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Abstract

Atypical chemokine receptor ACKR3 (formerly CXCR7) is a scavenging receptor that has
recently been implicated in murine lymphatic development. Specifically, ACKR3-deficiency
was shown to result in lymphatic hyperplasia and lymphedema, in addition to cardiac hyper-
plasia and cardiac valve defects leading to embryonic lethality. The lymphatic phenotype
was attributed to a lymphatic endothelial cell (LEC)-intrinsic scavenging function of ACKR3
for the vascular peptide hormone adrenomedullin (AM), which is also important during post-
natal lymphangiogenesis. In this study, we investigated the expression of ACKRS in the lym-
phatic vasculature of adult mice and its function in postnatal lymphatic development and
function. We show that ACKRS3 is widely expressed in mature lymphatics and that it exerts
chemokine-scavenging activity in cultured murine skin-derived LECs. To investigate the role
of LEC-expressed ACKR3 in postnatal lymphangiogenesis and function during adulthood,
we generated and validated a lymphatic-specific, inducible ACKR3 knockout mouse. Sur-
prisingly, in contrast to the reported involvement of ACKRS in lymphatic development, our
analyses revealed no contribution of LEC-expressed ACKR3 to postnatal lymphangiogen-
esis, lymphatic morphology and drainage function.

Introduction

Atypical chemokine receptors (ACKRs) are chemokine receptors that do not signal via G pro-
teins but instead act as scavenging receptors. ACKR3 binds and scavenges the chemokine
ligands CXCL12 and CXCL11 [1,2]. In the case of CXCL12, ACKR3 is well known to shape
local and systemic CXCL12 levels, thereby impacting its activity on CXCR4 [3-6]. By this
means, ACKR3 exerts important functions during embryonic development, in leukocyte
migration and in the regulation of the humoral immune response [7-11]. Furthermore,
ACKR3 is upregulated in various types of cancer [12] and was found to be involved in tumor
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cell migration [13], rendering it a potential therapeutic target for cancer therapies [13-16].
Besides CXCL11 and CXCL12, ACKR3 reportedly has non-chemokine ligands, namely, the
vascular peptide hormone adrenomedullin (AM) [7], the intermediate opioid peptide Bam22
[17], as well as several other opioid peptides [18]. AM is a well-known inducer of endothelial
cell proliferation [19], and influences blood vascular tone [20-23] and vascular permeability
[24,25]. Besides its effects on blood vessels, AM also regulates cellular proliferation [19,26,27]
and impacts permeability and drainage function in lymphatic vessels [20,26,28]. The scaveng-
ing activity of ACKR3 for AM was recently described in the context of a study investigating
the role of ACKR3 in lymphatic development. Specifically, ACKR3-deficient mouse embryos
were found to exhibit lymphatic hyperplasia and lymphedema [7], in addition to the previously
described cardiac hyperplasia and valve defects [7,9,29,30]. The in vitro and in vivo findings
presented in this study indicated that ACKR3 expressed by LECs acted as a scavenger of AM
[7]. Consequently, loss of ACKR3 resulted in an overabundance of AM, leading to overshoot-
ing responses of LECs towards AM, what seemed to explain the lymphatic hyperproliferation
and lymphedema phenotype observed in ACKR3-deficient mouse embryos [7,31].

To date, the role of ACKR3 in postnatal lymphatic vessels has only been marginally studied,
likely because of the perinatal lethality of ACKR3-deficient animals [9,29,30] has impeded a
thorough investigation of ACKR3’s function during adulthood. Based on the reported findings
on the lymphatic phenotype of ACKR3”~ mice during embryonic development and the fact
that ACKR3 expression has already been documented in LECs in the kidney [32] and in cell
culture [7,33], we hypothesized that ACKR3 expression in lymphatic vessels might be impor-
tant for lymphatic vessel morphology and function throughout postnatal life. In this study, we
therefore set out to investigate the expression and function of ACKR3 in the postnatal murine

“FP reporter mouse we found that ACKR3 was fre-

lymphatic vasculature. Using an ACKR3
quently expressed by LECs of lymphatic vessels in different tissues and in adjacent stromal
cells and in blood vascular endothelial cells (BECs). To study the impact of ACKR3 deficiency
during adulthood and circumvent the postnatal lethality of global ACKR3”" mice, we further
generated and validated a murine, tamoxifen- inducible lymphatic-specific ACKR3 knockout
mouse model. Surprisingly, our results showed that—in contrast to the published role of
ACKR3 in lymphatic development [7]—mature lymphatic vessel morphology and drainage

function remained largely unaffected by postnatal ACKR3-deletion on lymphatic vessels.

Material and methods

Animals

ACKR3"™" mice were generated by intercrossing C57BL/6 Prox-1-Cre"® " mice [34] with

ACKR3""Redstop™" mice. ACKR3™" mice contain loxP-sites flanking ackr3 and a Cre-induc-
ible tandem-dimer red fluorescent protein reporter gene in the ROSA26 locus (floxSTOPflox-
RFP) [35] and were described previously [10]. Cre®®"2_mediated ackr3 deletion was induced
in pups on p1-p3 by daily intragastric injection of 50ul of 1mg/ml tamoxifen (T5648, Sigma-
Aldrich) dissolved in sunflower seed oil. ACKR3"”* mice comprise a GFP reporter knocked
into one copy of the ackr3 gene (C57BL/6-Ackr3tm1Litt/], the Jackson Laboratory) [8]. All
mice were housed under opportunistic or specific pathogen free conditions at the HCI facility
of the ETHZ Phenomics center. Adult animals were analyzed between 6-14 weeks while post-
natal lymphangiogenesis was analyzed on p5 after birth. Adult animals were sacrificed using
an overdose of anesthesia (160 mg kg—1 ketamine; 0.4 mg kg—1 medetomidine) followed by
cervical dislocation, p5 pups by decapitation. All experiments involving mice were approved
by the Cantonal Veterinary Office Zurich and performed according to the animal protocols
ZH238/2017, ZH025/2017, 237/16 and ZH268/2014.
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FACS sorting and qRT-PCR

Ears from two animals/sample were pooled, cut into small pieces and enzymatically digested
in a 4 ml mixture of 10 mg/ml collagenase IV (Thermo Fisher Scientific), 5 mg/ml dispase II
(Sigma-Aldrich), 0.1 mg/ml DNase I (Roche) and 1 mM CaCl, (Sigma-Aldrich) in PBS
(Thermo Fisher Scientific) for 15 min at 37°C in rotation. The tissue suspension was minced
through a 40 um cell strainer (BD Biosciences), and the resulting single-cell suspensions were
stained for 15 mins at 4°C with APC/Cy7 anti-mouse CD45 (BioLegend), PE anti-mouse
CD31 (BioLegend), APC anti-mouse Podoplanin (BioLegend), AF488 anti-mouse LYVE-1
(eBioscience) and 7-AAD (BioLegend). Using a FACS Aria Cell Sorter (70 pm nozzle) viable
ECs were sorted into PicoPure RNA extraction buffer (Thermo Fisher Scientific) using the
outlined sorting strategy. Subsequently, RNA was isolated and genomic DNA was eliminated
using the PicoPure RNA isolation kit (Thermo Fisher Scientific). CDNA was prepared using
Ovation Pico WTA System V2 (NuGen) and qRT-PCR was performed on a QuantStudio 7
Flex Real-Time PCR System (Applied Biosystems) using the SYBR Power Up™ SYBR Green
Mastermix (Life Technologies) and following primer sequences: mRPLPO (FW): 5-
AGATTCGGGATATGCTGTTGGC-3’, mRPLPO (RV): 5-TCGGGTCCTAGACCAGTCTTC-3,
mACKR3 (FW): 5-GAGGTCACTTGGTCGCTCTC-3’, mACKR3 (RV): 5-GTGTCCACCACAA
TGCAGTC-3’, mAdm (FW): 5’- CTACCGCCAGAGCATGAACC-3’, mAdm (RV): 5-GAAATGT
GCAGGTCCCGAA-3’, mCXCL12_(FW): 5-GGAGGATAGATGTGCTCTGGAAC-3’, mCXCL12
(RV): 5-AGTGAGGATGGAGACCGTGGTG-3’, mCALCRL (FW): 5°-CAAGATCATGACGGC
TCAATA-3’, mCALCRL (RV): 5-CGTCATTCCAGCATAGCCAT-3’ mRAMP2 (FW): 5°-ACGA
AACACATGTCCTACCTTGCTG-3’,mRAMP2 (RV): 5- TCGCAAAGTGTATCAGGTGAGCCT-
3’, mRAMP3 (FW): 5’-GGT CAT TAG GAG CCA CGT GT-3’, mRAMP3 (RV): 5-GGG
CTA AAC AAG CCA CAG CT-3’. Relative quantifications of gene expression were performed
using the comparative cycle threshold method (ACT) with rplp0 (ribosomal protein lateral
stalk subunit P0) as the reference gene. The values represent average relative gene expression
in sorted LECs normalized to sorted BECs.

CXCL11/12-AF647 uptake in isolated dermal stromal cells

Murine primary dermal LECs were isolated from 6-12-week-old ACKR3"*“, ACKR3"" lit-
termates or ACKR3" "ROSA™®** control mice. Ears were cut at the base of the ear, transferred
into 1% Penicillin/Streptomycin (P/S) (Gibco) for 30 mins, split and cut into small fragments.
The fragments were incubated in 0.25mg/ml Liberase DH (Roche) and 0.1mg/ml DNase I
(Roche), activated with Ca** and Mg”* in RPMI for 1h at 37°C, with gentle agitation. Digested
fragments of each animal were passed through a 70um cell strainer, centrifuged and subse-
quently seeded into 4 wells of a collagen type I- and fibronectin- (Advanced BioMatrix/Sigma-
Aldrich) (10pg/ml, each) coated, 6 well plate in «-MEM supplemented with 1% L-glutamine
10% FBS, 1% P/S (all Gibco). Unattached cells were removed by washing with PBS, the next
day, and the medium was replaced every second day. When cells reached confluency, the scav-
enging assay was performed by addition of 50nM CXCL11/12- Alexa Fluor 647 (CXCL11/
12-AF647) [36] and 1uM CCX771 (ChemoCentryx) or vehicle control diluted in o-MEM star-
vation medium containing 2% FBS and 1% P/S. The uptake was performed for 1 h at 37°C, or
at 4°C for binding controls. Afterwards, cells were washed once with PBS and then subjected
to a short acidic wash (100mM NaCl, 50mM glycine (Fluka, Sigma-Aldrich), HCI, pH3). After
1 min, the acidic buffer was replaced with PBS and cells were detached with Accutase™
(Sigma-Aldrich) for 3 min at 37°C. Eventually, cells were harvested in cold FACS buffer (2%
FBS, 2mM EDTA in PBS), centrifuged, and stained with anti-CD31 FITC, (clone MEC 13.3,
BD Biosciences), and anti-Podoplanin Alexa Fluor BV421 (clone 8.1.1, Biolegend) in FACS
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buffer for 15 min at 4°C. Cells were washed once with FACS buffer and then acquired on a
Cytoflex S apparatus (Beckman Coulter, Brea, CA, USA) using CytExpert software and ana-
lyzed with Flow]o software 10.4.0 (Treestar).

Wholemount immunostaining

Ear skin. Whole mount immunostainings were performed as described previously [37].
Briefly, mice were sacrificed and ear halves were fixed for 2h in 2% paraformaldehyde (PFA)/
PBS at 4°C. Subsequently, the ears were washed with 0.3% Triton-X/PBS and blocked for 2h in
“Immunomix”, containing 0.3% bovine serum albumin (Sigma-Aldrich) and 5% normal don-
key serum (Sigma-Aldrich) in 0.3% Triton-X/PBS. Antibody staining with primary antibodies
diluted in Immunomix was performed overnight at 4°C in the dark. The following primary
antibodies were used in ear whole mounts: rat anti-mouse CD31 (BD Pharmingen), rabbit
anti-mouse LYVE-1 (Angiobio), mouse anti-mouse cSMA eFluor660 (ebioscience) rabbit
anti-tubulinB3 (Biolegend), hamster anti-mouse Podoplanin (clone 8.3.3). The following day,
the samples were washed with 0.3% Triton-X/PBS, and then incubated for 3 h with appropriate
secondary antibodies conjugated to Alexa-Fluorophores (Invitrogen). Samples were washed
for 2 h with 0.3% Triton-X/PBS and mounted in Mowiol (Vector Laboratories).

Lymphatic flank collector. To harvest the flank collectors, the animal was pinned down
on a silica plate and opened with a median skin cut, and two additional cuts, starting from the
median incision towards the axilla and groin. The flank collectors were carefully excised from
the surrounding tissue, using fine scissors and a stereomicroscope, after injection of Evans
blue into the inguinal lymph node (LN) to increase the visibility of the flank collector. The har-
vested flank collectors were pinned down into silica-coated wells and stained in analogy to the
staining protocol of ear skin (described above). Following primary antibodies were used for
whole mount stainings of the flank collector: rat anti-mouse CD31 (BD Pharmingen) and goat
anti-mouse Prox-1 (R&D).

Image analysis of the ear skin

Confocal images represent maximum intensity projections of Z-stacks acquired using Confo-
cal z-stacks on an LSM 880 (Carl Zeiss) confocal microscope using the Zen Software 2.3 (Carl
Zeiss, Version 13.0.0.518). Images were processed with the Image Analysis Software IMARIS
(Oxford Instruments, UK, Version 7.6.5). The LYVE1" lymphatic vessel network in the ear of
ACKR3"“"*“ and ACKR3"" littermates was analyzed using the Autotube software as described
before [38]. Three to five images per ear were analyzed and the values averaged per mouse.
The experimenter who analyzed the images was blinded.

Acute TPA-induced inflammation of the ear

Mice were anesthetized with 2.5% isoflurane. The baseline ear thickness was measured using
an ear caliper (Briitsch Riiegger) before 1ug 12-O-tetradecanoylphorbol 13-acetate (TPA/
PMA, Sigma-Aldrich), dissolved in acetone (Sigma-Aldrich), was applied to each side of the
ear. Ear thickness was measured again, after 24 h, before animals were used to assess lymphatic
drainage in the ear.

Lymphatic drainage

Lymphatic drainage was measured as described previously [39,40]. In brief, ACKR3"*"*“ and
ACKR3"" animals were placed in an IVIS imaging system (Caliper Life Sciences) and 0.05
nmol/g IRdye800-PEG-20 were injected s.c. using a 30G insulin syringe (Terumo, Tokyo,
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Japan) with the ears taped down flat at the rim of the ear. The fluorescence intensity in the ear
skin (Aex = 745 nm, Aem = 800 nm, exposure time 4 seconds, binning 2) was measured at 0, 1,
2,4, 6 and 24h. For analysis, ROIs were drawn around the ears and the average fluorescence
intensity was measured in each ROI using Living image 4.0 software (Caliper Life Sciences,
Hopkington, USA). After subtraction of the fluorescence intensity of uninjected ears, used as
blank measurement, the average fluorescence intensity in each ROI was normalized to the ini-
tial average fluorescence intensity at time 0. The normalized average fluorescence intensities
were plotted against time in Excel. Data points were fit according to first- order kinetics and
the corresponding half-life (t/,) was determined (T, = In, ). Lymphatic drainage in TPA-
induced acute inflammation was measured one day after TPA-application and after determi-
nation of an increase in ear thickness.

Statistical data analysis

Statistical analysis was performed using Prism 8 (GraphPad Software, LaJolla, CA, USA). Nor-
mally distributed data comparing two groups were analyzed using Student's t-test (comparing
two groups) or one-way ANOVA (comparing multiple groups). Data that could not be consid-
ered normally distributed or failed normality testing, using the D’Agostino-Pearson test, were
analyzed with non-parametric tests: Wilcoxon matched pairs test, Mann-Whitney U-test
(comparing two unpaired groups) or Kruskal-Wallis test (comparing multiple unpaired
groups). Data are shown as meant standard error of the mean (mean +SEM). Differences
were considered statistically significant when p<0.05, ns: not significant.

Results

ACKR3 expression by lymphatic vessels, blood vessels and different
stromal cells during adulthood

Afferent lymphatic vessels can be structurally and functionally divided into initial lymphatic
capillaries and downstream located lymphatic collectors (Fig 1A) [41,42]. To investigate the
expression of ACKR3 in both lymphatic vessel segments, we isolated dermal LECs derived
from either capillaries or collectors by FACS sorting from the ear skin of adult mice. The two
LEC populations were FACS-sorted based on their either high or absent expression of the cap-
illary marker LYVE-1 [42,43] (i.e. CD31*Podoplanin*LYVE-"¢" capillary LECs (Cap LECs)
and CD31"Podoplanin"LYVE-17; collector LECs (Coll LECs): gating strategy in (Fig 1B).
Notably, we omitted the LYVE-1 intermediate cells, which presumably represent LECs from
pre-collecting vessels [44]. In addition, also CD31"Podoplanin” LYVE-1" BECs were sorted
(Fig 1B). QPCR analysis performed on cDNA derived from the sorted cell samples identified
ackr3 expression in all three endothelial cell populations, particularly in capillary LECs (Fig
1C). Also, the ACKR3-ligands cxcl12 and AM (adm) were present in LECs derived from both
lymphatic capillaries and collectors (Fig 1D and 1E). Interestingly, the expression level of
ackr3 in capillary-type and collector-type LECs appeared to inversely correlate with the expres-
sion of cxcl12 and adm. In support of our working hypothesis, i.e. that ACKR3 might be
important for regulating LEC responses to AM during adulthood, we also detected the expres-
sion of the conventional AM 1 receptor subunits [44], namely the calcitonin receptor- like
receptor (calcrl) (Fig 1F) and the receptor activity-modifying protein 2 (ramp2) in LECs (and
BECs) (Fig 1G). By contrast, expression of RAMP3 (ramp3), which can form a second AM
receptor (AM2) in association with CALCRL (44), was detected in BECs but not in LECs

(Fig 1H).
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Fig 1. Gene-expression signature of ACKR3, CXCL12, AM, CALCRL, RAMP2 and RAMP3 in BECs, collLECs and capLECs isolated
from murine ear skin. (A) Schematic localization of capLECs (cyan), collLECs (blue) and BECs (red) in afferent lymphatic vessels

and blood vessels of the skin. (B) FACS sorting strategy: CD45 negative cells were sorted according to the following strategy:
CD31*Podoplanin” LYVE' blood endothelial cells (BECs), CD31*"Podoplanin®™ LYVE" collector LECs (collLECs) and CD31*Podoplanin™
LYVE" capillary LECs (capLECs). (C-H) qPCR analysis performed on cDNA derived from FACS-sorted capLECs, collLECs and BECs.
Each Fig shows CT values compared to the housekeeping gene rplp0 on the left, and the resulting relative mRNA expression of genes in
capLECs and collLECs compared to BECs (set to one, dotted line), on the right. Results are shown for (C) ackr3, (D) cxcl12, (E) adm, (F)
calcerl (G) ramp2, and (H) ramp3. Each data point represents the mean (mean +SEM) of three independent qPCR replicates performed
with cDNA of n = 3 samples, derived from 2 animals per sample.

https://doi.org/10.1371/journal.pone.0249068.9001
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Analysis of ACKR3 expression in murine tissues has been hampered by the lack of specific
antibodies against murine ACKR3. In order to better characterize the expression pattern of
ACKR3 within the lymphatic vasculature and surrounding tissues, we made use of adult
ACKR3°™"* reporter mice [8] and performed whole mount immunostainings in various tis-
sues. In analogy to our gRT-PCR data (Fig 1C), GFP" cells were frequently found in both lym-
phatic capillaries and collecting vessels in the murine ear skin (Fig 2A-2C). The latter were
identified by the expression of the lymphatic-specific markers Podoplanin or the transcription
factor PROX-1 and by their characteristic morphology, including the presence of lymphatic
valves (Fig 2A-2C). Notably, GFP was not exclusively expressed by LECs in ACKR3“*"*
reporter mice, but was frequently also found in unidentified or stromal cells (Fig 2A, 2C and
2D) in the surrounding tissue and associated with nerves positive for TUJ1 (Fig 2C and 2D).
Moreover, GFP was also detected in many but not all Podoplanin /CD31" blood vessels (Fig
2B and 2C) and in the epidermal layer of the skin, indicating that ACKR3 is expressed by kera-
tinocytes (Fig 2E). GFP expression was additionally detected in large lymphatic collectors such
as the flank collectors of ACKR3%""/* reporter mice (Fig 2F).

Since it was previously reported that mice with a lymphatic-specific, inducible deletion of
CALCRL exhibited intestinal lymphangiectasia, causing protein-losing enteropathy and failure
to recover from drug-induced inflammation [45], we were interested to see whether also
ACKR3, is expressed by intestinal lacteals. Although GFP was strongly expressed in the blood
vasculature of the small intestinal villi of ACKR3“*"* reporter mice, we could not detect an
overlap between the GFP signal and the lymphatic marker LYVE-1 expressed by LECs in lacte-
als (S1 Fig), indicating no expression of ACKR3 by lacteals. We further examined ACKR3
expression in large mesenteric lymphatic collectors and in the diaphragm shortly after birth at
postnatal day (p) p5 (S2 and S3 Figs). In both of these tissues, lymphangiogenesis takes place
postnatally or—in case of the mesenteric lymphatic collectors—is concluded postnatally [46-
48]. In p5 mesenteries of ACKR3“*"* reporter mice, we found GFP to be strongly expressed
by large mesenteric blood vessels, specifically by veins. GFP expression was also detected in
some lymphatic collectors, although the signal was comparably weaker (S2 Fig). In p5 dia-
phragms GFP expression was detected in lymphatic capillaries in some but not all areas of the
tissue. Notably, GFP was also expressed by surrounding stromal cells (53 Fig). Overall our
findings demonstrate that ACKR3 is expressed in lymphatic vessels not only during murine
embryonic development, as previously reported by Klein et al. [7], but also throughout
adulthood.

Generation and characterization of a lymphatic-specific, inducible ACKR3
knockout model

Depending on the genetic background, ACKR3”" mice die during late embryonic develop-
ment or postnatally due to severe defects of the cardiovascular system [9,29,30]. This lethality
has thus far impeded studying the impact of ACKR3 deficiency on lymphatic vessels at the
postnatal stage. To circumvent this problem, we generated a murine lymphatic-specific,
tamoxifen-inducible ACKR3-knockout mouse line (ProxI-Cre®®"? x ACKR3"™" x Redstop™”;
ACKR3™EC). ACKR3™"EC mice were obtained by crossing Prox1-Cre®®"? [34] animals with
mice carrying Ackr3"** alleles [10] and a Cre- inducible tandem-dimer red fluorescent protein
(REP) reporter gene (floxSTOPflox-RFP) in the ROSA26 locus [35] (Fig 3A). The latter allowed
to asses Cre-induction efficiency by monitoring RFP expression. Gene deletion was induced
by administration of tamoxifen to newborn pups on three consecutive days, starting on pl
after birth (Fig 3B). Efficient gene targeting was confirmed by almost uniform RFP expression
in lymphatic vessels of the ear skin, detected in adult ACKR3“"*“ mice (Fig 3C and 3D). In
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Fig 2. Analysis of GFP expression in the ear skin and flank collector of adult ACKR3°"* reporter mice. (A-E) Whole
mounts were prepared from the ear skin of ACKR3“™* reporter mice. GFP was expressed by lymphatic vessels, blood
vessels, various stromal cells and keratinocytes, in association with nerves, as evidenced by co-staining with (A) the
lymphatic marker Podoplanin and alpha smooth muscle actin (¢SMA), (B) Podoplanin and DAPI, (C-E) the
panendothelial marker CD31" and the neuronal marker TUJ1. (F) Whole mount analysis performed on preparations of
the flank collector confirmed GFP expression in large CD31" PROX-1" lymphatic collectors. Scale bar: 50pm
Representative images of four separate experiments with n = 4 mice.

https://doi.org/10.1371/journal.pone.0249068.g002
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Fig 3. Generation of a lymphatic-specific knockout mouse model (ACKR3"*"*€). (A) ACKR3™"*“ animals express Cre under the control of the
lymphatic-specific Prox-1 promotor (Prox-1°"*8"2), Ackr3 is flanked by loxp-sites, in addition to an inducible RFP in the Rosa26 locus. (B) Tamoxifen
was administered to newborn pups from p1-p3 by daily intragastric injections. (C) RFP induction in CD31" LYVE-1" lymphatic endothelial cells in the
ear skin of adult ACKR3"*“ mice. Scale bar: 100um. (D) Overview: Almost uniform expression of REP in lymphatic capillaries in ACKR3“** mice.
No REP signal in ACKR3"” littermate controls. Scale bar: 200um. Representative images of three independent experiments and 12 animals per
genotype analyzed.

https://doi.org/10.1371/journal.pone.0249068.9003

ERT2

agreement with this result, quantification of the RFP signal in LECs isolated from the ear skin
by flow cytometry, indicated good penetrance and revealed that about 70-90% LECs were
RFP™ (S4A and S4B Fig). ACKR3 knockdown was further confirmed by comparing ackr3
mRNA expression in primary LECs isolated from the tail skin and from LNs of ACKR3"5¢
and ACKR3" " mice by qPCR (S4C and S4D Fig). Based on the comparison of weight and
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superficial appearance of ACKR3“"“ and ACKR3"'" animals, we concluded that tamoxifen-
treatment, itself, had no adverse effects on the general development of animals of either geno-
type (S4E Fig). Additionally, we compared the proliferative capacity of isolated primary tail
LECs from ACKR3“"*“ animals to those of ACKR3"" controls but found no difference in pro-
liferation between ACKR3 deficient and sufficient tail LECs (S4F and S4G Fig).

In order to evaluate the efficiency of ACKR3 depletion in ACKR3""¥“ animals at the protein
level, we assessed the scavenging capacity of ACKR3 in primary dermal LECs isolated from
ACKR3™"E¢ and ACKR3"" littermate controls. To assure that CXCL12 scavenging is exclu-
sively mediated by ACKR3, we utilized an ACKR3-specific, recombinant, fluorescent chimeric
chemokine, namely CXCL11/12-AlexaFluor647 (CXCL11/12-AF647) [36]. CXCL11/12 was
shown to specifically bind to ACKR3, but—unlike CXCL12 and CXCL11 -does not bind to the
conventional chemokine receptors CXCR4 and CXCR3. As a further control, we treated iso-
lated dermal cells with the ACKR3-selective small molecule CCX771, which is a competitive
agonist of ACKR3 and was previously shown to inhibit CXCL12 scavenging [13,49]. When
incubating primary stromal cells isolated from the skin of either tamoxifen-treated ACKR3"***“
or ACKR3"" animals with CXCL11/12-AF647, we found that chemokine uptake was strongly
reduced in LECs from ACKR3EC animals (Fig 4). Stromal cells and BECs, on the other hand
exhibited CXCL11/12-AF647 uptake that was comparable to the wildtype control (Fig 4A).
Although the extent of CXCL11/12-AF647 uptake was variable between different experiments
(Fig 4B and 4C), the mean fluorescence intensity (MFI) detected in LECs from tamoxifen-
induced ACKR3™"“ animals was consistently lower than in LECs from tamoxifen-induced
WT animals and was comparable to the CCX771-treated control (Fig 4C). In summary, these
results confirmed that in LECs from ACKR3""# mice, CXCL11/12-AF647 scavenging was
abrogated, demonstrating that the applied tamoxifen regimen was effective in inducing
ACKR3-deletion.

ACKR3-deficiency does not affect postnatal lymphatic vessel development

Given that ACKR3 deficiency reportedly results in lymphatic hyperplasia during embryonic
development [7], we investigated whether ACKR3 was equally important for the morphology
and patterning of the lymphatic vascular network after birth. We chose three different organs/
tissues, which are suitable to study postnatal lymphatic development. Namely, the ear skin,
mesenteries and the diaphragm. Morphometric image analysis of the lymphatic network in the
adult ear skin, which develops de novo after birth, did not reveal any significant difference in
terms of LYVE-1" lymphatic vessel area, lymphatic vessel length, width or branching complex-
ity between ACKR3"" and ACKR3"***“ animals (Fig 5A and 5B). In the diaphragmic muscle,
lymphatic capillaries start to form between p0-p7, and most of the lymphatic development
takes place postnatally [47]. Analysis of the LYVE-1" network was performed on whole-mount
immunostainings of the diaphragm of ACKR3"***“ and ACKR3"" animals at p5 after birth,
after tamoxifen treatment on p1-p3 (S5A Fig). At the time of analysis, LYVE-1" lymphatic
structures in ACKR3"*"*“ mice uniformly expressed RFP, indicative of CRE-activity and
ACKR3 deletion (S5B Fig). In line with the results from the ear, tamoxifen-induced ACKR3
deletion on p1-p3 did not impact postnatal lymphangiogenesis in the diaphragm (S5 Fig).
Instead of an expansion of the LYVE-1" vessel area, as reported during embryonic develop-
ment by Klein et al. [7], we observed a near-significant trend towards a decreased LYVE-1*
area in ACKR3""#C animals (S5C Fig), but no difference in vessel length, diameter, number of
junctions or segments compared to ACKR3" " animals at p5 after birth (S5D-S5G Fig).
Finally, we also analyzed the mesentery, in which lymphatic development starts around E13.5-
14.5 but in which valve formation and vessel maturation continue until p8 after birth [46,48].
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Fig 4. CXCL11/12-AF647 scavenging is abrogated in dermal LECs isolated from ACKR3"**£€ animals. Dermal stromal cells were isolated
from the ear skin of ACKR3" " or ACKR3“"*“ mice and their ability to scavenge the fluorescent ACKR3-specific chimeric chemokine CXCL11/12
was investigated in vitro. (A). CXCL11/12-AF647 scavenging was specifically abrogated in dermal CD31" Podoplanin® LECs isolated from
ACKR3™"EC animals, or in LECs and CD31* Podoplanin- BECs from ACKR3"'" mice upon treatment with the ACKR3-selective competitive
agonist CCX771. Representative histograms from 1 out of 5 experiments are shown. The corresponding gating strategy is shown in 54 Fig A. 4°C
CXCL11/12: Chemokine uptake was performed at 4°C (impaired uptake control). CXCL11/12 + CCX771: Chemokine uptake was performed in
presence of CCX771. (B) Comparison of the mean fluorescence intensity (MFI) values measured in chemokine uptake assays performed in
presence (+CCX771) or absence (CTRL) of CCX771 in LECs isolated from either ACKR3 WT 5r ACKR3™LEC mice, Wilcoxon matched-pairs test,

n = 6 experiments. (C) Summary of the difference in MFI (AMFI) measured in the chemokine uptake assays performed in (B) in presence/absence
of CCX771 in LECs isolated from either ACKR3"" or ACKR3EC mice. Mann-Whitney U-test, n = 6 experiments are shown in (B) and (C).
Each dot represents the value obtained in one experiment, involving cells isolated from one animal.

https://doi.org/10.1371/journal.pone.0249068.9004

Morphometric analysis of the mesenteric lymphatic vessels (S6A Fig) revealed no significant
difference in the number of valves per vessel length, in the PROX-1" vessel area, vessel length,
vessel diameter, or number of segments per vessel length between ACKR3“"*“ and ACKR3"'"
animals (S6B-S6F Fig). Together, these results demonstrated that the morphology of lym-
phatic vessels in adulthood is normal after postnatal deletion of ACKR3 in LECs.
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Fig 5. Lymphatic vessel morphology and patterning was unaffected in the lymphatic network of the ear in adult ACKR3"** animals. (A)
Representative images of LYVE-1" capillary vessels network in the ear skin of adult ACKR3"" and ACKR3"** . (B) Image based-morphometric
analysis of the LYVE-1" vessel area, the number of branch points, the vessel length, and vessel diameter showed no difference between ACKR3"**€ and
ACKR3"T animals, unpaired Student’s t-test, Pooled data from two independent experiments are shown and represented as mean +SEM. Each data
point corresponds to one mouse.

https://doi.org/10.1371/journal.pone.0249068.g005

Loss of ACKR3 does not impact lymphatic drainage

All of the components of the AM-signaling axis, namely, AM, CALCRL and RAMP2 have
been shown to regulate blood vascular stability and permeability [24,25,50,51] and lymphatic
drainage [20,26,45,52]. Since ACKR3™~ animals reportedly exhibit enlarged lymphatic vessels
and edema during embryonic development (Klein et al., 2014), we sought to investigate
whether ACKR3 is important for the permeability and drainage function of lymphatic vessels.
To address this question, we performed a lymphatic drainage assay in the ear skin of adult
ACKR3"“"“ and ACKR3"" littermates. Specifically, an infrared 800 polyethylene glycol 20
(IRdye800-PEG-20) dye was injected intradermally into the ear skin and its drainage was mea-
sured by IVIS fluorescent imaging [39]. Comparing the half-life of the dye in uninflamed,
steady-state ear skin, we observed no difference in drainage between ACKR3*"¥“ and
ACKR3" " littermate controls over the course of 24h (Fig 6A-6C). To exclude that a potential
drainage defect might only manifest itself during tissue inflammation, i.e. a condition of
enhanced vascular leakage and tissue edema, we further investigated lymphatic drainage in
presence of skin inflammation induced by topical application of the skin irritant substance
12-O-tetradecanoylphorbol-13-acetate (TPA). 24h and 48h after TPA application the ears of
ACKR3™"E and control mice were similarly swollen (Fig 6D). Moreover, similarly as in unin-
flamed, steady-state ear skin, drainage was not impaired in ACKR3"*"* animals, as evidenced
by a comparable tracer half-life found in both genotypes (Fig 6E and 6F). Thus, lymphatic-spe-
cific loss of ACKR3 did not result in any morphologic or functional differences that would be
indicative of a lymphedema phenotype in adulthood.

Discussion

By scavenging its chemokine ligands CXCL12 and CXCL11, ACKR3 exerts important func-
tions in embryonic development, in the regulation of leukocyte and tumor cell migration
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Fig 6. Lymphatic drainage function was unaffected in ACKR3"“"E€ animals compared to ACKR3" " animals in steady-state. (A) No difference in
ear thickness in steady-state was measured between ACKR3“"C and ACKR3"" animals. (B, C and E, F) Mice were injected with an IRdye800-PEG-20
dye i.d. in the ear skin. Clearance of the dye was monitored over 24h using an IVIS imaging system. (B) Average clearance plot of IRdye800-PEG-20
and (C) half-life in steady state. (D) Average ear thickness in males and females after induction of inflammation by topical application of TPA, at time
point t = 24h and t = 48h. (E) Average clearance plot of IRdye800-PEG-20 and (F) half-life in TPA-induced acute inflammation. Pooled data from 3
independent experiments (or 2 independent experiments in TPA inflammation) are shown and represented as mean +SEM. Mann-Whitney U- test,
each dot represents one animal, females are depicted in black and males in grey color in dot plots.

https://doi.org/10.1371/journal.pone.0249068.9006

across blood vessels and in B cell immunity/activation in germinal centers [8-11,13,16]. Recent
findings have furthermore implicated ACKR3 in lymphatic vessel morphology and function,
by identifying ACKR3 as a scavenging receptor for AM, which prevents overshooting AM
responses in the lymphatic vasculature during development [8]. However, thus far, ACKR3
expression and function in postnatal lymphatic vessels have not been investigated, but could
be important considering that ACKR3 is currently under investigation as a drug target in can-
cer therapy [12-15,53].

Our qPCR data of sorted dermal LECs and BECs indicated that ACKR3 is expressed in all
endothelial cell types analyzed. Aside from the ligands of ACKR3, we also detected the expres-
sion of the AM1 receptor, consisting of CALCRL and the accessory protein RAMP2, in lym-
phatic capillary and collector type LECs. The detection of the conventional AM1 receptor
genes in our study strengthened previous reports implicating AM in the direct regulation of
vascular permeability of lymphatic vessels during adulthood [20,26,45,52]. Moreover, the con-
firmation of ACKR3, AM and AM receptor expression in LECs suggested that, in theory,
ACKR3 might also be acting as scavenging receptor for AM and preventing overshooting AM
activity in adult lymphatics [7]. Our whole mount stainings performed in ACKR3“*"*
reporter mice revealed frequent GFP expression in capillary- and collector-type lymphatic ves-
sels in the ear skin. Notably, our whole mount images indicate that the level of ACKR3 expres-
sion in lymphatic vessels may vary between different tissues and organs. In particular, we
found that skin lymphatic capillaries consistently expressed ACKR3, while GFP was detected
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to a lesser degree in the diaphragm muscle and not at all in lacteals, although it was ubiqui-
tously expressed in the surrounding blood vasculature of the villi. Accordingly, ACKR3 was
frequently expressed in lymphatic collectors in the skin, while it was only weakly detected in
mesenteric collectors. Currently, we do not know what drives these tissue-specific differences
and what functional implications they might have. In addition, our fluorescent chemokine
uptake studies showed that stromal cells isolated from the skin of WT mice were able to scav-
enge ACKR3-specific CXCL11/12-AF647, whereas its uptake into LECs derived from ACK-
R3™EC mice was abrogated. This confirms that the dermal GFP" cell types identified as
ACKR3 expressers in the ACKR3“*"* reporter mouse indeed expressed ACKR3 and indicates
that the ACKR3“F"/* reporter mouse faithfully reports ACKR3 expression. Moreover, it shows
that ACKR3 expressed in postnatal dermal lymphatics is functional.

Klein et al. have recently suggested that LEC-expressed ACKR3 serves to protect LECs from
overshooting responses towards AM [7,31]. Global loss of ACKR3 resulted in lymphatic vessel
hyperplasia and hyperproliferation in E13.5 embryos and an embryonic lymphedema pheno-
type [7]. Surprisingly, we found that the morphology of lymphatic vessels in the mature lym-
phatic network of the adult ear skin was unaffected by postnatal lymphatic-specific ablation of
ACKR3. Lymphatic-specific ablation of ACKR3 was confirmed by qRT-PCR and detection of
reduced relative ackr3 expression in isolated primary LECs of ACKR3™"E¢
ACKR3"" controls, but more importantly by loss of protein function, evidenced by abrogated

mice, compared to

CXCL11/12- AF647 chemokine scavenging. Considering that the murine ear and its associated
vasculature develops de novo after birth, this finding shows that LEC-expressed ACKR3 is not
only dispensable for the maintenance of adult lymphatic vessel morphology, but also for post-
natal development of lymphatic vessels in the ear skin. The fact that we did also not observe
any lymphatic phenotype in the diaphragm at p5 after birth or in the expanding p5 mesenteric
collectors further supports the notion that LEC-expressed ACKR3 does not regulate postnatal
lymphangiogenesis. Similarly, we did not detect any difference in dermal lymphatic drainage
between WT and ACKR3"*"*“ mice, neither under steady-state nor under inflammatory
conditions.

One potential reason for the discrepancy between our results and the previously reported
lymphatic phenotype [7] could be that LEC-specific deletion of ACKR3 does not phenocopy
the lymphatic defects observed in a global ACKR3 knockout setting. As also evidenced by our
whole-mount analyses in ACKR3""* reporter mice, ACKR3 is not exclusively expressed in
lymphatic vessels, but also present in keratinocytes in the skin and in BECs and stromal cells
in most tissues, in addition to ACKR3’s reported expression in cardiomyocytes [7,30,36].
Thus, even though the findings of Klein et al. suggested a cell-intrinsic AM scavenging func-
tion of ACKR3 in LECs [7,31], it is possible that lymphatic specific ablation of ACKR3, as
investigated in our model, does not suffice to substantially modulate AM tissue levels and to
induce the lymphatic phenotype observed in global ACKR3-deficient embryos. However, it
needs to be kept in mind that, in addition to the AM1 receptor, dermal LECs also express AM
([7,26] and Fig 1). Thus, LEC-expressed ACKR3 would be expected to be most effective in
fine-tuning and reducing AM levels in the dermal LEC micro-environment, rendering this
explanation somewhat less likely.

A second potential explanation for the discrepancy between the lymphatic phenotype
observed in ACKR3-deficient embryos [7] and the unaffected lymphatic vascular morphology
and drainage function in adult ACKR3""*¢
in embryonic versus adult tissues. It is perceivable that a certain threshold concentration of
AM needs to be reached before LEC proliferation, lymphatic permeability and lymphatic
drainage are affected. Although not reported so far, it is possible that normal dermal tissue lev-
els of AM in adult animals are lower than in embryos and thus fail to reach the threshold

mice could lie in differences in AM concentrations
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/ALEC .
! animals. How-

concentrations necessary to impact lymphatic responses in adult ACKR3
ever, it is technically challenging to assess potential differences of local AM concentrations in
embryonic- compared to adult tissues experimentally: most methods that quantitatively assess
protein levels in tissues rely on tissue lysates, where quantitative information about AM levels
in the tissue microenvironment of LECs would be lost. In addition to differences between
adult and embryonic AM tissue levels, it is perceivable that—besides ACKR3 expression—
other regulatory mechanisms could render LECs in adult skin less responsive to AM. Finally, it
is worth mentioning that another study recently reported that excess/high concentrations of
AM could not displace fluorescent CXCL12 binding to ACKR3 overexpressed in U87 cells
[54], thereby questioning the AM binding and scavenging functions of ACKR3. However,
since this study was performed in a cell line, which does not naturally express ACKR3, and
which might be lacking other co-factors necessary for AM binding, these findings do not nec-
essarily allow to draw conclusions on physiological actions of ACKR3, such as AM scavenging
in LECs.

Considering that we could not detect a contribution of LEC-expressed ACKR3 to postnatal
lymphangiogenesis and lymphatic drainage, we suspect that the function of this receptor may
lie more in the regulation of leukocyte trafficking. Of interest in this regard, CXCL12 report-
edly is expressed by lymphatic vessels, and blockade of CXCR4 was previously shown to reduce
migration of dendritic cells (DCs) from skin to draining lymph nodes [55]. However, our
adoptive transfer studies performed with bone marrow-derived dendritic cells (BM-DCs),
which are responsive for CXCL12 (S7A and S7B Fig), did not reveal any contribution of LEC
expressed ACKR3 to DC migration to dLNG, neither in steady-state nor under inflammatory
conditions (S7C-S7F Fig). It remains possible that LEC-expressed ACKR3 might still be
required for DC migration from other tissues, or modulate migration of other CXCR4-expres-
sing leukocytes e.g. neutrophils [56] or of cells expressing receptors for the other ACKR3
ligands, i.e. CXCL11. Taken together, our study shows that ACKR3 is frequently expressed in
lymphatic vessels in various different tissues and acts as a functional scavenging receptor for
its chemokine ligands in isolated and cultured primary LECs. At the same time, we could not
detect any impact of ACKR3-deficiency in LECs on lymphatic morphology and drainage func-
tion during adulthood. Future studies will need to address, whether long-term systemic block-
ade of ACKR3 or global ACKR3 depletion in adult animals could result in a similar lymphatic
phenotype as observed during lymphatic development.

Supporting information

S1 Fig. GFP is not expressed in intestinal lacteals or ACKR3“""* reporter mice. (A) GFP
was highly expressed in LYVE-1" CD31" blood vessels but not detected in LYVE-1" CD31"
lacteals in villi of the small intestine. Scale bar: 100pum. (B) Higher magnification of a single
villi in the duodenum. Scale bar: 30um. Representative images of one experiment withn =3
animals.

(TIF)

$2 Fig. In the p5 mesentery of ACKR3*"'* reporter mice, GFP is strongly expressed in
veins and to a lower extent in lymphatic collectors. (A) Overview picture of large blood ves-
sels and PROX-1" lymphatic collectors. Scale bar: 200um (B) Higher magnification shows
GFP expression in lymphatic collectors. Scale bar: 100pum. Representative images of one exper-
iment with n = 4 animals.

(TIF)
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S3 Fig. GFP is highly expressed by stromal cells in the diaphragm and occasionally by
developing lymphatic capillaries of ACKR3"/* reporter mice. (A) Overview picture of the
diaphragmic muscle in an area with high GFP expression in PROX-1" lymphatic vessels. Scale
bar: 200um (B) Higher magnification. Scale bar: 100pm. Representative images of one experi-
ment with n = 4 animals.

(TIF)

$4 Fig. Characterization of tamoxifen-induced ACKR3 depletion in ACKR3™LEC mice. (A)
Gating strategy used for the detection of RFP* LECs in dermal stromal cell cultures isolated
from ears of adult tamoxifen-treated animals. (B) % of RFP" LECs in comparison to the % of
RFP" BECs and CD31" stromal cells, one-way ANOVA, n = 5 animals. (C) Relative ackr3
mRNA expression in isolated dermal tail LECs, n = 4 animals. (D) Relative ackr3 mRNA
expression in isolated LN LECs, n = 3 animals. (E) Average body weight of 7-week-old female
ACKR3ALEC compared to ACKR3"7 control animals, Student's t-test, n = 8 animals. (F) Gat-
ing strategy for the detection of the proliferation marker Ki-67 in isolated dermal tail LECs.
(G) Proliferation was unaffected in dermal tail skin LECs isolated from ACKR3"ALFC¢
pared to ACKR3"™" controls, n = 4 experiments, each involving LECs isolated from one ACK-
R3“"€ and one ACKR3"" mouse. All data in (C- D, G) were analyzed using a Mann-
Whitney U- test.

(TIF)

mice com-

S5 Fig. Postnatal deletion of ACKR3 did not cause a hyperplastic phenotype during post-
natal lymphangiogenesis in the diaphragm. (A) Lymphangiogenesis in the diaphragm was
analyzed at p5 following treatment with tamoxifen at p1-p3 in two vessel segments per pup
(red frames). (B) Robust RFP expression in lymphatics was detected in ACKR3™LEC
p5. Scale bar: 300um. (C) Image based-morphometric analysis of the LYVE-1" vessel area, (D)

animals at

total vessel length in %, (E) vessel diameter, (F) number of junctions/branch points per vessel
length and (G) the number of segments per vessel length showed no significant difference
between ACKR3"“**“ and ACKR3"" animals. Each data point derives from one pup

(n = 9-11) and represents an averaged value of 2-3 quantified diaphragmic images. Student’s
t- test.

(TIF)

S6 Fig. Postnatal deletion of ACKR3 did not affect the number of valves/vessel length in
the mesentery lymphatic network. (A) Analyzed area of the mesenteric lymphatic network
and RFP reporter expression in PROX-1" lymphatic vessels at p5 after tamoxifen treatment at
pl-p3. Scale bar: 200pm. (B) Comparison of the number of valves/vessel length between ACK-
R3LEC and ACKR3"" animals. (C) Absolute PROX-1" area in [pmz]. (D) Total lymphatic
vessel length in [um]. (E) vessel diameter in [pum], (F) Number of segments per total vessel
length. Data from three independent experiments are shown as mean +SEM. Each data point
represents an averaged value of 3-5 quantified images of one pup. Student’s t test.

(TIF)

S7 Fig. Migration of adoptively transferred DCs to the popliteal LN was not impaired in
ACKR3"“"E¢mice. (A) BM-DCs and LPS matured BM-DCs express CXCR4, n = 4 indepen-
dent experiments, one-way ANOVA (B) CXCL12-mediates transmigration of BM-DCs
through monolayers of immortalized LECs, n = 3 independent experiments. Kruskal-Wallis
test. (C) CFSE* BM-DCs were adoptively transferred into steady-state and TPA-inflamed foot-
pads of ACKR3W" and ACKR3""*© animals. Draining popliteal LNs were harvested after 18 h
and single cell suspension stained for CD45, CD11c, MHCII and analyzed by FACS. (D)
Gating scheme. (E, F) The following quantifications in LN draining (E) steady-state or
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(F) TPA-inflamed footpads are shown: Total numbers of CD45" cells and total number

of migratory CFSE" and CFSE migratory DCs (CD45"CD11c"MHCII"), percentage of migra-
tory DC amongst CD45" cells and percentage of migrated, adoptively transferred DCs
(CD45"CD11c"MHCII*CFSE") amongst CD45" cells. Pooled data of three independent
experiments, each dot represents the value measured in one animal, Mann- Whitney U-test.
(TIF)

S1 Methods. Supplementary experimental methods (related to S1-S7 Figs).
(DOCX)

Acknowledgments

The authors thank Taija Makinen (Uppsala University, Sweden) for kindly providing the
Prox1Cre™ ™ mouse strain and Thomas Schall (ChemoCentryx Inc., Mountain View, CA,
USA) for providing CCX771. Furthermore, the authors thank Angela Vallone, Ioannis Kriti-
kos and the Scientific Center for Optical and Electron Microscopy (ScopeM) for excellent tech-
nical assistance, and the staff of the ETH Rodent Center HCI for animal husbandry. Moreover,
we would like to thank Mona Friess for helpful discussions and her insights regarding specific
techniques.

Author Contributions

Conceptualization: Elena C. Sigmund, Cornelia Halin.

Formal analysis: Elena C. Sigmund, Lilian Baur.

Funding acquisition: Marcus Thelen, Cornelia Halin.

Investigation: Elena C. Sigmund, Lilian Baur, Philipp Schineis, Victor Collado-Diaz.
Methodology: Elena C. Sigmund, Philipp Schineis, Martina Vranova.
Project administration: Cornelia Halin.

Resources: Jorge Arasa, Rolf A. K. Stahl, Marcus Thelen.
Supervision: Cornelia Halin.

Validation: Jorge Arasa.

Visualization: Elena C. Sigmund, Lilian Baur.

Writing - original draft: Elena C. Sigmund, Cornelia Halin.

Writing - review & editing: Elena C. Sigmund, Marcus Thelen, Cornelia Halin.

References

1. Burns JM, Summers BC, Wang Y, Melikian A, Berahovich R, Miao Z, et al. A novel chemokine receptor
for SDF-1 and I-TAC involved in cell survival, cell adhesion, and tumor development. J Exp Med. 2006;
203(9):2201-13. https://doi.org/10.1084/jem.20052144 PMID: 16940167

2. Naumann U, Cameroni E, Pruenster M, Mahabaleshwar H, Raz E, Zerwes HG, et al. CXCR?7 functions
as a scavenger for CXCL12 and CXCL11. PLoS One. 2010; 5(2):€9175. https://doi.org/10.1371/
journal.pone.0009175 PMID: 20161793

3. Berahovich RD, Zabel BA, Lewén S, Walters MJ, Ebsworth K, Wang Y, et al. Endothelial expression of
CXCRY7 and the regulation of systemic CXCL12 levels. Immunology. 2014; 141(1):111-22. https://doi.
org/10.1111/imm.12176 PMID: 24116850

PLOS ONE | https://doi.org/10.1371/journal.pone.0249068  April 15, 2021 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249068.s008
https://doi.org/10.1084/jem.20052144
http://www.ncbi.nlm.nih.gov/pubmed/16940167
https://doi.org/10.1371/journal.pone.0009175
https://doi.org/10.1371/journal.pone.0009175
http://www.ncbi.nlm.nih.gov/pubmed/20161793
https://doi.org/10.1111/imm.12176
https://doi.org/10.1111/imm.12176
http://www.ncbi.nlm.nih.gov/pubmed/24116850
https://doi.org/10.1371/journal.pone.0249068

PLOS ONE

Postnatal expression of ACKRS in lymphatics does not impact lymphatic morphology and drainage function

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Wang H, Beaty N, Chen S, Qi CF, Masiuk M, Shin DM, et al. The CXCR7 chemokine receptor promotes
B-cell retention in the splenic marginal zone and serves as a sink for CXCL12. Blood. 2012; 119
(2):465-8. https://doi.org/10.1182/blood-2011-03-343608 PMID: 22110250

Wang Y, Li G, Stanco A, Long JE, Crawford D, Potter GB, et al. CXCR4 and CXCR?7 have distinct func-
tions in regulating interneuron migration. Neuron. 2011; 69. https://doi.org/10.1016/j.neuron.2010.12.
005 PMID: 21220099

Sanchez-Alcaniz JA, Haege S, Mueller W, Pla R, Mackay F, Schulz S, et al. Cxcr7 controls neuronal
migration by regulating chemokine responsiveness. Neuron. 2011; 69(1):77-90. https://doi.org/10.
1016/j.neuron.2010.12.006 PMID: 21220100

Klein KR, Karpinich NO, Espenschied ST, Willcockson HH, Dunworth WP, Hoopes SL, et al. Decoy
receptor CXCR7 modulates adrenomedullin-mediated cardiac and lymphatic vascular development.
Dev Cell. 2014; 30(5):528—40. https://doi.org/10.1016/j.devcel.2014.07.012 PMID: 25203207

Cruz-Orengo L, Holman DW, Dorsey D, Zhou L, Zhang P, Wright M, et al. CXCR?7 influences leukocyte
entry into the CNS parenchyma by controlling abluminal CXCL12 abundance during autoimmunity. The
Journal of Experimental Medicine. 2011. https://doi.org/10.1084/jem.20102010 PMID: 21300915

Sierro F, Biben C, Martinez-Munoz L, Mellado M, Ransohoff RM, Li M, et al. Disrupted cardiac develop-
ment but normal hematopoiesis in mice deficient in the second CXCL12/SDF-1 receptor, CXCR7. Pro-

ceedings of the National Academy of Sciences of the United States of America. 2007; 104(37):14759—

64. https://doi.org/10.1073/pnas.0702229104 PMID: 17804806

Radice E, Ameti R, Melgrati S, Foglierini M, Antonello P, Stahl, et al. Marginal zone formation requires
ACKRS3 expression on B cells. Cell Reports. 2020(manuscript accepted). https://doi.org/10.1016/j.
celrep.2020.107951 PMID: 32755592

Humpert ML, Pinto D, Jarrossay D, Thelen M. CXCR?7 influences the migration of B cells during matura-
tion. Eur J Immunol. 2014; 44(3):694—705. https://doi.org/10.1002/eji.201343907 PMID: 24259140

Miao Z, Luker KE, Summers BC, Berahovich R, Bhojani MS, Rehemtulla A, et al. CXCR7 (RDC1) pro-
motes breast and lung tumor growth in vivo and is expressed on tumor-associated vasculature. Pro-
ceedings of the National Academy of Sciences of the United States of America. 2007; 104(40):15735-
40. https://doi.org/10.1073/pnas.0610444104 PMID: 17898181

Zabel BA, Wang Y, Lewen S, Berahovich RD, Penfold ME, Zhang P, et al. Elucidation of CXCR7-medi-
ated signaling events and inhibition of CXCR4-mediated tumor cell transendothelial migration by
CXCRY7 ligands. J Immunol. 2009; 183(5):3204—11. https://doi.org/10.4049/jimmunol.0900269 PMID:
19641136

Salazar N, Carlson JC, Huang K, Zheng Y, Oderup C, Gross J, et al. A Chimeric Antibody against
ACKR3/CXCR?7 in Combination with TMZ Activates Immune Responses and Extends Survival in
Mouse GBM Models. Mol Ther. 2018; 26(5):1354—65. https://doi.org/10.1016/j.ymthe.2018.02.030
PMID: 29606504

Wang C, Chen W, Shen J. CXCR7 Targeting and lts Major Disease Relevance. Front Pharmacol.
2018; 9:641. https://doi.org/10.3389/fphar.2018.00641 PMID: 29977203

Zabel BA, Lewen S, Berahovich RD, Jaen JC, Schall TJ. The novel chemokine receptor CXCR7 regu-
lates trans-endothelial migration of cancer cells. Mol Cancer. 2011; 10:73. https://doi.org/10.1186/
1476-4598-10-73 PMID: 21672222

Ikeda Y, Kumagai H, Skach A, Sato M, Yanagisawa M. Modulation of circadian glucocorticoid oscillation
via adrenal opioid-CXCR?7 signaling alters emotional behavior. Cell. 2013; 155(6):1323-36. https://doi.
org/10.1016/j.cell.2013.10.052 PMID: 24315101

Meyrath M, Szpakowska M, Zeiner J, Massotte L, Merz MP, Benkel T, et al. The atypical chemokine
receptor ACKR3/CXCRY is a broad-spectrum scavenger for opioid peptides. Nat Commun. 2020;
11(1):3038. https://doi.org/10.1038/s41467-020-16664-0 PMID: 32561830

Miyashita K, ltoh H, Sawada N, Fukunaga Y, Sone M, Yamahara K| et al. Adrenomedullin promotes pro-
liferation and migration of cultured endothelial cells. Hypertens Res. 2003; 26 Suppl:S93-8. https://doi.
org/10.1291/hypres.26.s93 PMID: 12630817

Dunworth WP, Fritz-Six KL, Caron KM. Adrenomedullin stabilizes the lymphatic endothelial barrier in
vitro and in vivo. Peptides. 2008; 29(12):2243-9. https://doi.org/10.1016/j.peptides.2008.09.009 PMID:
18929609

Lippton H, Chang JK, Hao Q, Summer W, Hyman AL. Adrenomedullin dilates the pulmonary vascular
bed in vivo. J Appl Physiol (1985). 1994; 76(5):2154—6. https://doi.org/10.1152/jappl.1994.76.5.2154
PMID: 8063680

Iring A, Jin YJ, Albarran-Juarez J, Siragusa M, Wang S, Dancs PT, et al. Shear stress-induced endothe-
lial adrenomedullin signaling regulates vascular tone and blood pressure. The Journal of clinical investi-
gation. 2019; 129(7):2775-91. https://doi.org/10.1172/JCI123825 PMID: 31205027

PLOS ONE | https://doi.org/10.1371/journal.pone.0249068  April 15, 2021 18/20


https://doi.org/10.1182/blood-2011-03-343608
http://www.ncbi.nlm.nih.gov/pubmed/22110250
https://doi.org/10.1016/j.neuron.2010.12.005
https://doi.org/10.1016/j.neuron.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21220099
https://doi.org/10.1016/j.neuron.2010.12.006
https://doi.org/10.1016/j.neuron.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21220100
https://doi.org/10.1016/j.devcel.2014.07.012
http://www.ncbi.nlm.nih.gov/pubmed/25203207
https://doi.org/10.1084/jem.20102010
http://www.ncbi.nlm.nih.gov/pubmed/21300915
https://doi.org/10.1073/pnas.0702229104
http://www.ncbi.nlm.nih.gov/pubmed/17804806
https://doi.org/10.1016/j.celrep.2020.107951
https://doi.org/10.1016/j.celrep.2020.107951
http://www.ncbi.nlm.nih.gov/pubmed/32755592
https://doi.org/10.1002/eji.201343907
http://www.ncbi.nlm.nih.gov/pubmed/24259140
https://doi.org/10.1073/pnas.0610444104
http://www.ncbi.nlm.nih.gov/pubmed/17898181
https://doi.org/10.4049/jimmunol.0900269
http://www.ncbi.nlm.nih.gov/pubmed/19641136
https://doi.org/10.1016/j.ymthe.2018.02.030
http://www.ncbi.nlm.nih.gov/pubmed/29606504
https://doi.org/10.3389/fphar.2018.00641
http://www.ncbi.nlm.nih.gov/pubmed/29977203
https://doi.org/10.1186/1476-4598-10-73
https://doi.org/10.1186/1476-4598-10-73
http://www.ncbi.nlm.nih.gov/pubmed/21672222
https://doi.org/10.1016/j.cell.2013.10.052
https://doi.org/10.1016/j.cell.2013.10.052
http://www.ncbi.nlm.nih.gov/pubmed/24315101
https://doi.org/10.1038/s41467-020-16664-0
http://www.ncbi.nlm.nih.gov/pubmed/32561830
https://doi.org/10.1291/hypres.26.s93
https://doi.org/10.1291/hypres.26.s93
http://www.ncbi.nlm.nih.gov/pubmed/12630817
https://doi.org/10.1016/j.peptides.2008.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18929609
https://doi.org/10.1152/jappl.1994.76.5.2154
http://www.ncbi.nlm.nih.gov/pubmed/8063680
https://doi.org/10.1172/JCI123825
http://www.ncbi.nlm.nih.gov/pubmed/31205027
https://doi.org/10.1371/journal.pone.0249068

PLOS ONE

Postnatal expression of ACKRS in lymphatics does not impact lymphatic morphology and drainage function

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Shindo T, Kurihara Y, Nishimatsu H, Moriyama N, Kakoki M, Wang VY, et al. Vascular abnormalities and
elevated blood pressure in mice lacking adrenomedullin gene. Circulation. 2001; 104(16):1964—71.
https://doi.org/10.1161/hc4101.097111 PMID: 11602502

Hippenstiel S, Witzenrath M, Schmeck B, Hocke A, Krisp M, Krull M, et al. Adrenomedullin reduces
endothelial hyperpermeability. Circ Res. 2002; 91(7):618-25. https://doi.org/10.1161/01.res.
0000036603.61868.f9 PMID: 12364390

Ochoa-Callejero L, Pozo-Rodrigalvarez A, Martinez-Murillo R, Martinez A. Lack of adrenomedullin in
mouse endothelial cells results in defective angiogenesis, enhanced vascular permeability, less metas-
tasis, and more brain damage. Sci Rep. 2016; 6:33495. https://doi.org/10.1038/srep33495 PMID:
27640364

Jin D, Harada K, Ohnishi S, Yamahara K, Kangawa K, Nagaya N. Adrenomedullin induces lymphangio-
genesis and ameliorates secondary lymphoedema. Cardiovasc Res. 2008; 80(3):339—45. https://doi.
org/10.1093/cvr/cvn228 PMID: 18708640

Wetzel-Strong SE, Li M, Klein KR, Nishikimi T, Caron KM. Epicardial-derived adrenomedullin drives
cardiac hyperplasia during embryogenesis. Dev Dyn. 2014; 243(2):243-56. https://doi.org/10.1002/
dvdy.24065 PMID: 24123312

Trincot CE, Xu W, Zhang H, Kulikauskas MR, Caranasos TG, Jensen BC, et al. Adrenomedullin
Induces Cardiac Lymphangiogenesis After Myocardial Infarction and Regulates Cardiac Edema Via
Connexin 43. Circ Res. 2019; 124(1):101-13. https://doi.org/10.1161/CIRCRESAHA.118.313835
PMID: 30582443

Gerrits H, van Ingen Schenau DS, Bakker NE, van Disseldorp AJ, Strik A, Hermens LS, et al. Early post-
natal lethality and cardiovascular defects in CXCR7-deficient mice. Genesis. 2008; 46(5):235—45.
https://doi.org/10.1002/dvg.20387 PMID: 18442043

Yu S, Crawford D, Tsuchihashi T, Behrens TW, Srivastava D. The chemokine receptor CXCR7 func-
tions to regulate cardiac valve remodeling. Developmental Dynamics. 2011; 240(2):384—93. https://doi.
org/10.1002/dvdy.22549 PMID: 21246655

Betterman KL, Harvey NL. Decoys and cardiovascular development: CXCR7 and regulation of adreno-
medullin signaling. Developmental cell. 2014; 30(5):490-1. https://doi.org/10.1016/j.devcel.2014.08.
021 PMID: 25203203

Neusser MA, Kraus AK, Regele H, Cohen CD, Fehr T, Kerjaschki D, et al. The chemokine receptor
CXCRY7 is expressed on lymphatic endothelial cells during renal allograft rejection. Kidney international.
2010; 77(9):801-8. https://doi.org/10.1038/ki.2010.6 PMID: 20164826

Totonchy JE, Osborn JM, Botto S, Clepper L, Moses AV. Aberrant proliferation in CXCR7+ endothelial
cells via degradation of the retinoblastoma protein. PLoS One. 2013; 8(7):e69828. https://doi.org/10.
1371/journal.pone.0069828 PMID: 23894550

Bazigou E, Lyons OT, Smith A, Venn GE, Cope C, Brown NA, et al. Genes regulating lymphangiogen-
esis control venous valve formation and maintenance in mice. The Journal of clinical investigation.
2011; 121(8):2984-92. https://doi.org/10.1172/JCI58050 PMID: 21765212

Luche H, Weber O, Nageswara Rao T, Blum C, Fehling HJ. Faithful activation of an extra-bright red
fluorescent protein in "knock-in" Cre-reporter mice ideally suited for lineage tracing studies. Eur J Immu-
nol. 2007; 37(1):43-53. https://doi.org/10.1002/eji.200636745 PMID: 17171761

Ameti R, Melgrati S, Radice E, Cameroni E, Hub E, Thelen S, et al. Characterization of a chimeric che-
mokine as a specific ligand for ACKR3. J Leukoc Biol. 2018; 66:1. https://doi.org/10.1002/JLB.
2MA1217-509R PMID: 29601107

Russo E, Teijeira A, Vaahtomeri K, Willrodt AH, Bloch JS, Nitschke M, et al. Intralymphatic CCL21 Pro-
motes Tissue Egress of Dendritic Cells through Afferent Lymphatic Vessels. Cell Rep. 2016; 14
(7):1723-34. https://doi.org/10.1016/j.celrep.2016.01.048 PMID: 26876174

Montoya-Zegarra JA, Russo E, Runge P, Jadhav M, Willrodt AH, Stoma S, et al. AutoTube: a novel soft-
ware for the automated morphometric analysis of vascular networks in tissues. Angiogenesis. 2019;
22(2):223-36. https://doi.org/10.1007/s10456-018-9652-3 PMID: 30370470

Karaman S, Buschle D, Luciani P, Leroux JC, Detmar M, Proulx ST. Decline of lymphatic vessel density
and function in murine skin during aging. Angiogenesis. 2015; 18(4):489-98. https://doi.org/10.1007/
$10456-015-9479-0 PMID: 26260189

Bachmann SB, Detmar M, Proulx ST. Visualization and Measurement of Lymphatic Function In Vivo.
Methods Mol Biol. 2018; 1846:197-211. https://doi.org/10.1007/978-1-4939-8712-2_13 PMID:
30242761

Schineis P, Runge P, Halin C. Cellular traffic through afferent lymphatic vessels. Vascul Pharmacol.
2019; 112:31-41. https://doi.org/10.1016/j.vph.2018.08.001 PMID: 30092362

PLOS ONE | https://doi.org/10.1371/journal.pone.0249068  April 15, 2021 19/20


https://doi.org/10.1161/hc4101.097111
http://www.ncbi.nlm.nih.gov/pubmed/11602502
https://doi.org/10.1161/01.res.0000036603.61868.f9
https://doi.org/10.1161/01.res.0000036603.61868.f9
http://www.ncbi.nlm.nih.gov/pubmed/12364390
https://doi.org/10.1038/srep33495
http://www.ncbi.nlm.nih.gov/pubmed/27640364
https://doi.org/10.1093/cvr/cvn228
https://doi.org/10.1093/cvr/cvn228
http://www.ncbi.nlm.nih.gov/pubmed/18708640
https://doi.org/10.1002/dvdy.24065
https://doi.org/10.1002/dvdy.24065
http://www.ncbi.nlm.nih.gov/pubmed/24123312
https://doi.org/10.1161/CIRCRESAHA.118.313835
http://www.ncbi.nlm.nih.gov/pubmed/30582443
https://doi.org/10.1002/dvg.20387
http://www.ncbi.nlm.nih.gov/pubmed/18442043
https://doi.org/10.1002/dvdy.22549
https://doi.org/10.1002/dvdy.22549
http://www.ncbi.nlm.nih.gov/pubmed/21246655
https://doi.org/10.1016/j.devcel.2014.08.021
https://doi.org/10.1016/j.devcel.2014.08.021
http://www.ncbi.nlm.nih.gov/pubmed/25203203
https://doi.org/10.1038/ki.2010.6
http://www.ncbi.nlm.nih.gov/pubmed/20164826
https://doi.org/10.1371/journal.pone.0069828
https://doi.org/10.1371/journal.pone.0069828
http://www.ncbi.nlm.nih.gov/pubmed/23894550
https://doi.org/10.1172/JCI58050
http://www.ncbi.nlm.nih.gov/pubmed/21765212
https://doi.org/10.1002/eji.200636745
http://www.ncbi.nlm.nih.gov/pubmed/17171761
https://doi.org/10.1002/JLB.2MA1217-509R
https://doi.org/10.1002/JLB.2MA1217-509R
http://www.ncbi.nlm.nih.gov/pubmed/29601107
https://doi.org/10.1016/j.celrep.2016.01.048
http://www.ncbi.nlm.nih.gov/pubmed/26876174
https://doi.org/10.1007/s10456-018-9652-3
http://www.ncbi.nlm.nih.gov/pubmed/30370470
https://doi.org/10.1007/s10456-015-9479-0
https://doi.org/10.1007/s10456-015-9479-0
http://www.ncbi.nlm.nih.gov/pubmed/26260189
https://doi.org/10.1007/978-1-4939-8712-2%5F13
http://www.ncbi.nlm.nih.gov/pubmed/30242761
https://doi.org/10.1016/j.vph.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/30092362
https://doi.org/10.1371/journal.pone.0249068

PLOS ONE

Postnatal expression of ACKRS in lymphatics does not impact lymphatic morphology and drainage function

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ulvmar MH, Makinen T. Heterogeneity in the lymphatic vascular system and its origin. Cardiovasc Res.
2016; 111(4):310-21. https://doi.org/10.1093/cvr/cvw175 PMID: 27357637

Wang XN, McGovern N, Gunawan M, Richardson C, Windebank M, Siah TW, et al. A three-dimen-
sional atlas of human dermal leukocytes, lymphatics, and blood vessels. J Invest Dermatol. 2014;
134(4):965-74. https://doi.org/10.1038/jid.2013.481 PMID: 24352044

Hay DL, Garelja ML, Poyner DR, Walker CS. Update on the pharmacology of calcitonin/CGRP family of
peptides: IUPHAR Review 25. Br J Pharmacol. 2018; 175(1):3-17. https://doi.org/10.1111/bph.14075
PMID: 29059473

Davis RB, Kechele DO, Blakeney ES, Pawlak JB, Caron KM. Lymphatic deletion of calcitonin receptor-
like receptor exacerbates intestinal inflammation. JCI Insight. 2017; 2(6):€92465. https://doi.org/10.
1172/jci.insight.92465 PMID: 28352669

Norrmen C, Ivanov Kl, Cheng J, Zangger N, Delorenzi M, Jaquet M, et al. FOXC2 controls formation
and maturation of lymphatic collecting vessels through cooperation with NFATc1. J Cell Biol. 2009;
185(3):439-57. https://doi.org/10.1083/jch.200901104 PMID: 19398761

Ochsenbein AM, Karaman S, Proulx ST, Goldmann R, Chittazhathu J, Dasargyri A, et al. Regulation of
lymphangiogenesis in the diaphragm by macrophages and VEGFR-3 signaling. Angiogenesis. 2016;
19(4):513-24. https://doi.org/10.1007/s10456-016-9523-8 PMID: 27464987

Sabine A, Agalarov Y, Maby-El Hajjami H, Jaquet M, Hagerling R, Pollmann C, et al. Mechanotransduc-
tion, PROX1, and FOXC2 cooperate to control connexin37 and calcineurin during lymphatic-valve for-
mation. Developmental cell. 2012; 22(2):430—45. https://doi.org/10.1016/j.devcel.2011.12.020 PMID:
22306086

Gustavsson M, Wang L, van Gils N, Stephens BS, Zhang P, Schall TJ, et al. Structural basis of ligand
interaction with atypical chemokine receptor 3. Nat Commun. 2017; 8:14135. https://doi.org/10.1038/
ncomms14135 PMID: 28098154

Temmesfeld-Wollbruck B, Brell B, David I, Dorenberg M, Adolphs J, Schmeck B, et al. Adrenomedullin
reduces vascular hyperpermeability and improves survival in rat septic shock. Intensive Care Med.
2007; 33(4):703-10. https://doi.org/10.1007/s00134-007-0561-y PMID: 17318497

Xian X, Sakurai T, Kamiyoshi A, Ichikawa-Shindo Y, Tanaka M, Koyama T, et al. Vasoprotective Activi-
ties of the Adrenomedullin-RAMP2 System in Endothelial Cells. Endocrinology. 2017; 158(5):1359-72.
https://doi.org/10.1210/en.2016-1531 PMID: 28324104

Hoopes SL, Willcockson HH, Caron KM. Characteristics of multi-organ lymphangiectasia resulting from
temporal deletion of calcitonin receptor-like receptor in adult mice. PLoS One. 2012; 7(9):e45261.
https://doi.org/10.1371/journal.pone.0045261 PMID: 23028890

Puddinu V, Casella S, Radice E, Thelen S, Dirnhofer S, Bertoni F, et al. ACKR3 expression on diffuse
large B cell ymphoma is required for tumor spreading and tissue infiltration. Oncotarget. 2017; 8
(49):85068-84. https://doi.org/10.18632/oncotarget. 18844 PMID: 29156704

Szpakowska M, Meyrath M, Reynders N, Counson M, Hanson J, Steyaert J, et al. Mutational analysis
of the extracellular disulphide bridges of the atypical chemokine receptor ACKR3/CXCR?7 uncovers mul-
tiple binding and activation modes for its chemokine and endogenous non-chemokine agonists. Bio-
chem Pharmacol. 2018; 153:299-309. https://doi.org/10.1016/j.bcp.2018.03.007 PMID: 29530506

Kabashima K, Shiraishi N, Sugita K, Mori T, Onoue A, Kobayashi M, et al. CXCL12-CXCR4 engage-
ment is required for migration of cutaneous dendritic cells. Am J Pathol. 2007; 171(4):1249-57. https:/
doi.org/10.2353/ajpath.2007.070225 PMID: 17823289

Hampton HR, Bailey J, Tomura M, Brink R, Chtanova T. Microbe-dependent lymphatic migration of
neutrophils modulates lymphocyte proliferation in lymph nodes. Nature Communications. 2015; 6:7139.
https://doi.org/10.1038/ncomms8139 PMID: 25972253

PLOS ONE | https://doi.org/10.1371/journal.pone.0249068  April 15, 2021 20/20


https://doi.org/10.1093/cvr/cvw175
http://www.ncbi.nlm.nih.gov/pubmed/27357637
https://doi.org/10.1038/jid.2013.481
http://www.ncbi.nlm.nih.gov/pubmed/24352044
https://doi.org/10.1111/bph.14075
http://www.ncbi.nlm.nih.gov/pubmed/29059473
https://doi.org/10.1172/jci.insight.92465
https://doi.org/10.1172/jci.insight.92465
http://www.ncbi.nlm.nih.gov/pubmed/28352669
https://doi.org/10.1083/jcb.200901104
http://www.ncbi.nlm.nih.gov/pubmed/19398761
https://doi.org/10.1007/s10456-016-9523-8
http://www.ncbi.nlm.nih.gov/pubmed/27464987
https://doi.org/10.1016/j.devcel.2011.12.020
http://www.ncbi.nlm.nih.gov/pubmed/22306086
https://doi.org/10.1038/ncomms14135
https://doi.org/10.1038/ncomms14135
http://www.ncbi.nlm.nih.gov/pubmed/28098154
https://doi.org/10.1007/s00134-007-0561-y
http://www.ncbi.nlm.nih.gov/pubmed/17318497
https://doi.org/10.1210/en.2016-1531
http://www.ncbi.nlm.nih.gov/pubmed/28324104
https://doi.org/10.1371/journal.pone.0045261
http://www.ncbi.nlm.nih.gov/pubmed/23028890
https://doi.org/10.18632/oncotarget.18844
http://www.ncbi.nlm.nih.gov/pubmed/29156704
https://doi.org/10.1016/j.bcp.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29530506
https://doi.org/10.2353/ajpath.2007.070225
https://doi.org/10.2353/ajpath.2007.070225
http://www.ncbi.nlm.nih.gov/pubmed/17823289
https://doi.org/10.1038/ncomms8139
http://www.ncbi.nlm.nih.gov/pubmed/25972253
https://doi.org/10.1371/journal.pone.0249068

