
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
4
8
3
5
0
/
1
7
6
2
1
0
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
2
9
.
4
.
2
0
2
4

Article

Mechanosensitive ACKR4 scavenges CCR7
chemokines to facilitate T cell de-adhesion and
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Friess et al. report that ACKR4 is

expressed in a flow-dependent manner in

afferent lymphatic collectors, where it

removes CCR7 ligands from the collector

surface. In inflammation, migrating T cells

accumulate in dermal ACKR4-deficient

collectors and fail to efficiently de-adhere

for flow-mediated, passive transport to

draining lymph nodes.

Friess et al., 2022, Cell Reports 38, 110334
February 1, 2022 ª 2022 The Author(s).
https://doi.org/10.1016/j.celrep.2022.110334 ll

mailto:cornelia.halin@pharma.ethz.ch
https://doi.org/10.1016/j.celrep.2022.110334
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.110334&domain=pdf


OPEN ACCESS

ll
Article

Mechanosensitive ACKR4 scavenges CCR7 chemokines
to facilitate T cell de-adhesion and passive
transport by flow in inflamed afferent lymphatics
Mona C. Friess,1,10 Ioannis Kritikos,1,10 Philipp Schineis,1 Jessica Danielly Medina-Sanchez,1 Anastasia-Olga Gkountidi,1

Angela Vallone,1 Elena C. Sigmund,1 Corina Schwitter,1 Martina Vranova,1 Christoph Matti,2 Jorge Arasa,1

Cansaran Saygili Demir,3 Esther Bovay,3 Steven T. Proulx,1,4 Michio Tomura,5 Antal Rot,6,7,8 Daniel F. Legler,2,4,9

Tatiana V. Petrova,3 and Cornelia Halin1,11,*
1Institute of Pharmaceutical Sciences, ETH Zurich, Zurich, Switzerland
2Biotechnology Institute Thurgau (BITg) at the University of Konstanz, Kreuzlingen, Switzerland
3Department of Oncology, University of Lausanne and Ludwig Institute for Cancer Research, Lausanne, Epalinges, Switzerland
4Theodor Kocher Institute, University of Bern, Bern, Switzerland
5Osaka Ohtani University, Osaka, Japan
6Centre forMicrovascular Research,WilliamHarvey Research Institute, Barts and The London School of Medicine and Dentistry, QueenMary

University of London, London, UK
7Centre for Inflammation and Therapeutic Innovation, Queen Mary University London, London, UK
8Institute for Cardiovascular Prevention, Ludwig-Maximilians University, Munich, Germany
9Faculty of Biology, University of Konstanz, Konstanz, Germany
10These authors contributed equally
11Lead contact
*Correspondence: cornelia.halin@pharma.ethz.ch

https://doi.org/10.1016/j.celrep.2022.110334
SUMMARY
T cell migration via afferent lymphatics to draining lymph nodes (dLNs) depends on expression of CCR7 in
T cells and CCL21 in the lymphatic vasculature. Once T cells have entered lymphatic capillaries, they slowly
migrate into contracting collecting vessels. Here, lymph flow picks up, inducing T cell detachment and rapid
transport to the dLNs. We find that the atypical chemokine receptor 4 (ACKR4), which binds and internalizes
CCL19 and CCL21, is induced by lymph flow in endothelial cells lining lymphatic collectors, enabling them to
scavenge these chemokines. In the absence of ACKR4, migration of T cells to dLNs in TPA-induced inflam-
mation is significantly reduced. While entry into capillaries is not impaired, T cells accumulate in the ACKR4-
deficient dermal collecting vessel segments. Overall, our findings identify an ACKR4-mediated mechanism
by which lymphatic collectors facilitate the detachment of lymph-borne T cells in inflammation and their tran-
sition from crawling to free-flow toward the dLNs.
INTRODUCTION

Afferent lymphatic vessels transport soluble antigens and leuko-

cytes, thereby functioning as crucial immunologic connections

between peripheral tissues and draining lymph nodes (dLNs). In

the skin, they start as blind-ended capillaries, which merge into

lymphatic tissue collectors and subsequently into larger collec-

tors that connect to dLNs (Collado-Diaz et al., 2021; Gonzalez-

Loyola andPetrova, 2021; Permanyer et al., 2018). Dendritic cells

(DCs) and antigen-experienced T cells are the main cell types

migrating through afferent lymphatics in steady state and, at an

enhanced rate, in inflammation (Collado-Diaz et al., 2021; Per-

manyer et al., 2018). Under inflammatory conditions, this migra-

tion relies on integrins and the integrin ligands ICAM-1 and

VCAM-1, which are upregulated in inflamed lymphatics (Arasa

et al., 2021; Johnson et al., 2006; Teijeira et al., 2017; Vigl et al.,

2011). Conversely, in steady state, when afferent lymphatics ex-
This is an open access article under the CC BY-N
press virtually no ICAM-1 and VCAM-1, DC migration occurs

independently of integrins (Lämmermann et al., 2008). DC and

Tcellmigration todLNsalsohighly dependson thechemokine re-

ceptor CCR7 (Bromley et al., 2005, 2013; Debes et al., 2005; För-

ster et al., 1999). The two known CCR7 ligands are CCL21 and

CCL19. CCL21 is constitutively expressed by lymphatic endo-

thelial cells (LECs) in capillaries and less in collectors (Arasa

et al., 2021; Russo et al., 2016; Weber and Sixt, 2013), whereas

CCL19 is upregulated in activatedDCs (Bruckner et al., 2012; Lu-

ther et al., 2000; Ngo et al., 1998b; Sallusto et al., 1999b).

CCL21 guides DCs and T cells during several steps of their

migration to dLNs. The chemokine’s positively charged C termi-

nus confers binding to extracellular proteoglycans such as endo-

thelial cell-expressed heparan sulfates (de Paz et al., 2007;

Hirose et al., 2002; Patel et al., 2001). This creates an immobi-

lized peri-lymphatic CCL21 gradient that directs DC migration

toward and into lymphatic capillaries (Tal et al., 2011; Weber
Cell Reports 38, 110334, February 1, 2022 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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et al., 2013). Within lymphatic capillaries, both DCs and T cells

actively crawl and patrol, since lymph flow is too low to sustain

their passive transport (Russo et al., 2016; Teijeira et al., 2017).

Our laboratory has shown that lymph flow establishes a CCL21

gradient within lymphatic capillaries, which supports semi-

directed crawling of DCs from capillaries toward lymphatic col-

lectors (Russo et al., 2016). In collectors, where flow picks up

due to contractions of the vessel-surrounding lymphatic muscle

cells (LMCs), DCs and T cells detach and are rapidly and

passively transported with the lymph flow to the dLN (Russo

et al., 2016; Tal et al., 2011; Teijeira et al., 2017). Since leuko-

cytes greatly accelerate once they transition from active migra-

tion to passive flow (50- to 10,000-fold; Collado-Diaz et al.,

2021), de-adhesion in collectors is crucial for efficient propaga-

tion of leukocytes to dLNs. Upon arrival in the LN subcapsular si-

nus (SCS), DCs migrate along yet another CCL21 gradient

across the SCS floor into the CCL19-/CCL21-rich LN paren-

chyma (Ulvmar et al., 2014). By contrast, CCR7 is dispensable

for T cell exit from the SCS but required for directional migration

within the parenchyma toward the T cell zone (Braun et al., 2011;

Martens et al., 2020).

In addition to conventional chemokine receptors, atypical che-

mokine receptors (ACKRs) regulate the migration of leukocytes

in tissues and in the vasculature. ACKRs structurally resemble

classical G protein-coupled receptors but, unlike conventional

chemokine receptors, do not directly induce migration. Rather,

ACKRs are typically expressed by stromal cells and impact

leukocyte migration by transporting, presenting, or scavenging

chemokines (Nibbs and Graham, 2013; Ulvmar et al., 2011).

ACKR4 is one out of four so far described ACKRs and binds

the CCR7 ligands, CCL19 and CCL21, as well as some further

chemokines (i.e., CCL25 [Gosling et al., 2000], CCL20 [Matti

et al., 2020a], and CCL22 [Meyrath et al., 2021]). Its function con-

sists in binding and scavenging its ligands and submitting them

to intracellular degradation (Nibbs and Graham, 2013). ACKR4

was shown to promote T cell homing to the spleen (Werth

et al., 2021) and to regulate distinct steps in DC migration. In

the skin it is expressed by keratinocytes and subsets of fibro-

blasts and LECs (Bastow et al., 2021; Bryce et al., 2016). In the

absence of ACKR4, migration of dermal DCs and Langerhans

cells to dLNs was reduced (Bastow et al., 2021; Bryce et al.,

2016). Loss of ACKR4 was shown to modulate the peri-
Figure 1. ACKR4 is expressed in a subset of dermal and mesenteric a

(A) Schematic depiction of the dermal lymphatic vasculature, comprising LECs

(colLECs: CD31+podoplanin+LYVE-1�).
(B) FACS sorting strategy.

(C) Analysis of Ackr4 expression (RPKM values) in RNA sequencing performed on

the DESeq2 package.

(D–H) Tissues from ACKR4GFP/GFP KI mice were prepared as whole mounts, st

capillaries), or SMA (lymphatic collectors), and analyzed by confocal microscop

capillaries of the upper ear skin, (F) collectors in the lower ear skin, and (G) in the

Lower magnification confocal image of amesentery whole mount of ACKR4GFP/+ H

at least two experiments per condition are shown.

(I–K) ACKR4GFP collectors display a denser SMA coverage. Ear skin whole mo

endothelial marker CD31 and SMA. (I) The collector region of interest (ROI) was id

into ACKR4GFP-positive and ACKR4GFP-negative sub-ROIs, in which (J) the per

analyzed. Shown are mean ± SEM of pooled data from 3 independent experim

corresponds to 1 image analyzed. Statistics: one-way ANOVA with Bonferroni c
lymphatic CCL21 gradient, resulting in less DCs entering into

afferent lymphatics (Bastow et al., 2021). On the other hand,

the skin egress phenotype observed in ACKR4-deficient mice

was completely rescued in CCL19/ACKR4 double-deficient

mice (Bryce et al., 2016), suggesting that ACKR4-mediated

scavenging of CCL19, which is produced by maturing DCs (Lu-

ther et al., 2000; Ngo et al., 1998a; Sallusto et al., 1999a; Vissers

et al., 2001), allows DCs to better sense the remaining peri-

lymphatic CCL21 gradient during their migration into dermal lym-

phatics (Bryce et al., 2016). Besides affecting DCmigration in the

skin, ACKR4 is important for DC exit from the SCS. Specifically,

ACKR4 expression in LECs lining the LN SCS was shown to

establish a CCL21 gradient, which DCs require for entering the

CCL21-producing LN parenchyma (Ulvmar et al., 2014). In

contrast to DCs, the involvement of ACKR4 in T cell trafficking

to dLNs has not been investigated to date.

This study was sparked by a transcriptomics analysis from our

lab (Arasa et al., 2021) suggesting ACKR4 expression in LECs

isolated frommurine dermal lymphatic collectors, i.e., the vessel

segments in which leukocytes transition from active migration to

passive transport by flow. Considering that this process so far is

completely unexplored, we here set out to investigate the func-

tional significance of ACKR4 expression in lymphatic collectors.

Our findings identify ACKR4 as a flow-induced scavenger of

CCR7 ligands, which under inflammatory conditions supports

T cell migration to dLNs, by facilitating T cell de-adhesion in

dermal collectors.

RESULTS

ACKR4 is expressed in afferent and efferent lymphatic
collectors
A recent RNA sequencing study from our lab (Arasa et al., 2021)

performed on FACS-sorted dermal LECs had indicated higher

Ackr4 expression in CD31+podoplanin+LYVE-1� collector-

derived LECs (colLECs) compared with CD31+podoplanin+

LYVE-1+ capillary-derived LECs (capLECs) (Figures 1A–1C). To

further explore ACKR4 expression in afferent lymphatics, we

made use of ACKR4 knockin mice, in which the gene encoding

ACKR4 is replaced by green fluorescent protein (GFP) (Heinzel

et al., 2007). While heterozygous mice (ACKR4GFP/+ Het mice)

reliably report ACKR4 expression (Bryce et al., 2016; Heinzel
fferent lymphatic collectors

in lymphatic capillaries (capLECs: CD31+podoplanin+LYVE-1+) and collectors

capLECs and colLECs (Arasa et al., 2021) (n = 5 mice). p values generated by

ained for CD31 (pan-endothelial), PROX1 (pan-lymphatic), LYVE-1 (lymphatic

y. Analysis of AKCR4 expression in (D) large efferent collector in the flank, (E)

mesentery. Scale bars, 50 mm in (D–G). White arrow in (F) indicates a valve. (H)

et mouse stained for PROX1. Scale bars, 200 mm. Representative images from

unts from ACKR4GFP/GFP KI and ACKR4GFP/+ Het mice were stained for the

entified by CD31 staining and vessel morphology and subsequently subdivided

centage SMA coverage and (K) the mean intensity of the SMA staining were

ents with a total of 5–6 ears per group (with 6–25 images per ear). Each dot

orrections. Scale bars, 50 mm in (I).

Cell Reports 38, 110334, February 1, 2022 3
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et al., 2007; Ulvmar et al., 2014), homozygous mice with GFP

knockin into both alleles (ACKR4GFP/GFP KI mice) represent func-

tional knockouts. ACKR4GFP/GFP KI mice displayed a normal

body weight, spleen, and LN cellularity (Figures S1A–S1E). How-

ever, in agreement with a previous report (Comerford et al.,

2010), we detected higher CCL21 levels in serum of

ACKR4GFP/GFP KI compared with WTmice (Figure S1F). Analysis

of ACKR4GFP/+ Het or ACKR4GFP/GFP KI mice by fluorescence

stereomicroscopy confirmed ACKR4 expression in LECs of the

LN SCS ceiling (Ulvmar et al., 2014) (Figure S1G) and also re-

vealed ACKR4GFP expression in afferent collectors immediately

upstream of the LN (Figures S1G and S1H), as well as in larger

efferent collectors, such as the flank collector (Figure S1I).

Strong ACKR4GFP expression was also detected by confocal mi-

croscopy of efferent flank collectors (Figure 1D). In the upper

skin, ACKR4GFP was broadly expressed in epidermal keratino-

cytes and hair follicles (Figures 1E and S1J), whereas LYVE-1+

lymphatic capillaries were devoid of ACKR4GFP expression (Fig-

ure 1E). Similarly, lymphatic capillaries in the diaphragm were

negative for ACKR4GFP (Figure S1K). In agreement with our

RNA sequencing analyses (Figures 1B and 1C), we identified a

subset of dermal LYVE-1� lymphatic collectors that expressed

the ACKR4GFP (Figure 1F). Intriguingly, the switch from

ACKR4GFP-expressing to non-expressing segments often

occurred at a valve or a vessel branching point (Figure 1F). By

contrast, the majority of mesenteric lymphatic vessels, which

are mainly collectors, expressed ACKR4GFP (Figure 1G). When

investigating mesenteric lymphatics in more detail, it became

evident that the first few vessel branches exiting the intestine

typically were ACKR4GFP negative, while the more downstream

vessel segments, in closer proximity to the draining mesenteric

LNs, were all ACKR4GFP positive (Figure 1H). In conclusion, our

analysis revealed that ACKR4GFP expression was limited to a

subset of afferent lymphatic collectors.

ACKR4 expression correlates with smooth muscle cell
coverage of dermal lymphatic collectors
Large lymphatic collectors display a dense LMC coverage,

which mediates lymph propulsion (von der Weid and Zawieja,

2004). Since ACKR4 expression appeared to be a characteristic

feature of afferent collectors located further downstream in the

lymphatic vessel tree (Figures 1G and 1H), we next investigated

whether ACKR4 expression correlated with the presence of

a-smooth muscle actin (SMA)+ LMCs. When we co-stained dor-
Figure 2. ACKR4-expressing LECs bind and take up CCL19 and CCL2

(A and B) Ear skin explants of ACKR4GFP/GFP KI and ACKR4GFP/+ Het mice were in

analyzed by confocal microscopy 1 h later. (A) Representative images of ACKR4G

intensity of CCL19-AF647 from one out of two similar experiments with three to six

two different experiments (each connected by a line).

(C–F) ACKR4GFP/GFP KI and ACKR4GFP/+ Het mice were subcutaneously co-injec

Dy649 and anti-CD31-PE. Leg collectors were dissected and analyzed by confoca

mice (top) and ACKR4GFP/GFP KI mice (bottom). Higher optical magnification image

of the mean intensity of (D, left) CCL19-AF647 and (F, top) CCL21-Dy649 normali

with one mouse per group and four to seven images per condition. Mean ± SE

different experiments performed (each connected by a line).

(G–I) A CCL21-Dy549 uptake assay was performed in human dermal LECs transfe

with a vehicle control at either 37�Cor on ice. Top row: representative histogrampl

in four independent experiments. Mean, paired Student’s t test.
sal ear skin halves of ACKR4GFP/GFP KI and ACKR4GFP/+ Het

mice for CD31 and SMA, we found that the network of SMA+

cells indeed was significantly higher around ACKR4GFP-positive

compared with ACKR4GFP-negative collecting vessel segments

(Figures 1I–1K). No difference in SMA density was observed be-

tween ACKR4GFP/GFP KI and ACKR4GFP/+ Het mice (Figures 1J

and 1K), indicating that loss of ACKR4 expression had no direct

impact on the SMA+ LMC coverage.

Lack of ACKR4 expression does not impact lymphatic
morphology and function
To investigate if lymphatic morphology and drainage function

were altered in the absence of ACKR4, we measured lymphatic

drainage from the ear skin and analyzed collector morphology in

the mesentery of ACKR4GFP/GFP KI and ACKR4GFP/+ Het mice.

Analysis of PROX1+ vasculature in mesenteries revealed no dif-

ference in the organization of the lymphatic network (Figures S2A

and S2B). Similarly, we observed no differences in lymphatic

drainage between ACKR4GFP/GFP KI and WT mice, neither in

steady state nor in skin inflammation induced by topical applica-

tion of the phorbol ester 12-O-tetradecanoylphorbol-13-acetate

(TPA) (Figures S2C–S2F). Thus, global loss of ACKR4 affected

neither lymphatic morphology nor drainage function.

ACKR4-expressing LECs bind and take up CCL19 and
CCL21
We next performed an in vivo chemokine uptake assay to inves-

tigate whether dermal collectors expressed functional ACKR4.

For this we harvested split ear skin halves of ACKR4GFP/GFP KI

and ACKR4GFP/+ Het mice and incubated them for 1 h at 37�C
with fluorescent CCL19 (CCL19-AF647) and anti-CD31-PE anti-

body. GFP-expressing collectors of ACKR4GFP/+ Het mice

bound significantly more CCL19-AF647 than those of

ACKR4GFP/GFP KI mice (Figures 2A and 2B). To address whether

CCL19 was taken up or solely presented on ACKR4 on the cell

surface, we co-incubated split ear skin halves with CCL19-

AF647 and LysoTracker, which stains lysosomes. Although,

not all CCL19-AF647+ spots co-localized with LysoTracker, we

could indeed identify double-positive vesicles in collector LECs

of ACKR4GFP/+ Het mice (Figures S3A–S3C). We next co-in-

jected CCL19-AF647 and anti-CD31-PE antibody subcutane-

ously into the paw of ACKR4GFP/GFP KI mice and ACKR4GFP/+

Het mice and harvested the draining leg collector 30 min later

for confocal analysis. The CD31-PE signal intensity was used
1

cubated at 37�C with CCL19-AF647 and CD31-PE, and GFP+ collectors were
FP/GFP KI (bottom) and ACKR4GFP/+ Het (top). Scale bars, 50 mm. (B) Left: mean

images from one mouse. Mean ± SEM, Student’s t test. Right: summary of the

ted into the hind paw with either (C and D) CCL19-AF647 or (E and F) CCL21-

l microscopy after 30min. (C and E) Representative images of ACKR4GFP/+ Het

s of the CCL21-Dy649 signal (right). Scale bars, 50 mm. (D and F) Quantification

zed to the mean intensity of CD31-PE from one out of four similar experiments

M, Student’s t test. (D) Right: CCL19-AF647 and (F) bottom: summary of the

cted with plasmid driving expression of either ACKR4-GFP or ACKR3-GFP, or

ots. Bottom row: summary of themean fluorescence intensities (MFI) measured

Cell Reports 38, 110334, February 1, 2022 5



Article
ll

OPEN ACCESS
for normalizing the CCL19-AF647 signal, to account for varying

tissue depth of the collecting vessels. This analysis revealed a

strong signal for CCL19-AF647 in GFP-expressing collector seg-

ments of ACKR4GFP/+ Het mice but not in ACKR4GFP/GFP KI mice

(Figures 2C and 2D). We next repeated the leg collector uptake

assay with fluorescently labeled CCL21 (CCL21-Dy649), which,

however, is less suited for probing ACKR4 function, since it

readily adheres to negatively charged cell surfaces and matrix

components due to its positively charged C terminus (Artinger

et al., 2021). Despite of its intrinsic stickiness, CCL21-

Dy649 strongly co-localized with GFP+ collecting vessels in

ACKR4GFP/+ Hetmice and less in ACKR4GFP/GFP KI mice (Figures

2E and 2F). In ACKR4GFP/+ Het mice, CCL21-Dy649 displayed a

granular staining pattern, indicative of cellular uptake into LECs,

which was largely absent in ACKR4GFP/GFP KI mice (Figure 2E).

To further investigate the CCL21-scavenging function of

ACKR4, we performed CCL21-Dy549 uptake assays in cultured

human LECs transfected with plasmids encoding a GFP-tagged

ACKR4 or ACKR3, respectively. Notably, ACKR3 does not bind

CCR7 ligands (Nibbs and Graham, 2013) and served as negative

control. LECs transfected with ACKR4-GFP, ACKR3-GFP, or

vehicle control (CTR) were incubated for 1 h at 37�C with

CCL21-Dy549, subjected to an acidic wash to remove surface-

bound chemokine and subsequently analyzed by FACS. The

CCL21-Dy549 signal in ACKR4-GFP-transfected LECs was

significantly higher than in ACKR3-GFP-transfected LECs (Fig-

ures 2G and S3D). Moreover, the CCL21-Dy549 signal in

ACKR4-GFP-transfected LECs was lost when the uptake exper-

iment had been performed on ice, i.e., a temperature at which

cellular internalization processes are blocked (Figures 2H and

2I). Taken together, these results confirmed that ACKR4 func-

tions as a scavenger of both CCR7 ligands in lymphatic

collectors.

ACKR4 expression is induced by flow
Since we found ACKR4 to be most prominently expressed in

lymphatic collectorswith higher LMCcoverage,wehypothesized

that ACKR4 expression might be induced by flow. In support of

this hypothesis, we had previously observed in amicroarray tran-

scriptomics study that ACKR4 was upregulated in cultured hu-

man intestinal LECs in response to laminar flow (Sabine et al.,

2015), and we confirmed this observation by qRT-PCR analysis

(Figure 3A). To study the flow-dependence of ACKR4 expression

in dermal LECs we made use of another in vitro flow system,

which involved culturing dermal LEC monolayers on an orbital

shaker (Salek et al., 2012). While LECs in the well’s periphery

aligned in the direction of the predominately laminar flow, cells

cultured under static conditions kept their characteristic

cobble-stone-like morphology (Figure 3B). Also in this model,

we observed a flow-induced upregulation of ACKR4 RNA in

LECs (Figure 3C). To test ACKR4 functionality, we next per-

formed in vitro uptake assays with CCL19-AF647 and CCL21-

Dy649 using the same system. In the case of CCL21-Dy649, no

difference in fluorescent signal intensity between flow-exposed

and static LECs was observed, indicating that the flow-induced

upregulation of ACKR4 in vitro might have been too subtle to

overcome the limitations of the sticky CCL21 chemokine probe

(Figure S3E). Conversely, in the case of CCL19-AF647, the fluo-
6 Cell Reports 38, 110334, February 1, 2022
rescent signal was markedly enhanced in LECs that had been

subjected to flow (Figure 3D). When repeating the uptake exper-

iments in flow-exposed LECs on ice, the CCL19-AF647 signal

was almost completely lost (Figure 3E), indicating impaired che-

mokine internalization under these conditions.

ACKR4 expression is lost in Foxc2DLEC mice, which
display lymphatic dysfunction
Toaddress the flow-dependenceofACKR4expression in vivo,we

analyzed ACKR4 levels in lymphatic collectors in a lymphedema

setting, namely in mesenteric collecting vessels of postnatal

day 7 Foxc2fl/flxProx1-CreERT2 mice (Sabine et al., 2015), in

which Foxc2 expression had been specifically ablated in LECs

(Foxc2DLEC mice). Foxc2 is a transcription factor crucial for both

embryonic and postnatal lymphatic development and function

(Norrmén et al., 2009; Petrova et al., 2004; Sabine et al., 2015).

When Foxc2 is conditionally ablated by tamoxifen injection on

postnatal day 4, as in our experiment, valve development in the

growing mesentery is abrogated and mice develop chylous asci-

tes, as a result of lymph stasis and leaky lymphatics (Sabine et al.,

2015).StainingmesentericcollectingvesselswithanACKR4-spe-

cific antibody, ACKR4 was detectable in WT controls but was

almost completely lost in Foxc2DLEC mice (Figure 3F). Similarly,

when analyzing a single-cell sequencing dataset of capLECs

and colLECs derived from mesentery of 6-week-old WT and

Foxc2DLEC mice 3 weeks after tamoxifen administration (Gonza-

lez-Loyola et al., 2021), Ackr4 expression in colLECs was lost in

the absence of foxc2 (Figure 3G). Collectively, these findings

demonstrated that flow-induced ACKR4 expression in LECs

in vitro and indicated a similar role of flow in vivo.

TPA-induced inflammation results in accumulation of
CD4+ T cells in ACKR4-deficient collectors
While DCs and T cells actively crawl within lymphatic capillaries,

they typically detach from the endothelium in the collectors to be

rapidly transported to the dLNs by the lymph flow. Considering

that we found ACKR4 to be upregulated by flow in afferent

lymphatic collectors, we hypothesized that it might serve to re-

move CCL21 from the LEC surface (Bao et al., 2010; Russo

et al., 2016; Yin et al., 2010) to prevent induction of integrin-

mediated firm adhesion of leukocytes in afferent collectors.

The latter process is well known to occur in high endothelial ve-

nules (HEVs), which also present CCL21 to leukocytes under

flow (Stein et al., 2000; Woolf et al., 2007). However, in contrast

to HEVs, afferent lymphatics express only minute levels of the in-

tegrin ligands ICAM-1 and VCAM-1 in steady state, but upregu-

late thesemolecules in inflammation (Arasa et al., 2021; Johnson

et al., 2006; Vigl et al., 2011). Thus, we further hypothesized that

an overabundance of CCL21 caused by loss of ACKR4 might

induce adhesion and consequently lead to a reduced rate of

detachment (kdetach) and accumulation of migrating leukocytes

in lymphatic collectors in the context of inflammation.

Considering that the contribution of ACKR4 to lymphatic traf-

fickingofTcells iscompletelyunknownso far,wedecided to focus

on this cell type and specifically on antigen-experienced CD4+

T cells, which represent themain T cellsmigrating through afferent

lymphatics (Bromley et al., 2013; Tomura et al., 2010). To analyze

the spatial distribution of endogenous CD4+ T cells in dermal



Figure 3. ACKR4 expression is induced by flow

(A) qPCR analysis ofACKR4 expression in human intestinal LECs after exposure to static conditions (STAT), laminar (LAM), or oscillatory (OSS) flow. Upregulation

of flow-induced Gja4 (connexin37; Sabine et al., 2012) was evaluated as positive control. n = 3 experiments/condition.

(B–E) Human dermal LEC monolayers were subjected to flow on an orbital shaker for 48 h. (B) Representative images, taken in the well periphery, of cells left at

static conditions (up) or subjected to flow (down). Scale bars, 200 mm. (C) RNA expression of ACKR4 in human dermal LECs analyzed by qPCR in four inde-

pendent experiments (mean ± SEM). (D and E) A CCL19-AF647 uptake assay was performed on human dermal LECs previously subjected to flow or static

conditions at either (D) 37�C or (E) comparing uptake by flow-exposed LECs at 37�C or on ice. Left: representative histograms; right: summary of the mean

fluorescence intensity (MFI) of CCL19-AF647 and the percentage of CCL19-AF647+ cells. n = 5 experiments per condition (connected by a line).

(F) Confocal images of mesentery collectors stained for ACKR4 expression (green) and PROX1 (red) in WT (up) or FOXC2DLEC (down) mice. Scale bars, 50 mm.

(G) Violin plot of Ackr4 gene expression from scRNA-seq data (Gonzalez-Loyola et al., 2021) of mesenteric capLECs and colLECs isolated from WT and

FOXC2DLEC mice. Statistics: unpaired Student’s t test (A and C), mean ± SEM. Paired Student’s t test (D and E).
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lymphatic capillaries and collectors, we performed quantitative

whole-mount analyses in steady-state ear skin of ACKR4GFP/GFP

KI and ACKR4GFP/+ Het mice. After staining for CD31, CD4, and

CD45 we acquired confocal images of CD31+ capillaries, identi-

fied by their characteristic morphology, and of CD31+ ACKR4GFP

collectors, and performed a blinded analysis of CD4+CD45+

T cells co-localizing with either vessel type. Loss of ACKR4 did

not lead to major differences in CD4+CD45+ T cell co-localization

with capillaries in steady-state ear skin (Figures S4A–S4E), indi-
cating that, in contrast to DCs (Bastow et al., 2021), CD4+ T cell

recruitment from the tissue toward and into lymphatics was not

impaired. When analyzing CD31+GFP+ collecting vessel seg-

ments (Figures 4A and 4B) we observed that the average GFP+

vessel length was slightly higher in ACKR4GFP/GFP KI compared

with ACKR4GFP/+ Het mice (Figure 4C), likely because of stronger

GFP expression in ACKR4GFP/GFP KI mice. In contrast to capil-

laries, virtually noCD4+ T cellswere foundwithin lymphatic collec-

tors in steady state (Figures 4Dand4E). In fact, in 86%and95%of
Cell Reports 38, 110334, February 1, 2022 7
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all images of ACKR4GFP/+ Het mice and ACKR4GFP/GFP KI mice

analyzed, no T cells were detected (Figure 4E), and in the remain-

ing images only one to two cells were detected. Although more

collectors with one to three cells were captured in the

ACKR4GFP/+ Het mice, these differences remained minute, due

to the extremely low cell counts (Figures 4D and 4E).

We next repeated the whole-mount analysis under inflamma-

tory conditions, namely 16 h after topically treating ears with TPA

(Figure S5A). TPA treatment induced a similar ear swelling

response and leukocyte recruitment in both genotypes (Figures

S5C and S5D). No major differences between CD4+ T cell

numbers co-localizing with inflamed capillaries of ACKR4GFP/+

Het mice and ACKR4GFP/GFP KI mice were observed (Figures

S4F–S4J), indicating no impairment in T cell recruitment from

the tissue into lymphatic capillaries in TPA-induced inflamma-

tion. In comparison to steady-state conditions (Figures 4D and

4E), strikingly more CD4+ T cells were detected in inflamed col-

lectors (Figures 4I and 4J). Moreover, we observed a significant

increase in CD4+ T cells co-localizing with GFP+ collecting vessel

segments of ACKR4GFP/GFP KI compared with ACKR4GFP/+ Het

mice in TPA-induced inflammation (Figures 4I and 4J). Overall,

these data confirmed that, in the absence of ACKR4 expression,

endogenous T cells accumulated in TPA-inflamed collectors but

not in capillaries, indicating that—in line with our hypothesis—

their detachment rate in collectors was reduced.

In the absence of ACKR4, short-termmigration of Kikred

CD4+ T cells from photoconverted steady-state skin to
dLNs is reduced
The fact that we found T cells accumulating in TPA-inflamed

lymphatic collectors of ACKR4GFP/GFP KI mice suggested that

their migration from inflamed skin to dLNs might be compro-

mised. To investigate whether ACKR4 indeed supports

lymphatic migration of endogenous T cells in inflammation, we

crossed ACKR4GFP/GFP KI mice with mice expressing the photo-

convertible fluorescent protein Kikume Green-Red (KikGR) in all

cell types (Tomura et al., 2014). In KikGRmice, the KikGR protein

is converted from Kikgreen to Kikred upon exposure to violet light.

Thus, migratory leukocytes photoconverted in the skin can sub-

sequently be identified as Kikred cells in dLNs (Tomura et al.,

2014). Notably, photoconversion of Kikgreen to Kikred cells is ex-

pected to occur in the entire skin, including cells already present

within the lymphatic capillaries and collectors. To specifically

investigate the behavior of intralymphatic T cells, we decided

to illuminate the skin and harvest the skin-draining LNs already

6 h after photoconversion (Figure 5A), i.e., at a time point consid-

ered too short for DCs or T cells to migrate all the way from the
Figure 4. CD4+ T cells accumulate in lymphatic collectors of ACKR4GF

Whole mounts prepared from (A–E) steady-state or (F–J) TPA-inflamed ear skin of

CD4. Confocal images were acquired. For the quantification of CD45+CD4+ T ce

positive collectors and the number of CD45+CD4+ T cells within the ROI was qua

prepared from (A and B) steady-state or (F and G) TPA-inflamed ear skin of either

images). (C and H) Analysis of the ACKR4GFP-positive collector vessel length/RO

collector vessel. (E and J) Distribution analysis comparing the frequencies of imag

(J). Left: per ROI; right: normalized to mm of GFP+ collector vessel. Images (ROIs)

D, H, and I) represents the value from one ROI. Analysis in (C–E): n = 61 for the He

group. Medians are shown in red, means in black. (C and H) Student’s t test, (D,
tissue via capillaries and collectors to dLNs (Kissenpfennig

et al., 2005; Tomura et al., 2014). Therefore, the number of

T cells or DCs arriving in the dLN in such a short-term photocon-

version experiment should primarily depend on the number of

cells present in collectors—and possibly also in upstream capil-

laries—at the time of photoconversion and on the rate at which

these cells detach in collectors (kdetach).

Interestingly, we observed that the photoconversion proced-

ure itself already induced a mild inflammatory response, as

demonstrated by a significant increase in neutrophils in the illu-

minated skin and in dLNs at the 6 h time point (Figures 5A–5C,

S5E, and S5F). When analyzing the number of Kikred T cells in

dLNs 6 h after photoconversion of steady-state belly skin (Fig-

ure 5A), we found a slight reduction in the numbers and percent-

ages of CD4+ Kikred cells and CD8+ Kikred cells in KikGR-

xACKR4GFP/GFP KI mice (Figures 5D, 5E, and S6A), which

might have been caused by retention of T cells in upstream col-

lectors caused by TPA-induced inflammation. In contrast,

reduced leukocyte arrival was significantly more profound for

Kikred migratory DCs (Figure 5F), which in the absence of

ACKR4 reportedly already display a defect in entry into

lymphatic capillaries (Bastow et al., 2021).

In the absence of ACKR4, short-termmigration of Kikred

CD4+ T cells from photoconverted TPA-inflamed skin to
dLNs is enhanced
We next repeated our short-term photoconversion experiments

in inflamed skin. In analogy to the conditions used for the whole-

mount analyses (Figures 4 and S4), the ear skin of KikGR-

xACKR4GFP/GFP KI and KikGRxACKR4+/+ WTmice was inflamed

by topical administration of TPA and photoconverted 16 h later

(Figure 5G).When analyzing cell migration 6 h after photoconver-

sion, the percentage and number of CD4+ Kikred cells in dLNs of

KikGRxACKR4GFP/GFP KI compared with KikGRxACKR4+/+ WT

mice were significantly increased (Figures 5H and S6A), indi-

cating that the striking increase in cells present in ACKR4-defi-

cient collectors at the time point of photoconversion (Figures 4I

and 4J) had compensated for the reduced rate of detachment

(kdetach). Notably, CD8
+ Kikred cells and Kikred migratory DCs

were not increased (Figures 5I and 5J), indicating that they had

not been accumulating in ACKR4-deficient collectors at the

time point of photoconversion.

Migration of adoptively transferred T cells to dLNs is
reduced in ACKR4GFP/GFP KI mice
Finally, to validate the observed migration phenotype in another

model, we performed adoptive transfer experiments. In a first
P/GFP KI mice in TPA-induced inflammation

ACKR4GFP/+ Het and ACKR4GFP/GFP KI mice were stained for CD31, CD45, and

lls in collectors, a region of interest (ROI) was placed over CD31+ ACKR4GFP-

ntified. Representative images of intralymphatic CD4+ T cells in whole mounts

genotype. White arrows indicate CD4+CD45+ T cells. Scale bars, 50 mm (in all

I. (D and I) Quantification of CD4+ T cells. Left: per ROI; right: per mm of GFP+

es with 0 cells, 0–1 cells, and 1–3 cells in (E), and 0 cells, 1–5 cells and >5 cells in

from 9mice/group were analyzed in (C–E) and from 6–7 in (H–J). Each dot in (C,

t and 68 for the KI group, analysis in (H–J): n = 69 for the Het and 102 for the KI

E, I, and J) Mann-Whitney test, (E and J) chi-square distribution analysis.
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Figure 5. ACKR4 modulates short-term migration of photoconverted CD4+ T cells through afferent collectors in TPA-induced inflammation

(A–C) Photoconversion induces a mild inflammatory response in the illuminated skin. (A) Steady-state skin was illuminated for photoconversion (illum) or left

untreated (CTR) and analyzed 6 h later. (B) Quantification of the percentages of CD45+ cells and of CD11b+Ly-6G+ neutrophils in photoconverted ear skin, and (C)

percentages and absolute numbers of neutrophils in ear skin-dLNs.

(D–F) Belly skin of KikGRxACKR4GFP/GFP (KI) and KikGRxACKR4+/+ (WT) mice was photoconverted as in (A) and pooled dLNs analyzed by FACS after 6 h.

Quantification of (D) CD4+ Kikred cells, (E) CD8+ Kikred cells, and (F) KikredCD11c+ MHCIIhigh.

(G–J) TPA-inflamed ears of KikGRxACKR4GFP/GFP (KI) and KikGRxACKR4+/+ (WT) mice were photoconverted and pooled dLNs analyzed by FACS after 6 h. (G)

Depiction of the experiment. Quantification of (H) CD4+ Kikred cells, (I) CD8+ Kikred cells, and (J) KikredCD11c+ MHCIIhigh. Mean ± SEM from two to three pooled

experiments are shown in (A and C), (D and F), (G–I). One dot represents one mouse. Student’s t test.
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approach, we adoptively transferred lymphocytes expressing

dsRed in all T cells(Veiga-Fernandes et al., 2007) into the

steady-state footpads of ACKR4GFP/GFP KI and WT mice

and analyzed the dLNs 16 h later. Significantly fewer

dsRed+CD4+ and dsRed+CD8+ T cells were detected in dLNs

of ACKR4GFP/GFP KI compared with WT mice (Figures 6A, 6B,

6C, and S6B). When analyzing the localization of adoptively

transferred T cells in popliteal LN sections by confocal micro-

scopy, we found that—in contrast to DCs (Ulvmar et al.,

2014)—T cells that made it to the LN did not accumulate in the
10 Cell Reports 38, 110334, February 1, 2022
LN SCS, but were able to enter the LN parenchyma of

ACKR4GFP/GFP KI mice (Figures S7A and S7B). Furthermore,

we performed a similar adoptive transfer experiment, but this

time transferring lymphocytes from KikGR mice into TPA-in-

flamed ear skin. Eighteen hours later, significantly fewer

KikgreenCD4+ and KikgreenCD8+ T cells were detected in ear-

draining LNs of ACKR4GFP/GFP KI compared with WT mice (Fig-

ures 6D, 6E, 6F, and S6B). Overall, these findings confirmed that,

in the absence of ACKR4, migration of adoptively transferred

T cells from skin to dLNs was compromised.



Figure 6. In the absence of ACKR4 lymphatic migration of T cells transferred into steady-state or TPA-inflamed skin is reduced

(A–C) dsRed+ lymphocytes were adoptively transferred into steady-state footpads of ACKR4GFP/GFP KI andWTmice and dLNs analyzed 16 h later. (A) Schematic

depiction of the experiment. (B and C) Analysis of the percentage and total numbers of (B) dsRed+CD4+ and (C) dsRed+CD8+ T cells.

(D–F) Kikgreen lymphocytes were adoptively transferred into TPA-inflamed ears of ACKR4GFP/GFP KI and WT mice and dLNs analyzed 18 h later. (D) Schematic

depiction of the experiment. (E and F) Analysis of the percentage and total numbers of (E) KikgreenCD4+ and (F) KikgreenCD8+ T cells. Mean ± SEM from three

pooled experiments are shown in (B and C) and (E and F). One dot represents one mouse. Student’s t test.
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DISCUSSION

While previous studies have identified a contribution of ACKR4

to DC chemotaxis in the context of lymphatic migration (Bastow

et al., 2021; Bryce et al., 2016; Ulvmar et al., 2014), we here

describe an additional role of ACKR4 in scavenging and

removing chemokine from the endothelial surface within

lymphatic collectors, to facilitate T cell de-adhesion and rapid,

passive transport with the lymph flow to dLNs. Antigen-experi-

enced T cells, in particular CD4+ effector-memory cells and reg-

ulatory T cells, are the most abundant cell types migrating

through afferent lymphatics (Bromley et al., 2013; Tomura

et al., 2010), but their migration is less well studied compared

with the one of DCs. Recirculation of T cells, which occurs

constantly and at an enhanced rate during inflammatory condi-

tions, is considered important for immunosurveillance, mainte-

nance of tolerance, and dampening of inflammatory responses

in peripheral tissues (Collado-Diaz et al., 2021; Permanyer

et al., 2018). By contributing to de-adhesion of T cells in afferent

collectors in inflammation, ACKR4 is therefore expected to affect

tissue exit and recirculation of T cells and, as such, contribute to

the regulation of T cell-mediated immunity.

In contrast to leukocyte transport in blood, leukocyte move-

ment in afferent lymphatics relies in part on active cell migration.

Upon entry into lymphatic capillaries, DCs and T cells need to

first actively crawl to reach downstream lymphatic collectors,

where lymph flow is strongly increased due to contractions of

the collector-surrounding LMCs. Only in this compartment do

leukocytes de-adhere and are rapidly transported to dLNs with

the flow (Collado-Diaz et al., 2021). Induction of ACKR4 expres-
sion by flow fits well with the description here of its role in pro-

moting T cell de-adhesion in dermal collectors. ACKR4 induction

by flow was observed in our cell-based in vitro assays and also

suggested by the near-complete absence of ACKR4 in mesen-

teric collectors of FOXC2DLEC mice, which display defective

lymph transport (Sabine et al., 2015). In further support of our

findings, a computational simulation of flow patterns in LNs

recently showed that shear stress was higher on LECs forming

the SCS ceiling, which express ACKR4 (Ulvmar et al., 2014),

compared with LECs forming the SCS floor, which lack ACKR4

expression (Jafarnejad et al., 2017).

Ourmicroscopy-based analyses indicated that T cell entry into

lymphatic capillaries was not affected by the absence of ACKR4,

neither in steady state nor in TPA-induced inflammation. This is in

contrast to the reported function of ACKR4 in DC migration into

afferent lymphatics (Bastow et al., 2021; Bryce et al., 2016). Simi-

larly, we and others observed that entry of T cells from the SCS

into the LN parenchyma, was not or only marginally compro-

mised upon loss of ACKR4 (Figures S7A and S7B) (Martens

et al., 2020). This is in contrast to the essential role of ACKR4 in

DC emigration from the SCS (Ulvmar et al., 2014). A possible

explanation for this difference in the ACKR4 dependence might

be that activated DCs, but not T cells, produce CCL19 (Bruckner

et al., 2012; Luther et al., 2000; Ngo et al., 1998b; Sallusto et al.,

1999b). This difference might render DCs more dependent on

ACKR4-mediated scavenging of CCL19 and CCL21, first during

entry into afferent lymphatics (Bryce et al., 2016) and later on

when exiting the SCS.

The only location where loss of ACKR4 had a dramatic impact

on the distribution of endogenous CD4+ T cells was at the level
Cell Reports 38, 110334, February 1, 2022 11
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of the TPA-inflamed dermal lymphatic collectors; here we found

strikingly more endogenous CD4+ T cells accumulating in

ACKR4GFP/GPF KI compared with ACKR4GFP/+ Het mice. Our 6 h

photoconversion experiments revealed that, in the absence of

ACKR4, less photoconverted T cells were present in dLNs when

photoconversion had occurred in steady-state skin, whereas

more T cells were present upon converting TPA-inflamed skin.

Considering that our whole-mount quantifications detected no

reduction in T cells in steady-state capillaries and virtually no

T cells present in steady-state collectors (Figures 4 and S4), the

reduction observed in the steady-state photoconversion experi-

mentswas likely causedby the illumination-induced tissue inflam-

mation, leading to the arrest of T cells arriving from capillaries in

ACKR4-deficient collectors. Conversely, when photoconverting

TPA-inflamed skin, where at this time point a lot of T cells were

already accumulating in ACKR4-deficient collectors (Figures 4I

and4J), significantlymore cells got converted in this compartment

in the absence of ACKR4, resulting in an overall increase in photo-

convertedCD4+Tcells found indLNsafter 6 h.Why this effectwas

more pronounced in CD4+ than in CD8+ T cells is presently not

clear, but could, e.g., be due to differences in T cell recirculation

kinetics, CCR7 signaling or expression levels, or contribution of

additional chemokine receptors to lymphatic trafficking (Britschgi

et al., 2008;Gerlachet al., 2016). Interestingly, in our photoconver-

sion experiments, ACKR4 deficiency led to a significant reduction

in photoconverted DCs in dLNs upon illuminating steady-state

skin, whereas equal numbers of DCs were present in dLNs upon

illuminating TPA-inflamed skin. The reduction in DC migration to

dLNsobserved insteadystate is likelycausedby thepreviously re-

ported entry defect into afferent lymphatics in the absence of

ACKR4 (Bastow et al., 2021), resulting in fewer intralymphatic

DCs that got photoconverted within lymphatics under steady-

state conditions. Conversely, the fact that no difference in DC

numbers in dLNswas observedwhen repeating the 6 h photocon-

version experiment in TPA-inflamed skin suggests that, under in-

flammatoryconditions, alsoDCsmightbe retained inACKR4-defi-

cient collectors, and that this effect, which leads to an enhanced

photoconversion rate, compensated for the defective lymphatic

entry caused by ACKR4 deficiency.

Our conclusion that ACKR4 facilitates T cell exit from tissues

by promoting de-adhesion in inflamed collectors is further sup-

ported by our adoptive transfer experiments: lymphocyte trans-

fer into either TPA-inflamed or steady-state skin resulted in a sig-

nificant reduction in CD4+ and CD8+ T cells retrieved from the

dLNs 16–18 h later. We suspect that the reduction observed

upon transfer into steady-state skin is caused by inflammatory

events triggered by the cell injection (e.g., death of transferred

cells), leading to upregulation of adhesion molecules in

lymphatic collectors. According to the paradigm of lymphatic

trafficking, leukocyte entry is thought to primarily occur at the

level of capillaries (Collado-Diaz et al., 2021; Permanyer et al.,

2018). However, we have recently reported that, in the context

of tissue inflammation, DCs additionally enter in a CCR7/

CCL21- and b1 integrin/VCAM-1-dependent manner into dermal

lymphatic collectors (Arasa et al., 2021). It is possible that also

T cells, which require the same molecules for lymphatic migra-

tion (Bromley et al., 2013; Teijeira et al., 2017), can migrate via

this route. Although loss of ACKR4 in collectors could be ex-
12 Cell Reports 38, 110334, February 1, 2022
pected to enhance CCR7-mediated T cell chemotaxis and entry

into collectors, we found that overall migration of adoptively

transferred T cells to dLNs was reduced, suggesting that intra-

vascular de-adhesion in collectors remained the rate-limiting

step modulated by ACKR4 deficiency.

Our data indicate that ACKR4 primarily affects lymphatic

migration of T cells by supporting de-adhesion in afferent

lymphatic collectors. However, we suspect that ACKR4 might

affect further steps in T cell migration. Curiously, when perform-

ing photoconversion experiments in steady-state skin and only

analyzing photoconverted cell 18 h later, we observed a signifi-

cant accumulation of Kikred CD4+ T cells in dLNs of ACKR4-defi-

cient mice (Figures S7C–S7G), whereas DC migration remained

similarly reduced as at the 6 h time point. One further confound-

ing factor in such a long-term migration experiment is the dwell

time of T cells in dLNs: while DCs do not migrate further than

the first dLN, tissue-exiting memory T cells are known to

continue recirculating through subsequent LNs, blood, and pe-

ripheral tissues (Bromley et al., 2013). Of interest in this context

could be that CCR7 signaling was shown to promote T cell reten-

tion in LNs (Pham et al., 2008). Whether LN exit and T cell recir-

culation are also affected by ACKR4 is presently unknown.

During T cell homing to LNs through HEVs, CCL21 signaling is

known to induce firm arrest of T cells in the vasculature by acti-

vating LFA-1 binding to ICAM-1 (Stein et al., 2000; von Andrian

and Mackay, 2000; Woolf et al., 2007). While uninflamed

lymphatic vessels only express low levels of the integrin ligands

VCAM-1 and ICAM-1, both adhesion molecules are upregulated

in lymphatic capillaries and collectors in inflammation induced

by different stimuli, including TPA (Arasa et al., 2021; Johnson

et al., 2006; Teijeira et al., 2017; Vigl et al., 2011). Both ICAM-1

and VCAM-1 were shown to be important for T cell migration

from skin to dLNs (Teijeira et al., 2017), and the corresponding

integrins LFA-1 and VLA-4 are highly expressed by skin-homing

T cells (Schon et al., 2003). Thus, it is likely that these integrin li-

gands contribute to T cell adhesion in TPA-inflamed collectors.

Overall, our study provides evidence that active molecular

mechanisms are in place within a defined segment of the

lymphatic vasculature during inflammation, to ‘‘lubricate’’ the lin-

ing and thus prevent lymphocyte adhesion, allowing intraluminal

lymphocytes to undergo an efficient transition from crawling to

being passively carried by the lymph flow. Thus, curiously, the

sequential steps of lymphocyte-endothelial cell interactions

occurring in inflamed lymphatic collectors seem to recapitulate,

albeit in a reverse order, the well-described multistep adhesion

cascade in blood vessels (Nourshargh and Alon, 2014).

Limitations of the study
A major limitation of our study is that our findings have thus far

primarily been made in one inflammatory model, namely, dermal

inflammation induced by topical application of TPA. We there-

fore cannot exclude that the retention of migratory T cells in

afferent collectors lacking ACKR4 is dependent on the type of

inflammation induced, as the latter might affect expression of in-

tegrin ligands, chemokines, and of ACKR4 itself. Furthermore,

lymphatic vessels display great heterogeneity in different tissues

(Petrova and Koh, 2018). While our study found a migration

phenotype cause by ACKR4 deficiency in dermal collectors, it
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remains unknown whether ACKR4 exerts the same vessel-lubri-

cating function in afferent lymphatic collectors in other organs or

even in large collectors upstream and downstreamof LNs, where

flow conditions and gene expression will likely be different.

Finally, we presently do not know about the human relevance

of our findings, since our work was primarily conducted in

mice or with human LECs cultures in vitro.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD45-PE/Cy7 BioLegend Cat# 103114; RRID: AB_312979

anti-mouse CD4-APC BioLegend Cat# 100412; RRID:AB_312697

anti-mouse CD8-FITC BioLegend Cat# 100706; RRID:AB_312745

anti-mouse/human B220-PerCP/Cy5.5 BioLegend Cat# 103235; RRID:AB_893356

anti-mouse CD16/32 BioLegend Cat# 101302; RRID:AB_312801

anti-mouse CD31 BV421 BD Bioscience Cat# 562939; RRID:AB_2665476

anti-mouse LYVE-1 Alexa488 eBioscience Cat# 53-0443-82; RRID:AB_1633415

anti-mouse CD31 PE BioLegend Cat# 102508; RRID:AB_312915

anti-mouse CD8 BV650 BioLegend Cat# 100741; RRID:AB_11124344

anti-mouse CD11c APC BioLegend Cat# 117310; RRID:AB_313779

anti-mouse I-A/I-E-BV421 BioLegend Cat# 107632; RRID:AB_2650896

anti-mouse Ep-CAM BV605 BioLegend Cat# 118227; RRID:AB_2563984

Chemicals, peptides, and recombinant proteins

PMA/12-O-tetradecanoylphorbol 13-acetate (TPA) Sigma-Aldrich Cat# P1585

Zombie Aqua BioLegend Cat# 423102

Cell Proliferation Dye eFluor670 eBioscience Cat# 65-0840-85

CCL19-AF647 Almac Cat# CAF-6

CCL21-Dy549 Dr. Daniel F. Legler (coauthor) N/A

CCL21-Dy649 Dr. Daniel F. Legler (coauthor) N/A

Critical commercial assays

Trizol Life Technologies Cat# 15596026

EGM-2 BulletKit Lonza Cat# CC-3202

OptiMEM Thermo Fisher Scientific Cat# 31985070

Lipofectamine 2000 Thermo Fisher Scientific Cat# 11668019

RNeasy Plus Micro Kit Qiagen Cat# 74034

Transcriptor First Strand cDNA Synthesis Kit Roche Cat# 04896866001

High-Capacity cDNA Reverse Transcription Kit Fisher Scientific Cat# 10400745

SensiFast Sybr Lo-Rox Bioline Cat# BIO-94020

PowerUp SYBR Green Master Mix Thermo Fisher Scientific Cat# A25776

Deposited data

Analysed Data Arasa et al. 2021 ArrayExpress: E-MTAB-9175

Analysed Data Gonzalez-Loyola et al., 2021 GEO: GSE156320

Experimental models: Cell lines

Human juvenile dermal LECs PromoCell Cat# 439Z007.2

Experimental models: Organisms/strains

model organism: WT: C57BL/6 Janvier N/A

model organism: ACKR4GFP/GFP(KI) orACKR4GFP/+(Het) Heinzel et al., 2007 N/A

model organism: hCD2-dsRed Veiga-Fernandes et al., 2007 N/A

model organism: Kikume Green-Red (KikGR) Tomura et al., 2014 N/A

model organism: Foxc2fl/flxProx1-CreERT2 Sabine et al., 2015 N/A

Oligonucleotides

18s_Forward: AGGAATTCCCAGTAAGTGCG Microsynth N/A

18s_Reverse: GCCTCACTAAACCATCCAA Microsynth N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ackr4_Forward: TGCCATTCATTTCATTTTCCT Microsynth N/A

Ackr4_Reverse: CAAGACTGCTCCTCTCTGCC Microsynth N/A

Gja4_Forward: GGTGGGTAAGATCTGGCTGA Microsynth N/A

Gja4_Reverse: GGCCGTGTTACACTCGAAAT Microsynth N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for recourses should be directed to and will be fulfilled by the lead contact, Dr. Cornelia Halin

(cornelia.halin@pharma.ethz.ch).

Materials availability
Reagents are available upon request from the lead contact.

Data and code availability
This paper analyses existing, publicly available data. These accession numbers for the datasets are listed in the Key recourses table.

This paper does not report original code. Any additional information required to reanalyse the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 mice were purchased from Janvier (Le Genest-Saint-Isle, France) and bred in the animal facilities of ETH Zurich. ACKR4GFP

(Heinzel et al., 2007) and hCD2-dsRed (Veiga-Fernandes et al., 2007) mice were bred in the animal facilities of ETH Zurich. Kikume

Green-Red (KikGR) mice were provided by Tomura et al. (Tomura et al., 2014). KikGRxACKR4GFP mice were created by crossing

ACKR4GFP/GFP mice with KikGR mice. Experiments were performed in age- and sex-matched male and female mice, as described

in the corresponding STAR Methods sections. All mice were housed in the animal facilities of ETH Zurich. Animal experiments

were approved and performed according to licenses of the Cantonal Veterinary Offices of the canton of Zurich canton (numbers

268/2014, 237/2016 and 239/2019) and the canton of Vaud (VD3334). To induce a lymphatic specific deletion of Foxc2 we used

Foxc2fl/flxProx1-CreERT2 mice (Sabine et al., 2015). Each pup was injected 125 mg of tamoxifen (Sigma) in sunflower seed oil at post-

natal day 4 and we sacrificed the mice at postnatal day 7.

Human lymphatic endothelial cell culture
Human LECs (PromoCell juvenile LECs, see Key resources table for details) were cultured in a humidified incubator (BINDER) at 37�C
with 5%CO2. For the culture of the cells the EGM-2 BulletKit mediumwas used (Lonza), with 5%FBS and all the supplements except

VEGF-A. When 80-90% confluency was reached, cells were split or used in subsequent experiments, as described below.

METHOD DETAILS

TPA-induced inflammation
Mice were anesthetized by inhalation of 2.5% isoflurane. Ear thickness wasmeasured using an ear caliper (Br€utsch R€uegger, Urdorf,

Switzerland) and 1mg of TPA (PMA/12-O-tetradecanoylphorbol 13-acetate, Sigma-Aldrich) in 10mL acetone (Sigma-Aldrich) was

applied to each side of both ears. The next day lymphatic drainage was measured, KikGR lymphocytes were injected or mice

were sacrificed for further analysis. In case of KikGRxACKR4GFP mice, the ears were photoconverted 16 h after induction of TPA

inflammation and mice sacrificed 6h after that.

Adoptive transfer of T cells in steady-state footpads
Experiments were performed in 7-10week old age- and sex-matchedmale or femalemice. To this end, LNs from 6-9week old hCD2-

dsRed mice were harvested and passed through a 40mm strainer to generate single cell suspensions. Up to 1*106 cells in 20mL PBS

were injected into the footpads of recipient ACKR4GFP/GFP and WT mice. After 16h, recipient mice were sacrificed and popliteal

LNs (both sides pooled per mouse) were harvested for FACS analysis. LNs were passed through a 70mm pre-separation filter (Mil-

tenyi) directly into 5mL FACS tubes and centrifuged with filters still attached to ensuremaximum cell yield. Cellularity was counted on

a LUNA-FL Automated Fluorescence Cell Counter (Logos Biosystems, South Korea). Samples were stained in FACS buffer

(PBS containing 2% FCS (Thermo Fisher) and 2 mM EDTA (Sigma-Aldrich)) for 20min on ice with the following antibodies
Cell Reports 38, 110334, February 1, 2022 e2
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(all BioLegend): CD45-PE/Cy7 (clone 30-F11), CD4-APC (clone GK1.5), CD8-FITC (clone 53–6.7), B220-PerCP/Cy5.5 (clone RA3-

6B2), CD16/32 (Fc-block) and zombie aqua (live/dead staining). Samples were centrifuged, resuspended in fresh FACS buffer

and acquired on a CytoFLEX flow cytometer (Beckman Coulter) using CytExpert software and analysis was done using FlowJo soft-

ware 10.4.1 (Tree star).

Adoptive transfer of T cells into TPA-inflamed ears
Experiments were performed in groups of 7-10 week old age- and sex-matched male or female mice. Lymphocytes from 6-9 week

old KikGR mice were isolated for adoptive transfer into TPA-inflamed ears of ACKR4GFP/GFP and WT mice. Lymphocyte single cell

suspension from KikGR mice were prepared by passing pooled LNs through 40mm cell strainers as described above, and up to

0.75*106 cells in 10mL PBS were injected at 3 different spots into the inflamed ears of recipient ACKR4GFP/GFP and WT mice. After

18h, recipient mice were sacrificed and auricular LNs (both sides pooled per mouse) were harvested for FACS analysis. LNs were

passed through a 40mm cell strainer, the cellularity was counted on a LUNA-FL Automated Fluorescence Cell Counter (Logos Bio-

systems, South Korea) and the samples centrifuged. Single cell suspensions were stained in FACS buffer (PBS containing 2% FCS

(Thermo Fisher) and 2 mM EDTA (Sigma-Aldrich)) for 20min on ice with the following antibodies (all BioLegend): CD45-APC/Cy7

(clone 30-F11), CD4-APC (cloneGK1.5), CD8-BV-650 (clone 53–6.7), CD16/32 (Fc-block) and zombie aqua (live/dead staining). Sam-

ples were centrifuged, resuspended in fresh FACS buffer and acquired on a CytoFLEX flow cytometer (Beckman Coulter) using Cy-

tExpert software and analysis was done using FlowJo software 10.4.1 (Tree star).

CCL21 protein determination in mouse serum
Serum was collected from anesthetized groups of 8-12 week old, age-and sex-matched WT and ACKR4GFP/GFP KI mice and sent to

Cytolab (Regensdorf, Switzerland) for analysis of CCL21 concentrations, using a multiplexed particle-based cytometric cytokine

assay.

Lymphatic drainage assay
Experiments were either performed in 8-9 week old female mice (steady-state data) or in 11 – 13 week old male mice (TPA inflam-

mation data). Lymphatic drainage in the ear wasmeasured as described previously (Karaman et al., 2015; Proulx et al., 2013; Vranova

et al., 2019). In brief, 3mL P20D800 (3mM synthesized as previously described (Vranova et al., 2019)) were injected intradermally into

shaved ears of anesthetized mice (2.5% isoflurane inhalation anesthesia). Fluorescence was measured in vivo right after injection as

well as 1, 2, 4, 6 and 24 h later with an IVIS imaging system (PerkinElmer). Image analysis was performed using Living Image 4.0 soft-

ware (Perkin Elmer) and tracer clearance was determined as follows. For analysis, mouse ears were selected by drawing regions of

interest (ROI) and subsequently fluorescence intensity was measured within each ROI. The background fluorescence intensity

measured in un-injected ears was subtracted and the mean fluorescence intensity in each ROI was normalized to the mean fluores-

cence intensity right after injection (time point 0). These obtained normalized mean fluorescence intensities were plotted per mouse

and fitted to a one-phase exponential decay model. This allowed half-life calculations, which represents tracer clearance from the

mouse ear.

Whole mount immunofluorescence staining
Ear skin

Experiments on the general characterization of ACKR4-GFP expression in ear skin were performed in 10-15 week old female mice.

Mice were euthanized, ears were shaved and small hair removed with Veet depilation cream. Ears were then split along the cartilage

and excess cartilage removed with forceps. Fixation of ear skins for 2 h in 4% PFA in PBS was followed by washing for a total of 2 h

(4 3 30min) with 0.3% triton-X in PBS. The tissue was then blocked for at least 1h with immunomix, containing 0.3% bovine serum

albumin and 5% normal donkey serum in 0.3% triton-X/PBS. Ears were incubated overnight at 4�Cwith primary antibodies diluted in

immunomix. The next day, ears were washed for a total of 2 h (43 30min) with 0.3% triton-X/PBS, incubated for 3h with appropriate

secondary antibodies conjugated to Alexa-fluorophores (Invitrogen) and washed again (4 3 30 min) with 0.3% triton-X/PBS prior to

mounting in Mowiol (Vector Laboratories).

Flank and leg collector

Experiments were performed in 6-12 week old male or female mice. For harvesting of leg collectors, the hind legs were shaved and

hair was removed with Veet depilation cream. The skin was cut with a scalpel and carefully peeled away at the region of the collector.

For harvesting of flank collectors, the skin and underlying tissue was separated from the intraperitoneal cavity with forceps to expose

the flank collector. Collectors were then dissected using a stereomicroscope (Stemi 2000, Carl Zeiss Microscopy) with a blue light

lamp (NIGHTSEA), to visualize endogenous GFP expressed in the collectors. Harvested collectors were pinned down into silica-

coated wells for staining. Subsequent fluorescent staining was performed in analogy to the staining of ear skin.

Diaphragm and mesentery

Pupswere sacrificed and diaphragm (analysis of p11) and intestine (analysis of p5) were collected and pinned down into silica-coated

wells on cold PBS. Intestine was pinned in a circle, starting at the side that had been connected to the stomach, in order to span and

expose mesentery for staining. Unpinned parts of the intestine and extra lung tissue were cut off. Tissues were fixed in 4% PFA/PBS

at 4�C for 2 h followed by washing with PBS at room temperature (RT) and were then blocked for at least 2 h with immunomix at RT.
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Staining with primary antibodies diluted in immunomix was carried out overnight at 4�C. Samples were then washed with PBS before

staining with Alexa-conjugated secondary antibodies (Invitrogen) diluted in PBS for 3 h andwashed again with PBS prior tomounting.

Diaphragms were mounted with Mowiol while intestines were mounted with vectashield (Vector Laboratories) into chambered bo-

rosilicate coverglass system (Nunc).

The following primary antibodies were used for whole mount stainings: rat anti-mouse CD31 (clone MEC 13.3, BD Biosciences),

polyclonal rabbit anti-mouse LYVE-1 (Angiobio), polyclonal goat anti-mouse CCL21 (R&D Systems), mouse anti-mouse a-smooth

muscle actin e660 (clone 1A4, eBioscience), polyclonal goat anti-human PROX1 (R&D Systems), CD31 BV421, CD4 Alexa 647,

CD45 PE. Images were acquired on Zeiss LSM 780 or 880 confocal microscopes (Carl Zeiss Microscopy) or a Leica TCS SP8 (Leica

Microsystems) using the ZEN software (version 2.3; Carl Zeiss Microscopy) or Leica Application Suite LASX software (version

3.5.5.19976; Leica Microsystems), respectively.

For ACKR4 staining performed in WT or Foxc2DLEC mice, p7 mesenteries were fixed with 4% PFA, washed with 10% sucrose and

20%sucrose and 10%glycerol, permeabilized with 0.5%Triton X-100 and blockedwith 5%donkey serum. Samples were incubated

overnight with ACKR4 antibody (Santa Cruz, sc-46835). Images were taken on a confocal Leica SP5 Tandem microscope (Leica

Microsystems) and analyzed using Imaris and Adobe Photoshop software.

Adoptive transfer of e670 labelled T cells for section staining
Experiments were performed in 12 week old male mice. LNs and spleen were collected from WT mice and passed through a 40mm

strainer. After centrifugation for 5 min at 340 g, cells were subjected to red blood cell lysis by incubation with ACK buffer for 5min on

ice and washed with RPMI 1640 containing 10% FCS. CD4 (L3T4) microbeads (Miltenyi Biotec) were used for purification of CD4+

cells. Cells were subsequently labeled with Cell Proliferation Dye eFluor670 (eBioscience) and 0.75*106 cells were injected into foot-

pads of ACKR4GFP/GFP or WT mice together with 2 mg of anti-LYVE-1-Alexa488 antibody (eBioscience). Mice were sacrificed 24 h

after injection and popliteal LNs collected and cryopreserved in OCT.

Chemokine production
Production of fluorescently labelled chemokine was previously described in (Artinger et al., 2021; Matti et al., 2020b). In brief, S6-

tagged CCL19 or CCL21 was expressed in E.coli BL21 DE3, purified from inclusion bodies, refolded and affinity purified using a final

C18 reverse phase HPLC step. Fluorophore linked to CoA was transferred to CCL19-S6 or CCL21-S6 using phosphopantetheinyl

transferase Sfp (New England Biolabs) and labelled chemokine purified using C18 reverse phase HPLC.

Ex vivo chemokine uptake assay
Experimentswereperformed in10-11weekoldmalemice.Micewereeuthanized, earswereshavedandcleanedwithethanol. Earswere

cutandsplit along thecartilage.Thedorsalhalfof theearwasplaced insidedown intoonewell ofa24-well plateand incubated for 1hwith

500 ng/mL fluorescently labelled CCL19 in 250 mL RPMI containing 10% FCS and 1% penicillin/streptomycin at 37�C or 4�C or on ice.

After 30min 1 mL containing 0.2 mg anti-mouse CD31-PE (clone MEC13.3, BioLegend) antibody was directly added to the medium. Ear

skinwaswashedwith PBS, fixedwith 2%PFA/PBS for 30min andwashedagainwith PBS. EarsweremountedwithMowiol and imaged

on a Zeiss LSM 780 or 880 confocal microscope (Carl Zeiss Microscopy) using ZEN software (version 2.3; Carl Zeiss Microscopy).

Analysis of SMA coverage
Experiments were performed in groups of 10 – 14 week old, age- and sex-matched male or female mice. For SMA quantification, the

ROI in each image was selected based on CD31 staining and ACKR4GFP reporter fluorescence resulting in CD31+/ACKR4+ regions

and CD31+/ACKR4- regions. After exclusion of areas containing blood vessels or other structures positive for SMA besides lym-

phatics, ROIs were applied to the SMA channel and the mean intensity was measured. In case of analysis of % area covered, a

threshold for SMA staining was set before measurement and the same threshold was used for the entire dataset of one experiment.

Analysis was performed in a blinded manner.

Analysis of T cell distribution within lymphatics by microscopy and FIJI (ImageJ)
Experiments were performed in groups of 6-10 week old (steady-state) or 8–10 week old (TPA-induced inflammation) age- and sex-

matched male or female mice. Images were taken using a 203 objective on a Zeiss LSM 780 confocal microscope (Carl Zeiss Micro-

scopy) using ZEN software (version 2.3; Carl Zeiss Microscopy), or on an Olympus upright confocal microscope using Olympus

FV31S-SW software (version 2.3.1.163; Olympus Corporation). From the images, z-stacks were generated and regions of interest

(ROIs) were defined in capillary and collector regions as follows: The ROI in each collector image was defined based on CD31 staining

andACKR4GFP reporter fluorescence resulting inCD31+/ACKR4+ regions. TheROI in capillary regionswas definedby theCD31staining

and characteristic lymphatic morphology. The ROI was subdivided in case of a larger blood vessels intersecting the capillary. The ROIs

were then applied to the CD4 and CD45 channel and the number of double-positive cells within the vessel ROI was analysed, based on

thresholding equally within each data set the fluorescence intensity and counting cells that had a diameter of at least 10mm. In addition,

the lengthof the vessel segmentswasmeasured for thecollector andcapillaryROIsaswell as thearea for thecapillaryROIs. Theanalysis

was performed in a blindedmanner, with always the same experimenter analyzing a particular dataset, allowing for relative comparison

between the two genotypes.
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Analysis of T cell migration in KikGRxACKR4GFP mice by FACS
Experiments were performed in 7–14 week old, age-matched female mice. Acute TPA inflammation was induced in the ears and 16h

later ears were photoconverted. To this end, mice were briefly anesthetized with isoflurane and ears were photoconverted at

100mW/cm2 for 3min with a 405nm UV-LED (Opsytec Dr. Gröbel GmbH), allowing a full photoconversion through the whole depth

of the ear. Mice were euthanized 6h after photoconversion and auricular LNs were taken and processed for FACS analysis. For

steady-state experiments, mice were anesthetized with isoflurane and the lower area of the belly was shaved and photoconverted

for 3 min as described above. Of note, the photoconversion depth did not reach the belly-dLNs. Other body-parts of the mouse re-

mained light protected by covering it with aluminum foil. Belly-draining axillary and inguinal LNs were harvested 6h or 18h later and

processed for FACS analysis. To this end, LNs were passed through 40mm cell strainers, washing the filter with FACS buffer (PBS

containing 2% FCS (Thermo Fisher) and 2 mM EDTA (Sigma-Aldrich)). An aliquot of the single-cell suspension was taken to analyse

the samples cellularity (LUNA-FL Automated Fluorescence Cell Counter, Logos Biosystems, South Korea) to enable normalization

and absolute cell quantification. Samples were stained in FACS buffer for 20 min on ice with the following antibodies (all BioLegend):

CD45-APC/Cy7 (clone 30-F11), CD4-AlexaFluor700 (clone GK1.5), CD8-BV650 (clone 53–6.7), CD11c-APC (clone N418), I-A/I-E-

BV421 (clone M5/114.15.2), Ep-CAM-BV605 (clone G8.8), CD16/32 (Fc-block) and zombie aqua (live/dead staining). Samples

were acquired on a CytoFLEX flow cytometer (Beckman Coulter) using CytExpert software and analysis was performed using FlowJo

software 10.4.1 (Tree Star).

OCT sections and immunofluorescence of mouse ear skin sections
Experiments were performed in 8-12week old femalemice. Tissueswere snap frozen in OCT and cut into 8 mmor 25 mmsections on a

cryotome. In case of ear skin sections, ears from ACKR4GFP/GFP KI and ACKR4GFP/+ Het mice were fixed in 2%PFA and subjected to

a sucrose gradient prior to freezing in OCT. Sections were washed with TBS and blocked for 1h. In case of pankeratin staining, sec-

tions were blockedwith immunomix containing 1%BSA and 5%normal donkey serum in 0.1% triton-X/PBS and stained overnight at

4�C with anti-Keratin pan antibody (Progen). Sections were washed and incubated with Alexa-conjugated secondary antibody

(Invitrogen) for 30min at RT, washed and mounted with Mowiol (Vector Laboratories). In case of keratin 10 staining, sections were

blocked with PBS containing 12% BSA and incubated with anti-keratin 10 antibody (BioLegend) for 1h at RT. Sections were then

washed and incubated with Alexa-conjugated secondary antibody (Invitrogen) for 1h at RT, washed and mounted with Mowiol. In

case of keratin 14 staining, sections were blocked with immunomix containing 1% BSA and 5% normal donkey serum in 0.1%

triton-X/PBS and stained with polyclonal rabbit anti-keratin 14 antibody (Poly19053, BioLegend) for 1h at RT. Sections were then

washed and incubated with Alexa-conjugated secondary antibody (Invitrogen) for 1h at RT, washed and mounted with Mowiol. Im-

ages were acquired with an Axioskop 2mot plus microscope fitted with an AxioCamMRm camera and a Plan-NEOFLUAR 103/0,30

44 03 30 objective (all Carl Zeiss Microscopy) using AxioVision Software (Carl Zeiss Microscopy).

In vivo chemokine uptake assay
Experiments with CCL19-AF647 (Almac) were performed in 10-12 week old female mice. Experiments with CCL21-Dy649 were per-

formed in 6-8 week old male mice. Specifically, ACKR4GFP/GFP KI and ACKR4GFP/+ Het mice were anesthetized by inhalation of

anaesthesia (isoflurane, 2.5%) and 500ng CCL19-AF647 (Almac) or CCL21-Dy649 together with 1mg CD31-PE (clone MEC13.3, Bio-

Legend) or CD31-AF594 (clone 390, BioLegend) were injected subcutaneously on the top of the paw in a total volume of 15 mL (control

injections without fluorescently labeled chemokine were adjusted to 15 L with PBS). Mice were awake and motile for 30 min to allow

drainage from the foot through the lymphatics. Mice were then euthanized and leg collectors were harvested, fixedwith 2%PFA/PBS

for 1 h at RT and washed with PBS prior to mounting with Mowiol. Images were taken on a Zeiss LSM 780 confocal microscope (Carl

Zeiss Microscopy) using ZEN software (version 2.3; Carl Zeiss Microscopy), or on an Olympus upright confocal microscope using

Olympus FV31S-SW software (version 2.3.1.163; Olympus Corporation), using a 203 objective.

FACS analysis of TPA-inflamed ears
Experiments were performed in 8–13 week old female mice. Ears of WT or ACKR4GFP/GFP KI mice were inflamed by topical applica-

tion of TPA (described above) andmice euthanized after 16 h. Ears were ripped along the cartilage, cut into small pieces and digested

in 4 mg/mL collagenase IV (Gibco) for 45 min at 37�C on a rotating wheel. Tissues were passed through a 40 mm cell strainer and

washed with FACS buffer. Flow-Count Fluorospheres (Beckman Coulter) were added to the single-cell suspensions to allow for ab-

solute cell quantification. Samples were stained on ice for 20 min with the following antibodies (all BioLegend unless otherwise

stated): CD45-APC/Cy7 (clone 30-F11, Cat. 103116), CD4-PE (clone GK1.5, Cat. 100408), CD11c-PE/Cy7 (clone N418, Cat.

117318), I-A/I-E-BV421 (clone M5/114.15.2, Cat. 107632) and CD16/32 (Fc-block, Cat. 101302). Samples were acquired on a Cyto-

FLEX flow cytometer (Beckman Coulter) using CytExpert software and analysis was performed using FlowJo software 10.4.1 (Tree

Star).

In vitro flow experiments
Human LECs (PromoCell juvenile LECs) at passages 6-9 were seeded in 6-well plates, coated with 3 mg/mL collagen (PureCol,

Advanced BioMatrix) 30min prior to seeding, at 250000 cells/well 24h before the start of the experiment and cultured in EBM2 me-

dium (Lonza) containing kit components (EGM-2 BulletKit, without VEGFA, Lonza). Mediumwas exchanged and cells were subjected
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to flow at 135 rpm for 48 h on an orbital shaker (WVR orbital shaker, advanced, Cat. 444-2908) (Salek et al., 2012). Half of the medium

was replenished with fresh medium after 24h. For flow shear stress experiments with separate laminar, oscillatory (OSS) and static

conditions, human intestinal lymphatic endothelial cells were seeded at confluence on fibronectin coated slides (m-slide I 0.8 Luer,

Ibidi) cultured for 24 h and subjected to flow (4 dynes/cm2) in a parallel plate flow chamber system (Ibidi Pump System, Ibidi) or kept

under static conditions for 24 h, as previously described (Sabine et al., 2015).

In vitro chemokine uptake experiments in transfected LECs cell transfection experiments
Human LECs (PromoCell juvenile LECs) at passages 3-6 were seeded in 6-well plates (plastic from TPP for a readout by FACS, or

glass fromCellvis for a readout bymicroscopy), coatedwith 3mg/mL collagen (PureCol, AdvancedBioMatrix) 30min prior to seeding,

at 250,000 cells/well 24 h before the start of the experiment and cultured in EBM2medium (Lonza) containing kit components (EGM-2

BulletKit, Lonza). At the transfection date medium was exchanged, and 1mg of plasmid (expressing ACKR4 or ACKR3 fused to EGFP

under the CMV promotor; i.e. ACRK4-GFP and ACKR3-GFP) diluted in OptiMEM (Thermo Fisher Scientific) in 1:1 ratio with lipofect-

amine 2000 (Thermo Fisher Scientific) was added to the cells drop-wise. Cells were let to grow for 48h before subjecting them to the

chemokine uptake assay. At the day of the chemokine uptake, cells were washedwith PBS and starved for 30min with EBM2medium

(Lonza) containing 2% FBS and 1% antibiotic-antimycotic solution (Invitrogen). Cells were then incubated with 15nM of CCL21-

Dy549 either at 37�C or on ice. After 1h, cells were washed with acidic wash buffer (100 mM NaCl and 50 mM glycin in dH2O, adjust

to pH3) twice for 2 minutes. Finally, monolayers were washed with PBS. For a readout by FACS cells were detached using accutase

(Sigma-Aldrich). Cells were collected and samples were acquired on a CytoFLEX flow cytometer (Beckman Coulter) using CytExpert

software and analysis was done using FlowJo software (FlowJo, LLC). In the case of LECs transfected with either ACKR4-GFP or

ACKR3-GFP, uptake of CCL21-Dy549 was evaluated on the GFP+ cells. For readout by microscopy, after the last wash cells

were covered with mounting medium (vectashield with DAPI, Vector Laboratories) and imaged at an Olympus upright confocal mi-

croscope using Olympus FV31S-SW (version 2.3.1.163; Olympus Corporation), with a 203 objective and a 33 optical zoom.

In vitro chemokine uptake in flow-exposed LECs
Human LECs, which had been subjected to flow for 48 h or left at static condition, were washed with PBS and starved for 30min with

EBM2medium (Lonza) containing 2% FBS and 1% antibiotic-antimycotic solution (Invitrogen). Cells were then incubated with 10nM

fluorescently labelled CCL19 (CCL19-AF647) (Matti et al., 2020b) or with or 15 nM of fluorescently labelled CCL21 (CCL21- Dy649),

either at 37�C or on ice. After 1 h, cells were washed with acidic wash buffer (100mMNaCl and 50mM glycin in dH2O, adjust to pH3)

for no more than 1minute. In the case of LECs incubated with CCL21-Dy649, two acidic washes of 2 min each were performed. Next

monolayers were washed with PBS and detached using accutase (Sigma-Aldrich). Cells were collected and samples were acquired

on a CytoFLEX flow cytometer (Beckman Coulter) using CytExpert software and analysis was done using FlowJo software (FlowJo,

LLC).

Gene expression analysis of in vitro-cultured human LECs
Cells were grown as described for in vitro flow experiments. For the detection of flow induced genes, RNA was isolated using Trizol

(Life Technologies Cat. 15596026) or using the RNeasy PlusMicro Kit (Qiagen Cat. 74034). cDNAwas generated using the Transcrip-

tor First Strand cDNA Synthesis Kit (Roche, Cat. 04896866001) or the High-Capacity cDNA Reverse Transcription Kit (Fisher Scien-

tific Cat. 10400745). Quantitative PCR was performed on reversely transcribed RNA using SYBR green reagents (Bioline SensiFast

Sybr Lo-RoxCat. BIO-94020) or PowerUp SYBRGreenMasterMix (Thermo Fisher Scientific Cat. A25776). Gene expression analysis

was conducted using the following primers (Microsynth AG): 18s (forward AGGAATTCCCAGTAAGTGCG, reverse GCCTCAC

TAAACCATCCAA); human ackr4 (forward TGCCATTCATTTCATTTTCCT, reverse CAAGACTGCTCCTCTCTGCC); human gja4 (for-

ward GGTGGGTAAGATCTGGCTGA, reverse GGCCGTGTTACACTCGAAAT) and performed on a QuantStudio 3 or 7 Flex system

(Applied Biosciences).

Stereomicroscopic analysis of GFP expression
Experiments were performed in 5 – 6 week old male or female ACKR4GFP/GFP or ACKR4GFP/+ Het mice. Animals were euthanized and

carefully dissected under a Zeiss AxioZoom V16 stereomicroscope fitted with a QImaging OptiMOS sCMOS camera (QImaging)

combined with a light-emitting diode illumination system pE-4000 (CoolLED Ltd.). Images were acquired using Zen2 Blue Edition

software (Carl Zeiss Microscopy).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data sets were analysed using Student’s t-test when comparing 2 groups or 1-way ANOVA followed by Bonferroni corrections when

analyzing more than 2 groups. These results are presented as mean ± SEM. Chi square analysis was performed on data for T cell

distributionwithin vessel segments.Mann-Whitney test was used for analysis of T cell numberswithin vessel segments. These results

are presented asmedian ± SEM. Statistical significance was assumedwhen p < 0.05. Statistical analysis was performed with Prism 7

and 9 (GraphPad Software Inc.) and graphs were generated with the same software.
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