et al. (2008). In this
assay, fluorescently labeled DCs or T cells in me-
dium are added onto murine ear skin halves,
where they within a short time (<1 h) start to
migrate into the tissue and toward/into LVs. Us-
ing time-lapse microscopy, this setup—similarly
to IVM—allows one to investigate this process at
the single-cell level (e.g., to determine the che-
motactic requirements of migration), the process
of cellular transmigration, or leukocyte move-
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ment within LVs (Pflicke and Sixt 2009; Weber
et al. 2013; Russo et al. 2016; Arasa et al. 2021).
On the other hand, by taking end point images
1-4 h afteraddition of the leukocytes (i.e., at time
points where many of them have already entered
into the lymphatic vasculature), the assay allows
one to quantitatively assess the contribution of a
particular LEC- or leukocyte-expressed mole-
cule in migration into LVs (Weber et al. 2013;
Arasa et al. 2021).

A more detailed description of the afore-
mentioned techniques can be found in Table 1.

STEPWISE MIGRATION OF LEUKOCYTES
THROUGH AFFERENT LYMPHATIC VESSELS

In analogy to the blood vascular system, the
propagation of leukocytes in afferent lymphatics
was, until recently, assumed to occur exclusively
in a passive manner (i.e., mediated by flow).
However, lymph flow in initial lymphatic capil-
laries is much lower (average velocities of 3-5

um/sec) (Berk et al. 1996; Swartz et al. 1996) in
comparison to the flow in, for example, blood
postcapillary venules) (~1 mm/sec) (Jiang et al.
1999). This explains why leukocytes that have
entered into dermal afferent lymphatic capillar-
ies continue to actively migrate within the vessel
lumen and only start to be passively transported
with flow once they reach vessel segments of
higher flow, namely, the contracting collecting
vessels. In the following, this stepwise migration
cascade shall be discussed in greater detail (Fig.
2). Notably, most of these findings come from
IVM performed in dermal lymphatics, as these
are easily imaged by IVM.

Most leukocytes are not immotile within tis-
sues but display low levels of interstitial migration.
While leukocytes within uninflamed tissue often
migrate in a random undirected manner, leuko-
cytes approaching sites of tissue damage or infec-
tions typically follow chemotactic cues (Kienle
and Lammermann 2016). Similarly, leukocytes
follow chemokine gradients when approaching
afferent lymphatics (Limmermann et al. 2008;
Weber et al. 2013). To enter into the lumen of
lymphatic capillaries, leukocytes preferentially
transmigrate through the open flaps formed by
neighboring LECs (Pflicke and Sixt 2009). Upon

entering the afferent LV, leukocytes stay attached
on the luminal side of the capillaries where they
actively crawl and migrate on the surface of LECs
(Tal et al. 2011; Teijeira et al. 2017). During
steady-state conditions, leukocytes within capil-
laries crawl at a speed of around 5-10 pm/sec
(Russo et al. 2016; Teijeira et al. 2017). Interest-
ingly, leukocytes spend many hours patrolling
within capillaries or even remain arrested for lon-
ger time periods (Hunter et al. 2019). Arriving in
contracting tissue collectors, they can be observed
rolling along the vessel wall at low speed (1 mm/
min) (Teijeira et al. 2017), but once they reach
larger collectors, leukocytes start to detach and
can flow at speeds of up to several mm/sec, as
observed in the mesentery (Dixon et al. 2006;
AKl etal. 2011). This transition from active crawl-
ing to passive flowing is likely due to increased
lymph flow rates and is extremely important to
ensure timely arrival of cells in dLNG.
Intriguingly, leukocyte entry into afferent
lymphatics is not solely limited to capillaries.
Our laboratory has recently found that under
inflammatory conditions DCs may directly enter
tissue collectors, thereby bypassing the capillary
compartment (Arasa et al. 2021). Specifically, in
inflammation, the thick basement membrane
and collagen layer surrounding lymphatic
collectors are degraded, and certain adhesion
molecules important for DC trafficking prefer-
entially up-regulated in collector LECs, support-
ing DC access and entry into tissue collectors.
This alternative route of migration bypasses the
slow, active crawling step in capillaries, thereby
enabling DCs to arrive more rapidly in dLNs
(Arasa et al. 2021). The purpose of this alterna-
tive route of migration remainsto be determined.

MOLECULES INVOLVED IN DC AND T-CELL
MIGRATION THROUGH AFFERENT
LYMPHATICS

In the following section we describe the most
important molecules involved in DC and T-cell
migration through afferent lymphatics. Al-
though several of the mentioned molecules re-
portedly also mediate migration of other cell
types, in particular of neutrophils (Jackson
2019; Schineis et al. 2019), we here solely focus
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on DCsand T cells, since they are the most abun-
dant and best-studied cell types migrating
through afferent LVs.

Chemotactic Guidance
CCL21-CCRY7 Signaling Axis

Probably the most important molecules involved
in DC and T-cell migration to dLNs under both
steady-state and inflammatory conditions are
DC/T-cell-expressed C-C Motif Chemokine Re-
ceptor 7 (CCR?7) and its LEC-expressed C-C Mo-
tif Chemokine Ligand 21 (CCL21) (for review, see
Forster et al. 2008). CCRY7 is expressed—at least at
low levels—by most peripheral T-cell subsets
(Clark et al. 2006; Bromley et al. 2013; Watanabe
et al. 2015) and is up-regulated on DCs upon
activation (Sallusto et al. 1998; Ohl et al. 2004).
CCL21 is constitutively expressed by LECs of af-
ferent lymphatics (Johnson and Jackson 2010;
Weber etal. 2013), with greater expression in cap-
illaries than in collectors (Russo et al. 2016; Arasa
etal. 2021). Because of its positively charged car-
boxy terminus, CCL21 binds to negatively
charged structures, such as heparan sulfate (HS)
proteoglycans present on LECs, and in the ECM
(Bao et al. 2010). Consequently, CCL21 forms a
steep perilymphatic gradient, which guides DCs
from distances of up to 90 pm toward lymphatic
capillaries (Weber et al. 2013). Curiously, LEC-
produced HS is dispensable for the formation of
the interstitial CCL21 gradient and DC migration
toward capillaries (Vaahtomeri et al. 2021), sug-
gesting CCL21’s major anchoring site to be the
ECM surrounding lymphatic capillaries or other
molecules expressed on LECs (e.g., possibly po-
doplanin) (Kerjaschki et al. 2004). In addition to
the immobilized full-length CCL21, a soluble ver-
sion lacking the carboxy terminus (CCL21-AC),
which can be cleaved by plasmin, exists (Lorenz
et al. 2016). Consequently, leukocytes migrate
along immobilized chemokine gradients in a mi-
gratory process called haptotaxis and/or along
soluble chemokine gradients (chemotaxis). The
availability of both CCL21 forms was shown to
be regulated by the scavenging receptor ACKR4
(atypical chemokine receptor 4) expressed on
stromal cells, particularly keratinocytes and fibro-

Lymphatic Migration of Leukocytes

blasts (Bryce et al. 2016; Bastow et al. 2021). In
ACKR4-deficient mice, CCL21 accumulates in
the tissue, leading to reduced DC entry into cap-
illaries (Bastow et al. 2021). Interestingly, genetic
deletion of C-C motif chemokine ligand 19
(CCL19), the second ligand of CCR7 (Forster
et al. 2008), completely rescued lymphatic traf-
ficking of DCs in ACKR4-deficient mice during
inflammation (Bryce et al. 2016). Notably, CCL19
is not expressed by LECs but rather by mature
DCs, as well as fibroblastic reticular cells (Forster
et al. 2008). These findings suggest that ACKR4
might be facilitating CCR7-dependent DC traf-
ficking by scavenging DC-produced CCL19,
which would otherwise confound the sensing of
CCL21 gradients in the tissue (Bryce et al. 2016).
The spatiotemporal availability of CCL21 is also
impacted by other factors such as inflammatory
cytokines (Johnson and Jackson 2010) and DC
interactions with LECs (Schumann et al. 2010).
In addition to guiding leukocyte migration from
the interstitium toward the afferent lymphatics,
our group found that CCL21 also promoted the
semidirected migration of DCs once within lym-
phatic capillaries (Russo et al. 2016). Our analyses
suggested that the low lymph flow within capil-
laries establishes a downstream-oriented CCL21
gradient along the capillary LECs. DCs actively
crawling within the capillaries frequently change
direction, but overall preferentially follow the
flow-induced CCL21 gradient in the direction of
the downstream collecting vessels (Russo et al.
2016). Although better studied for DCs, lymphat-
ic migration of T cells also highly depends on the
expression of CCR7 (Debes et al. 2005; Bromley
etal. 2013).

S1P Signaling Axis

Another chemotactic pathway contributing to
DC and T-cell migration into initial lymphatics
involves the chemotactic sphingolipid sphingo-
sine-1-phosphate (S1P). S1P levels are high in
blood and lymph but low in tissues including
LNs (Baeyens and Schwab 2020). In the lym-
phatic vasculature, SIP is produced by LECs
(Pham et al. 2010) and can signal via five known
G-protein-coupled S1P receptors (sphingosine-1-
phosphate receptors 1-5 [S1PR, 5]), which are dif-
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ferentially expressed on leukocytes and (e.g., endo-
thelial cells and induce a variety of downstream
signaling events). T cells and maturing DCs ex-
press different types of SIPR;s (Baeyens and
Schwab 2020); however, most research has focused
on SIPR; signaling in T cells. Interaction of S1P
with T-cell-expressed SIPR; or SIPR, promotes
migration of T cells from peripheral tissues into
initial lymphatics (Brown et al. 2010; Xiong et al.
2019). Inhibition of S1PR; signaling, using the
functional antagonist FTY720, resulted in accu-
mulation of T cells in peripheral tissues near LVs
and reduced T-cell migration to dLNs (Brown etal.
2010; Xiong etal. 2019). Notably, S1P not only acts
on T cells but also on LECs: S1P signaling via LEC-
expressed S1PR, was shown to regulate the expres-
sion of the adhesion molecule VCAM-1, thereby
impacting T-cell trafficking (Xiong et al. 2019). In
this context, it is also worthwhile mentioning the
T-cell-expressed surface protein CD69, which is
known to destabilize and induce degradation of
S1PR;. Consequently, CD69 expression blocks
S1P-mediated T-cell egress from peripheral tis-
sues. In fact, most tissue-resident memory T cells
express CD69, as it results in their retention, allow-
ing these cells to mediate local immune protection
in, for example, the skin and mucosa (Mackay et al.
2015). Even though the SIP pathway is less well
studied in DCs than in T cells, signaling via SIPR;
was shown to also contribute to DC migration
from skin and lung to dLNs (Czeloth et al. 2005;
Gollmann et al. 2008), whereas SIPR; has been
implicated in DC migration from the intestine to
mesenteric LNs (Karuppuchamy et al. 2017).
Besides CCR7 and S1P signaling, several
other chemotactic cues influencing leukocyte
migration in afferent lymphatics have been de-
scribed and are summarized in Table 2.

Adhesion Molecules

Apart from chemotactic cues, several adhesion
molecules reportedly regulate entry of DCs and
T cells into afferent lymphatics. Integrins are im-
portant for leukocyte extravasation from blood
vessels (e.g., from HEVs into LNs), since they
mediate firm adhesion in the vasculature and
endothelial transmigration (Nourshargh and
Alon 2014). Somewhat surprisingly, DC and T-

cell migration through LVs to dLNs does not
require integrins in steady-state (Limmermann
etal.2008), butbecomes integrin-dependent un-
der inflammatory conditions (Johnson et al.
2006; Vigl et al. 2011; Arasa et al. 2021). The
explanation for this likely is that in steady-state,
LVs—in contrast to blood vessels—express vir-
tually no integrin ligands. In inflammation,
LECs undergo striking transcriptional changes
and up-regulate integrin-ligands like ICAM-1
and VCAM-1 (i.e., the ligands of DC- and T-
cell-expressed integrins LFA-1 and VLA-4
(Johnson et al. 2006; Vigl et al. 2011; Arasa
et al. 2021). In the case of VCAM-1, we found
this adhesion molecule to be preferentially up-
regulated in dermal lymphatic collectors, where
it mediated entry of DCs directly into collecting
vessel segments (Arasa etal. 2021). Additionally,
the LEC-expressed common lymphatic endo-
thelial and vascular endothelial receptor 1
(CLEVER-1) was shown to mediate both DC
and T-cell migration through afferent LVs
(Karikoski et al. 2009; Tadayon et al. 2021).
Several other molecules that mediate either
DC or T-cell trafficking through afferent LVs
have been described, such as the lymphatic-spe-
cific hyaluronan receptor LYVE-1, a key compo-
nent of endothelial junctions. LY VE-1 docks DCs
to the lymphatic endothelium via hyaluronan
bound to DC-expressed CD44, thereby mediat-
ing DC entry into lymphatic capillaries (Johnson
et al. 2017, 2021). Similarly, interaction between
LEC-expressed macrophage mannose receptor
(MMR) and CD44 was shown to support the
egress of CD4" and CD8" T cells from the skin
(Marttila-Ichihara et al. 2008; Salmi et al. 2013).
Further adhesion molecules contributing to DC
and T-cell migration can be found in Table 2.

DC AND T-CELL ENTRY INTO dLNs FROM
AFFERENT LVs

LN are located at strategic points of the mam-
malian body for optimal immunosurveillance
and induction of adaptive immune responses.
Leukocytes can enter LNs either via afferent
LVs or via HEVs (Fig. 3A; Girard et al. 2012).
In the following section, entry via afferent LVs is
discussed in greater detail.
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Table 2. Molecules involved in regulating leukocyte entry and trafficking through afferent lymphatics toward

draining lymph nodes (dLNs)

Molecules
Expressed by
Expressed by LECs interacting cell Comments

CCL21/CCL19 CCR7 CCL21 is expressed by LECs and forms interstitial gradi-
Dendritic cells ents that guide DCs and T cells expressing CCR7
(DCs), T cells toward the afferent lymphatics (Bromley et al. 2005;
Debes et al. 2005; Weber et al. 2013). CCL21 also
forms intralymphatic gradients that guide CCR7"
DCs within the afferent capillaries in the downstream

direction of the dLNs (Russo et al. 2016).
ACKR4 CCR7 The scavenger receptor ACKR4 expressed by dermal
Keratinocytes DCs keratinocytes, fibroblasts, and a subset of LECs facili-
Fibroblasts tates CCR7-dependent DC trafficking from skin into

Lymphatic endothelial

cells (LECs)

CCL21

S1P

CXCL12

CX3CL1

CCL1

Semaphorin3a

Integrin ligands
ICAM-1

VCAM-1

PD-L1 (CCR?7)
DCs

S1PR,/S1PRs
DCs, T cells

CD69
T cells

CXCR4
DCs

CX3CLIR
DCs

CCRS8
DCs

Plexin-A1l and
Neuropilin-1
DCs, T cells

LFA-1

DCs, T cells
VLA4

DCs, T cells

lymphatic capillaries and LNs by scavenging CCL19
(Bryce et al. 2016) and impacting the formation of
CCL21 gradients (Bastow et al. 2021).

PD-LI intracellular signaling controls DC migration fr-
om skin to dLNs by regulating CCR7-mediated che-
motaxis (Lucas et al. 2020).

S1P is produced by LECs and present at higher levels in
lymph than in tissues (Pham et al. 2010). Blocking or
deficiency of SIP receptors expressed on DCs and
T cells reduces their migration from skin to dLNs
(Czeloth et al. 2005; Gollmann et al. 2008; Karuppu-
chamy et al. 2017; Xiong et al. 2019).

CD69 expressed on T cells down-regulates SIPR; and is
critical for prolonged T-cell retention and local me-
mory formation in the tissues (Mackay et al. 2015).

The chemokine CXCLI2 expressed by LECs mediates
cutaneous DC migration to dLNs in steady-state and
inflammation (Kabashima et al. 2007).

LEC-expressed chemokine CX3CL1 is up-regulated in
inflamed lymphatics and promotes trafficking of DCs
to LNs (Johnson and Jackson 2013).

C-C Motif Chemokine Ligand 1 (CCL1) is up-regulated
in inflamed lymphatics supporting migration of C-C
Motif Chemokine Receptor 8 (CCR8)-expressing DCs
to dLNs (Qu et al. 2004; Sokol et al. 2018).

LEC-expressed semaphorin3a induces actomyosin con-
traction in DCs thus easing DC entry into afferent
lymphatics and migration to dLNs (Takamatsu et al.
2010).

Integrin ligands such as ICAM-1 and VCAM-1 are
expressed at low levels by LECs in steady-state but get
up-regulated in inflammation (Johnson et al. 2006;
Vigl et al. 2011). DCs and T cells express integrins
LFA-1 and VLA4, which bind to ICAM-1 or VCAM-1,
respectively. Their migration is integrin independent in

Continued

Cite this article as Cold Spring Harb Perspect Med 2022;12:a041186 13



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

A. Bauer et al.

Table 2. Continued

Comments

Molecules
Expressed by

Expressed by LECs interacting cell
L1CAM L1CAM

DCs
ALCAM ALCAM

DCs, T cells
CLEVER-1 Unknown ligand

DCs and T cells
LYVE-1 CD44

DCs
Macrophage mannose CD44
receptor (MMR) T cells
Podoplanin CLEC-2

DCs
LTBR LTop

Treg cells

Rho-associated
protein kinase
(ROCK)

DCs

steady-state likely due to the low expression of integrin
ligands but becomes integrin dependent under inflam-
matory conditions (Johnson et al. 2006; Limmermann
et al. 2008; Arasa et al. 2021).

L1 Cell Adhesion Molecule (L1CAM) expression on DCs
or LECs helps trafficking from the skin to dLNs
(Maddaluno et al. 2009).

Activated Leukocyte Cell Adhesion Molecule (ALCAM)
supports DC transmigration and crawling on LECs.
DC migration to lung-dLNs is reduced in ALCAM*®
mice (Iolyeva et al. 2013; Willrodt et al. 2019).

CLEVER-1 supports DC and T-cell migration to dLNs
(Salmi et al. 2004; Karikoski et al. 2009; Tadayon et al.
2021).

LYVE-1 expressed by capillary LECs supports docking
of DCs to LECs and migration to dLNs through hyal-
uronan-mediated interactions (Johnson et al. 2017).
CD44 controls the density of the hyaluronan glyco-
calyx, thus regulating the efficiency of DC trafficking
to LNs (Johnson et al. 2021).

Interaction of MMR on LECs with CD44 on T cells
supports T-cell migration via afferent LVs (Marttila-
Ichihara et al. 2008; Salmi et al. 2013).

DCs deficient for CLEC-2 show reduced crawling on
podoplanin-expressing vessels and impaired migration
to dLNs (Acton et al. 2012).

Tregs use lymphotoxin af (LTop) to stimulate lympho-
toxin B receptor (LTBR) on LECs, thereby inducing
VCAM-1 and inflammatory chemokine expression
for migration from afferent lymphatics to dLNs (Brink-
man et al. 2016; Piao et al. 2018).

ROCK mediates DC nuclear contraction and de-adhesion
from LEC-expressed integrin ligands, thereby support-
ing intralymphatic DC crawling and migration to dLNs
(Nitschké et al. 2012).

This process starts with the flow of afferent
lymph within the SCS. In contrast to previous
assumptions, the SCS is not an open space that
leukocytes freely flow through but rather has a
complex 3D structure (Fig. 3B). Pillar-like trans-
sinusoidal tissue cords, made up of SCS ceiling or
floor LECs that surround collagen fibers, create a
meshwork inside the SCS space, which limits
cellular passage (Jalkanen and Salmi 2020; Mar-

tens et al. 2020). Smaller cells, such as naive T
cells, can pass through this sieve and conse-
quently arrive in the LN medulla from where
they enter the LN parenchyma (Braun et al.
2011). By contrast, larger cells like DCs or acti-
vated T cells are retained in the SCS meshwork
and transmigrate through the SCS floor toward
the paracortical T- and B-cell areas (Martens
et al. 2020).
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Figure 3. Migration into draining lymph node (dLN) and exit via efferent lymphatics. Schematic illustration of
(A) Leukocyte migration into and from LNs. Leukocytes enter LNs through high endothelial venules ([HEVs];
mostly T cells and B cells) or via afferent lymphatic vessels ([LVs]; mostly antigen-experienced T cells and
dendritic cells [DCs]). Once in the LN parenchyma, DCs and T cells migrate into the T-cell zone and B cells
into the B-cell zone, guided by chemokines. Cellular exit from LNs exclusively occurs via the lymphatic sinuses
and the efferent LV. (B) Entry of lymph-borne leukocytes across the subcapsular sinus (SCS). The SCS is formed
by a ceiling and floor composed of lymphatic endothelial cells (LECs) and, in the case of the floor, also SCS
macrophages. The SCS lumen is interspersed with pillar-like trans-sinusoidal tissue cords composed of collagen
fibers and surrounding LECs. This creates a sieve-like meshwork that only allows the free passage of smaller cells,
such as naive T cells. These are passively propagated toward the medullary sinuses. Larger cells, such as DCs or
activated T cells, are retained in the SCS meshwork and actively transmigrate into the LN across the SCS. Their
transmigration is guided by their CCR7 receptor that senses the CCL21/CCL19 gradient directed into the T-cell
zone. (C) Leukocyte entry and exit across the medullary sinuses. Small (naive) T cells arriving via the afferent LVs
enter the LN by crossing the medullary sinuses. While transmigration occurs independently of CCR7, intranodal
migration toward the T-cell zone is highly CCR7-dependent. Leukocyte exit is guided by the steep S1P gradient
formed between the LN parenchyma and lymph. S1PR;-expressing T cells sense this gradient when in proximity
of the S1P-producing LECs lining the cortical and medullary sinuses. This induces their transmigration into the
lymphatic sinus system and egress from the LN via the efferent LV.
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Besides the anatomic location of entry, the
contribution of trafficking molecules to leuko-
cyte transmigration into LNs across the lymphat-
ic sinuses has also been investigated in recent
years. Studies performed with DCs lacking ex-
pression of integrins or talinl, an intracellular
molecule essential for all integrin-mediated mi-
gration steps, revealed no requirements for in-
tegrins in DC migration across the SCS in steady-
state (Lammermann et al. 2008). Similarly, in-
tegrin B1 was also dispensable for DC migration
across the SCS during inflammation (Arasa et al.
2021).

By intralymphatic injection of fluorescent
leukocytes directly into the afferent LV upstream
of the murine popliteal LN (located in the pit of
the knee), the team of Reinhold Forster has been
able to image movement and transmigration
across the SCS at the single-cell level and to study
the molecular requirements of these processes
(Braun et al. 2011; Martens et al. 2020; de Castro
Pinho and Forster 2021). These studies have re-
vealed that, similarly to DCs, T cells transmigrate
across the SCS integrin-independently and that
their retention within the SCS is not dependent
on adhesion molecules but exclusively depen-
dent on cell size (Martens et al. 2020). With re-
gard to chemotactic requirements, CCR7 ™/~
DCs were found to exhibit a profound impair-
ment in transmigration across the SCS (Braun
et al. 2011). In the case of T cells, CCR7 was
necessary for T-cell entry from the SCS, whereas
transmigration across the medullary sinuses re-
portedly occurs independently of CCR7 (Braun
et al. 2011; Martens et al. 2020). However, re-
gardless of the entry site, once within the LN
parenchyma, all T cells and DCs heavily relied
on CCR?7 for their migration into the CCL19-/
CCL21-rich T-cell zone.

The chemokine gradient established by the
high levels of CCL19/CCL21 present in T-cell
zones was shown to be further shaped by
ACKR4 expressed by LECs forming the ceiling
of the SCS (Ulvmar et al. 2014). In analogy to its
previously discussed scavenging function in the
skin, ACKR4 was shown to remove CCL19 and
CCL21 from the SCS, thereby steepening the
gradient between the SCS and the LN parenchy-
ma (Ulvmar et al. 2014). In ACKR4 KO mice,

DCs fail to transmigrate into the LN parenchyma
and accumulate in the SCS, whereas entry of T
cells is only minimally affected by the absence of
ACKR4 (Ulvmar et al. 2014; Martens et al. 2020).

LYMPHOCYTE EGRESS FROM dLNs

Regardless of their entry route (i.e., afferent LVs
or HEVs), all lymphocytes exit LNs via efferent
LVs. This migration step largely depends on S1P,
which also mediates T-cell entry into afferent
lymphatics (Fig. 3). S1P is produced by blood
vascular endothelial cells, erythrocytes, platelets,
and LECs and is present at much higher concen-
trations in blood and lymph compared to lym-
phoid tissues. This creates a steep SI1P gradient
between the LN parenchyma and lymph/blood
(Yanagida and Hla 2017; Baeyens and Schwab
2020). The production of S1P depends heavily
on the LEC-expressed sphingosine kinase 1 and
2, and the gradient, especially in lymphoid tis-
sues, is shaped by continuous degradation of S1P
in the LN parenchyma by S1P lyase (Dixit et al.
2019; Baeyens and Schwab 2020). The high
amount of SIP in lymph and in blood desensi-
tizes T and B cells and induces down-regulation
of the SIPR, (Lo et al. 2005; Pham et al. 2010).
Naive T cells in blood therefore express little
S1PR; but high levels of CCR7, which drives
their extravasation across HEVs and intranodal
migration toward the CCL21- and CCL19-rich
T-cell zone (Baeyens and Schwab 2020).

Once in the LN, lymphocytes start to up-
regulate S1IPR; as a consequence of the low S1P
levels in the LN parenchyma. In absence of an-
tigenic stimulation, continual up-regulation of
S1PR; on T cells leads to their eventual egress
(Matloubian et al. 2004; Thangada et al. 2010).
Unlike the CCL21/CCL19, the S1P gradient is
not far reaching, therefore the guidance by S1P
is only induced once T cells are in close contact
with the S1P-producing LECs of the cortical and
medullary sinuses. IVM studies have shown that
the flow inside the cortical sinuses support the
S1P-dependent egress of lymphocytes and their
advancement to the medullary sinuses (Grigo-
rova et al. 2010; Baeyens and Schwab 2020). On
the other hand, if a T cell recognizes its cognate
antigen in the LN, the up-regulation of SIPR; is
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inhibited by the up-regulation of CD69, which
mediates degradation of S1PR;. The retention
typically lasts until the differentiation of T and
B cells is completed (3-5 d) and lymphocytes
start to regain S1PR; expression, allowing them
to leave the LN via efferent lymphatics (Fig. 3C;
Baeyens and Schwab 2020).

Besides being the site of lymphocyte egress,
the medullary sinuses also function as an entry
site for naive T cells entering via afferent LVs.
This dual role is achieved through the fine bal-
ance between S1P/SIPR; and CCR7/CCL21/
CCL19 signaling axes. Similarly, to the situation
in blood, S1PR; is down-regulated on lympho-
cytes entering from lymph, due to high S1P con-
tent in afferent lymph. Consequently, CCL21
guides the entering T cells toward the T-cell
zone. Conversely, once T cells have spent time
in the LN scanning for antigen or differentiating
into effector cells, they regain S1PR; expression
that overrides the retention mediated by CCR7
and induces their egress from the LN (Pham et al.
2008; Forster et al. 2012; Baeyens and Schwab
2020).

Recent studies have shown that CCR7-medi-
ated retention of T cells is also supported by in-
tegrin complex LFA-1 and other chemokine re-
ceptors, such as C-X-C chemokine receptor type
4 (CXCR4). In studies with LFA-1 KO T cells, an
increased LN egress rate has been observed (Fig.
3C; Katakai et al. 2013; Reichardt et al. 2013).
Additionally, the scavenging receptor CLEV-
ER-1, which is expressed by the blood endothe-
lium and LECs, was shown to regulate both lym-
phocyte entry via HEVs and exit into efferent
lymphatics (Irjala et al. 2003). Further molecules
implicated in lymphocyte egress are summa-
rized in Table 3.

The discovery of S1P/S1PR,;-mediated tissue
exit in 2004 was prompted by FTY720, a natural
product-derived immunosuppressive drug that
at the time was in clinical development, although
its mechanism of action was largely unknown.
FTY720 was shown to be a structural homolog of
S1P and a high-affinity functional antagonist of
S1PR; (as well as S1PR3), thereby inducing in-
ternalization of S1IPR; in lymphocytes and ren-
dering them unresponsive to S1P (Griler and
Goetzl 2004; Matloubian et al. 2004). Treatment

Lymphatic Migration of Leukocytes

with FTY720 therefore results in loss of SIPR,
and lymphocyte retention in the LN. As a con-
sequence, lymphopenia develops in lymph and
blood and effector cells no longer migrate to
sites of inflammation (Matloubian et al. 2004).
FTY720 was approved in 2010 for the treatment
of multiple sclerosis (Fingolimod/Gilenya),
highlighting the relevance of lymphocyte traf-
ficking in pathologies that involve the adaptive
immune system (Chun and Brinkmann 2011).

CONCLUDING REMARKS

Technical advances like the identification of
lymphatic-specific markers, the generation of
lymphatic-specific KO mice or the use of photo-
convertible mouse models have significantly
contributed to the immense progress made
over the last 20 years in our understanding of
immune cell trafficking through the lymphatic
vasculature. At the same time, time-lapse imag-
ing has enabled visualizing leukocytes with sin-
gle-cell resolution within LVs and paved the way
to understanding the stepwise and complex dy-
namics of lymphatic migration in peripheral tis-
sues and in LNs. Considering the crucial func-
tions of the lymphatic vasculature in the
induction and regulation of the immune re-
sponse, it is not surprising that leukocyte migra-
tion through lymphatics is not only essential for
immune protection, but also contributes to var-
ious pathologies (Oliver et al. 2020). Conse-
quently, there is increasing interest in developing
novel therapeutic approaches that modulate leu-
kocyte trafficking in the lymphatic system in the
context of immune-mediated inflammatory dis-
orders or even in cancer (Xu et al. 2021). Most
prominently, the drug Fingolimod (Novartis)
was approved for multiple sclerosis in 2010 and
acts by blocking the egress of T cells from LNs,
ultimately trapping autoreactive T cells in this
compartment. Meanwhile, several other S1P re-
ceptor modulators have been approved or en-
tered late-stage clinical development for the
treatment of multiple sclerosis and other im-
mune-mediated inflammatory conditions (Pé-
rez-Jeldres et al. 2021). Furthermore, novel ap-
proaches such as targeting of the sphingosine
lyase or blocking S1P directly are also being in-
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Table 3. Molecules involved in lymph node (LN) entry and LN egress via lymphatic vessels (LVs)

Comments

CCL21 and CCL19 direct dendritic cells (DCs) and
larger T cells expressing the CCR7 receptor across
the subcapsular sinus (SCS). Transmigration of
naive T cells across the medullary sinuses reportedly
occurs CCR7-independently. All T cells and DCs rely
on CCR7-mediated migration for intranodal traffick-
ing into the T-cell zone (Braun et al. 2011; Martens
et al. 2020).

ACKR4 expressed on LECs of the SCS ceiling scavenges
CCL21 and CCL19 from the SCS space, thereby shap-

Expressed by LN lymphatic Expressed by
endothelial cells (LECs) interacting cell
Molecules involved in LN entry via afferent lymphatics
CCL21/CCL19 CCR7
DCs, T cells

ACKR4

LECs of SCS

Ceiling

ing a steep CCL21/CCL19 chemotactic gradient that
increases toward the paracortex. DC entry into the LN
from the SCS is profoundly impaired in ACKR4<?
mice, whereas T-cell entry is only minimally affected
(Ulvmar et al. 2014; Martens et al. 2020).

Molecules involved in LN egress across lymphatic sinuses

S1P SIPR,
Lymphocytes

CD69
Transiently on
activated T cells

Notch

T cells

IL4RA

Integrin o9

SIP is the master regulator of lymphocyte egress from
LNs. The low levels of S1P present in lymphoid tissue
induces the up-regulation of SIPR; on lymphocytes in
the LN. Once in proximity of S1P-producing LECs,
S1PR;-expressing lymphocytes sense the high S1P
level in lymph, which overrides the retention signal
mediated by CCR7. S1P thus induces transmigration
across the cortical and medullary sinuses and LN
egress via the efferent LV (Matloubian et al. 2004;
Baeyens and Schwab 2020).

Upon activation, T cells transiently express the early ac-
tivation marker CD69. CD69 induces the down-regu-
lation of SIPR; and supports the retention of T cells in
LN. Once differentiated, T cells lose CD69 and regain
SIPR; expression, prompting egress from the LN
(Shiow et al. 2006; Baeyens and Schwab 2020).

Notch expression in T cells contributes to up-regulation
of SIPR, after T-cell differentiation. Consequently,
adoptively transferred Notch®® T cells display reduced
LN egress (Tindemans et al. 2020).

The LEC-expressed IL4RA was shown to support egress
of activated T cells from LNs in a model of systemic
sclerosis. LEC-specific deletion of IL4RA results in a
lower expression of S1P kinase 1 in LECs and corre-
spondingly lower S1P levels in lymph (Urso et al.
2016).

Stimulation of LEC-expressed integrin a9 via tenascin-C
expressed in the LN ECM induces S1P production by
LECs. Blockade of 09 results in lymphocyte retention
in LNs (Ito et al. 2014).

Continued
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Table 3. Continued
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Expressed by LN lymphatic
endothelial cells (LECs)

Expressed by
interacting cell

Comments

Spns2

S1P kinase 1 and 2

CLEVER-1
cells

The major facilitator superfamily member Spns2 is a

transporter that regulates secretion of S1P into
lymph. Endothelial-specific loss of Spns2 results in
reduced S1P levels in lymph and reduced egress
from LNs (Mendoza et al. 2012).

S1P kinase 1 and 2 are responsible for the production of

S1P in LECs. In knockout (KO) mice, T-cell egress
from LNs is impaired due to the disturbed SIP
gradient (Pham et al. 2010).

Unknown ligand on T Blockade of CLEVER-1 blocks T-cell adhesion to LECs

forming the cortical and medullary sinuses and re-
sults in reduced entry of lymphocytes into lymphatic
sinuses (Irjala et al. 2003).

vestigated for therapeutic application (Vogt and
Stark 2017; Pérez-Jeldres et al. 2021). Besides
blocking lymphocyte egress from SLOs, modu-
lation of leukocyte migration through afferent
lymphatics could also be of therapeutic interest;
for example, enhancing DC migration is expect-
ed to boost efficacy of DC-based vaccines, which
are under (pre)clinical evaluation for cancer
therapy (Sabado et al. 2017). Conversely, block-
ing DC migration has proven beneficial in mu-
rine models of corneal allograft rejection (for
review, see Schonberg et al. 2020). It will be in-
teresting to see in the future how the emerging
knowledge of the cell-type-specific molecular
mechanisms and functions of lymphatic migra-
tion can be translated into new therapies.
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