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Abstract

Atypical chemokine receptors are expressed by discrete populations of stromal cells at specific
anatomical locations where they control leukocyte migration by scavenging or transporting
chemokines. ACKRA4 is an atypical receptor for CCL19, CCL21 and CCL25. In skin, ACKR4
plays indispensable roles in regulating CCR7-dependent APC migration, and there is a paucity of
migratory APCs in the skin-draining lymph nodes of Ackr4-deficient mice under steady state and
inflammatory conditions. This is caused by loss of ACKR4-mediated CCL19/21 scavenging by
keratinocytes and lymphatic endothelial cells. In contrast, we show here that Ackr4 deficiency
does not affect dendritic cell abundance in the small intestine and mesenteric lymph nodes, at
steady state or after R848-induced mobilisation. Moreover, Ackr4 expression is largely restricted
to mesenchymal cells in the intestine, where it identifies a previously uncharacterised population
of fibroblasts residing exclusively in the submucosa. Compared to related Ackr4 mesenchymal
cells, these Ackr4* fibroblasts have elevated expression of genes encoding endothelial cell
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regulators and lie in close proximity to submucosal blood and lymphatic vessels. We also provide
evidence that Ackr4* fibroblasts form physical interactions with lymphatic endothelial cells, and
engage in molecular interactions with these cells via the VEGFD/VEGFR3 and CCL21/ACKR4
pathways. Thus, intestinal submucosal fibroblasts in mice are a distinct population of intestinal
mesenchymal cells that can be identified by their expression of Ackr4, and which have
transcriptional and anatomical properties that strongly suggest roles in endothelial cell regulation.

Keywords
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Introduction

The intestine is a complex and dynamic organ requiring continuous interactions between
many different haemopoietic and non-haemopoietic (stromal) cell types. These include
resident and migratory leukocytes, epithelial cells, blood vessel endothelial cells (BECs)z,
lymphatic endothelial cells (LECs), neurons, and various populations of mesenchymal cells,
such as pericytes, smooth muscle cells, fibroblasts and myofibroblasts. Mesenchymal cells
play many important roles in the physiological and immunological functions of the intestine
(1-3). In addition to providing the 3-dimensional matrix of the tissue, they supply growth
factors critical for epithelial cell renewal, regulate endothelial cell function, contribute to
innate and adaptive immune responses, and provide surfaces upon which interstitial
leukocytes can move and migrate (1-3). These processes are essential for tissue
development and repair, maintenance of homeostasis, adaptation to environmental
challenges, and response to disease.

Leukocyte migration in the intestine and elsewhere is dependent on chemokines, which
engage conventional G-protein coupled chemokine receptors on leukocytes (4). There are
also four *“atypical’ chemokines receptors (ACKRS) that regulate chemokine-driven
migration by transcytosing, sequestering or scavenging chemokines (5). ACKRs are
typically expressed by stromal cells in highly defined microanatomical niches, where they
have been shown to be capable of regulating leukocyte trafficking into, within and out of
tissues (5). ACKR4, previously known as CCRL1 or CCX-CKR, binds with high affinity to
CCL19 and CCL21, which direct leukocyte migration through CCR7, and to CCL25, the
sole ligand for CCR9 (6-9). By internalising and degrading its ligands, ACKR4 can regulate
their abundance and shape chemokine gradients (10-12). /n vivo, this has been most studied
in the skin where, under steady state and inflammatory conditions, the CCR7-dependent
trafficking of Langerhans cells (LCs) and dendritic cells (DCs) to draining lymph nodes
(LNSs) is controlled by ACKR4 expression on keratinocytes, a subset of dermal LECs, and by
LECs lining the ceiling of the LN subcapsular sinus (SCS) (11-15). CCRY7 is also essential
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for the migration of DCs from the small intestine (SI) to the mesenteric LNs (MLNSs) (9), but
the function of ACKR4 in this context has not been explored. Ackr4 transcripts are
detectable in the Sl and colon of mice (7), and GFP™ cells are present in the SI of Ackr#/+
reporter mice (13), although the identity of these cells is not clear.

Here we report that Ackr4 deficiency does not alter migratory DC abundance in the SI or
mesenteric LNs (MLNs), either at steady state or after R848-induced DC mobilisation. Thus
ACKRA4 in the Sl, in contrast to the skin, serves no detectable indispensable role in
regulating DC trafficking to draining LNs. We also find that Ackr4 expression in the Sl and
colon, unlike the skin, is largely restricted to a subset of mesenchymal cells. These Ackr4*
cells represent a novel and discrete population of fibroblasts that reside exclusively in the
intestinal submucosa, and which, to our knowledge, have not been characterised before. We
show that these Ackr4* fibroblasts preferentially express an array of genes encoding
endothelial cell regulators, and that they lie in close proximity to blood and lymphatic
vessels in submucosa. We also provide evidence that LECs and Ackr4* fibroblasts
physically interact, and that these two cell types are equipped to engage in unique reciprocal
molecular interactions through the VEGFD/VEGFR3 and CCL21/ACKR4 axes.

Materials and Methods

Mice

Wild type, Ackr4!- (Ackr4!™LIRjbr: . informatics.jax.org/allele/key/625599 (16)),
Ackrd3™!* and AckrPI9P (Ackrd™1CeDl: . informatics.jax.org/allele/key/817740) (13)
mice, all on a C57BL/6 background, were bred and maintained in specific pathogen-free
conditions in the Central Research Facility at the University of Glasgow. Female mice 6-11
weeks of age were used in all experiments, which were performed under the auspices of UK
Home Office Licences.

Preparation of single cell suspensions

Single cell suspensions were generated from intestinal tissue by enzymatic digestion as
described previously (17-19). Briefly, excised Sl and colons were washed in 2mM EDTA in
HBSS for 3 x 20min at 37°C. Tissue was then digested in R10 medium (10% FCS, 2mM
EDTA in RPMI 1640 (Thermo Fisher, Waltham, MA, USA)) containing 1mg/ml
Collagenase VIII (Sigma Aldrich, St Louis, MO, USA) for Sl digests, or 0.65mg/ml
Collagenase V (Sigma Aldrich), 0.45mg/ml Collagenase D (Roche Diagnostics, Mannheim,
Germany), 1mg/ml Dispase (Thermo Fisher) and 30ug/ml DNase | (Roche Diagnostics) for
colon digests. Digests were then passed through a 40um cell strainer, and the cells pelleted
at 400g for 5min.

In some experiments cells from the intestinal muscularis externa (ME) containing the
longitudinal muscle (LM) and circular muscle (CM) were isolated as described previously
(20). Briefly, ME from small intestine and colon was dissected from the mucosa and
enzymatically digested in MEMa medium (Lonza, Verviers, Belgium) containing 100ug/ml
of Penicillin, 200ug/ml of Streptomycin, 50uM B-mercaptoethanol, 5% fetal calf serum,
0.5mg/ml protease type | (Sigma-Aldrich), 0.25mg/ml collagenase type IV (Sigma-Aldrich)
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and 5U/ml DNase | (Sigma-Aldrich) for 15min at 37°C. Cell suspensions were filtered
through a 40um cell strainer, and the cells were pelleted at 1500 rpm for 5min.

Flow cytometry and cell sorting

1-6 x 106 cells were blocked using anti-CD16/CD32 Ab (Biolegend, San Diego, CA) and
labelled with fluorescently conjugated Abs in the dark as described previously (17-19). The
following anti-mouse Abs were purchased from Biolegend: CD103-PE (2E7), CD11c-
PE/Cy7 (N418), CD146-PerCP/Cy5.5 and CD146-APC (ME-9F1), B220-PerCP/Cy5.5
(RA3-6B2), CD3e-PerCP/Cy5.5 (145-2C11), CD31-BV605 and CD31-PE (390), CD45-
PerCP/Cy5.5, CD55-PE (RIKO-3), CD66a-APC (Mab-CC1), CD105-APC (MJ7/18),
CD106-PE (429), CD9-Alexa Fluor® (AF) 647 (MZ3), CD90.2-PE (30-H12), EPCAM-
PerCP/Cy5.5 and EPCAM-APC/Cy7 (G8.8), F4/80-BV605 and F4/80-APC (BM8), GP38-
PE/Cy7 (8.1.1), ICAM1-PE (YN1/1.7.4), Ly6G-PE (1A8), MHCII-BV510 (M5/114.15.2),
NK1.1-PerCP/Cy5.5 (PK136), PDGFRa-PE (APA5), SCA1-APC (D7). The following anti-
mouse Abs were purchased from eBioscience (San Diego, CA): CD11b-AF700 and CD11b-
eFluor 450 (M1/70), CD45-AF700 and CD45-eFluor 450 (30-F11), CD166-PE (ALCA48),
Ly6C-eFluor 450 (HK1.4), Ter119-eFluor 450 (TER-119). BD Biosciences (Franklin Lakes,
NJ) supplied CD29-PE (HM B1-1), CD34-AF647 (RAM34) and Siglec F-PE (E50-2440).
Dead cells were excluded using 7AAD (Biolegend) or Fixable Viability Dye eFluor 780
(eBioscience, San Diego, CA). Stained cells were analysed or sorted using an LSR Il (BD
Biosciences), or a FACS Aria |, llu or 111 (BD Biosciences). The purity of all sorted cell
populations was >95%. Analysis was performed using FlowJo v10 (Tree star, Ashland, OR).

CCL19AF647 yptake assay

Prior to staining of surface markers, 1-2 x 108 cells were incubated in 250ug/ml of AF647-
labelled CCL19 (CCL19AF847: Almac, Craigavon, UK) in R10 medium containing 20mM
HEPES (Thermo Fisher) for 1h at 37°C, as described previously (21-23).

DSS-induced colitis

Mice received 2% dextran sodium sulfate (DSS) (MP Biomedicals, Santa Ana, CA) in sterile
distilled water ad /ibitum for 5d. Control animals received sterile water. Colitis scoring was
performed as described previously (24).

R848-induced DC mobilisation

Wild type and Ackr4’- mice received an i.p. injection of 100ug of R848 (Invivogen, San
Diego, CA) in 100yl of sterile PBS. Control animals were injected with 100pl of sterile PBS
alone. Mice were culled 12h or 24h following injection.

Immunofluorescent microscopy

Tissues were fixed for 3h in 1% methanol-free paraformaldehyde (Thermo Fisher) in PBS,
washed for 1h in PBS and then frozen in Optimal Cutting Temperature compound (Cell
Path, Newton, UK). Embedded tissue was then cut into 7um sections, which were blocked
using PBS containing 1% BSA (Sigma Aldrich) and 10% donkey serum (Sigma Aldrich)
before being stained in the dark for >8h with a primary Ab cocktail. The following anti-
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mouse monoclonal Abs were used: CD45-eFluor 450 (30-F11), unlabelled Endomucin (rat-
derived; V.7C7), and LYVE1-eFluor 660 (ALY7) from eBioscience; PDGFRa-biotinylated
(APA5) (Biolegend); and CD31-purified (MEC 13.3) (BD Bioscience). Polyclonal anti-
mouse Abs were also used: anti-CCL21 and anti-VEGFR3/FIt4 (both generated in goat;
R&D systems (Minneapolis, MN)), and anti-alpha smooth muscle actin (aSMA) (rabbit-
derived; Abcam (Cambridge, UK)). Unlabelled primary Abs were visualised using
polyclonal, directly conjugated Abs including donkey anti-goat AF555, donkey anti-goat
AF647, donkey anti-rat AF594, goat anti-rat AF555, and goat anti-rabbit AF647, all from
Thermo Fisher. Biotinylated primary Abs were visualised using Streptavidin DyLight 549
(\Vector Labs, Burlingame, CA). When biotinylated Abs were used, tissue sections were also
blocked using an Avidin/Biotin Blocking kit (VectorLabs) in accordance with the
manufacturer’s instructions. GFP expression in samples from Ackr43™/* mice was directly
detected by fluorescence microscopy without using anti-GFP antibodies. Images were
acquired on a Leica SP5 confocal laser-scanning microscope or an EVOS FL Cell Imaging
System (Thermo Fisher).

RNA isolation

Purified cells were pelleted and lysed in 500ul RLT lysis buffer (Qiagen, Hilden, Germany).
Lysed cells were homogenised using QlAshredders (Qiagen). Under RNase-free conditions,
RNA was isolated using an RNeasy Micro kit (Qiagen). Genomic DNA contaminants were
digested on column using the RNase-free DNase kit (Qiagen).

Transcriptomics

Microarray assays were performed on GeneChip® Mouse Transcriptome Arrays 1.0 by
Almac Diagnostics Ltd. Briefly, purified total RNA was converted into sense strand cDNA
and amplified using an Ovation Pico WTA System V2 kit (NUGEN, San Carlos, CA).
Amplified cDNA was then fragmented and labelled using an Encore Biotin module
(NUGEN). Fragmented cDNA was then hybridised to GeneChip Mouse Transcriptome
Arrays 1.0 (Affymetrix, Santa Clara, CA, USA). Procedures were carried out as described
by the manufacturers. Datasets were analysed using GeneSpring GX software. Data were
normalised using a variant of the robust multichip average method (RMAZ16). Normalised
data were analysed using unpaired ftests to determine the significance of gene expression
differences. The resulting Pvalues were adjusted for multiple comparisons using the
Benjamini-Hochberg multiple testing correction at a false discovery rate (FDR) of 0.1.
Differentially expressed genes were assigned gene ontology terms and grouped into
biological processes using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) Bioinformatics Resources v6.8 (https://david.ncifcrf.gov). Analysis was
performed using protocols developed by Huang and colleagues (25, 26). Significance of
enrichment was determined using a modified Fisher’s exact test and a Benjamini-Hochberg
multiple testing correction was used to correct for the rate of type I errors. Enrichment of
biological processes was considered significant if £< 0.05. The microarray data have been
deposited in NCBI’s Gene Expression Omnibus database (https://www.nchi.nlm.nih.gov/
geo/), and are accessible through GEO Series accession number GSE113665.
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Total RNA was reverse transcribed with random primers using Quantitect Reverse
Transcription kit (Qiagen). Quantitative real-time polymerase chain reaction (QPCR)
amplifications were performed in triplicate using PerfeCTa® SYBR® Green FastMix®
(Quanta Biosystems, Gaithersburg, MD, USA) as described previously (27). A 500uM mix
of forward and reverse primers was used per reaction. Primers were designed using Primer3
Input software (version 0.4.0) and generated by IDT technologies. Primer sequences were as
follows (5° to 3”): Adm. TCT TGG ACT TTG GGG TTT TG and ATT CTG TGG CGA
TGC TCT G; Ccl21: CCA ACT CAC AGG CAA AGA GG and GCC AGG TAA GAA
AGG GAT GG; Ctsh. TCG CCA GTG AAA AAT CAG G and CCC GTG GTA GAG AAA
GTC CA; Fap. CGC ACA GAC CAA GAA ATA CAA G and CAA ACT GAG GAG GCA
GAA TCA,; Figf. AGC CAG GAG AAC CCT TGA TT and GGG CAA CAG TGA CAG
CAAC; GremI. CCT TTC AGT CTT GCT CCT TCT G and CGT GTG ACCCTT TTC
TTC TTG; //6: TTC CAT CCAGTT GCC TTC TT and ATT TCC ACG ATT TCC CAG
AG; Serpinel: GTA AAC GAG AGC GGC ACA G and CCG AAC CAC AAA GAG AAA
GG; and 7ek: TGA GAT GCC TGC GTT TAC TG and TTG TAG TTC TGT CTG CCG
TTG T. QPCR reactions were performed using a Prism® 7900HT Sequence Detection
System (Life Technologies, Invitrogen, CA, USA) for 40 cycles. Target gene expression was
normalised to expression of a reference gene, 76p, which encodes the TATA-box binding
protein: preliminary data indicated that this gene had very similar levels of expression
between different iMC populations. The sequences of the 7Hp-specific primers were TGC
TGT TGG TGA TTG TTG GT and AAC TGG CTT GTG TGG GAA AG. Fold change
values were calculated using the equation: Fold Change = 2-22CT, The mean ACT of the
control samples was used as a calibrator.

Statistical analysis

Results

Data were analysed using Prism 6 software (GraphPad, San Diego, CA) and are represented
as mean +1 SD. Statistical tests used are indicated in the figure legends.

Ackr4 is expressed by MLN LECs and a subset of intestinal mesenchymal cells in steady
state and during inflammation

To characterise Ackr4 expression in MLN and intestine, we used flow cytometry to examine
GFP expression by CD45" leukocytes and CD45" stromal cells in Ackr49fP'* reporter mice
(Ackrd™1Cebly (13) using wild-type (WT) mice as controls. As in peripheral lymphoid
tissues, blood and skin (11-13), CD45™ cells in the MLN, Sl or colon were entirely GFP-
(Fig. 1A). However, GFP* cells were present in the CD45™ compartment of all tissues (Fig.
1A).

LN stromal cells can be subdivided according to expression of CD31 and GP38 into GP38"
CD31" BECs, GP38*CD31* LECs, GP38*CD31" fibroblastic reticular cells (FRCs), and a
‘double negative’ (DN) population containing pericytes and other rare stromal cell types
(28). A substantial proportion (28-52%) of LECs were GFP* in the MLN of Ackr49f/+
mice, while all other stromal cells lacked GFP (Fig. 1B and E).
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Amongst CD45- cells in digests of SI and colon, epithelial cells were identified as EPCAM®,
while EPCAM- cells were subdivided into GP38-CD31* BECs, GP38*CD31* LECs,
GP38*CD31" cells (referred to hereafter as intestinal mesenchymal cells (iMCs)), and a
GP38-CD31" DN population (Fig. 1C). In contrast to the MLN, virtually all LECs in the SI
and colon of Ackr#9™* mice were GFP" (Fig. 1D-E). GFP was also barely detectable in
epithelial cells, BECs and DN cells in the SI and colon of Ackr#9™/* mice (Fig. 1D). The
vast majority of GFP* cells in these tissues were in the iMC population (Fig. 1D), with on
average ~25% and ~35% of iMCs expressing GFP in the Sl and colon, respectively (Fig.
1F).

To determine if Ackr4 expression in the intestine might be modified by inflammation, we
induced colitis in Ackr4#'* mice by administering 2% DSS in the drinking water. All DSS-
treated mice had developed clinical colitis by day 5 of treatment (Supplementary Fig. 1A-C)
and this led to a decrease in the proportion of colonic iMCs that were GFP* from an average
of ~30% to ~20%. However, the overall pattern of GFP expression in Ackr#™* mice was
unchanged, with the dominant GFP* populations being iMCs in Sl and colon, and LECs in
the MLN (Supplementary Fig. 1D-G, and data not shown). Thus, colonic inflammation is
not associated with a change in the distribution of Ackr4 expression.

iMCs and MLN LECs express functional ACKR4 protein

Next, we sought to identify cells expressing ACKR4 protein. Using samples from Ackr4-
deficient (Ackr4"™m1.-1Rjbn (16)) mice as controls, commercially available anti-ACKR4
antibodies repeatedly failed to provide convincing detection of ACKR4 in the intestine of
WT mice by flow cytometry or immunofluorescence microscopy (data not shown). We
therefore used fluorescent chemokine uptake assays, a technique that we have used to
successfully and sensitively detect ACKR expression in other contexts (12, 21-23). Single
cell suspensions of MLN, SI and colon from WT and Ackr4-deficient mice were incubated
ex vivowith CCL19AF647 and analysed by flow cytometry (Fig. 2). Consistent with the
analysis of GFP expression in Ackr4P'* mice (Fig. 1), ACKR4-dependent CCL19AF647
uptake was restricted to LECs in MLN (Fig. 2A) and iMCs in Sl and colon (Figs. 2B-D).
Thus, iMCs and MLN LECs express ACKR4 protein capable of internalising CCL19.

Ackr4 deficiency does not affect DC migration from the intestine to the MLN

ACKR4 regulates CCR7-dependent trafficking of DCs and LCs from the skin under steady
state and inflammatory conditions, and Ackr4-deficient skin-draining LNs contain fewer
DCs/LCs than WT controls, while the skin contains more (11-13). DC trafficking from the
Sl to MLN is also CCR7-dependent (29-31). However, we found no significant differences
in the numbers or relative proportions of total DC, or their subsets, in the SI LP or MLN of
WT and Ackr4-deficient mice (Fig. 3A-B and data not shown; DC gating strategy in
Supplementary Fig 2A-B). This was also the case after injection of R848, a synthetic
TLR7/8 agonist that stimulates rapid CCR7-dependent mobilisation of DC from the SI LP to
the MLN (30, 32) (Fig. 3C and Supplementary Fig 2C). ACKR4 is therefore dispensable for
steady state and R848-induced DC migration from SI to MLN.
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Ackr4 expression defines a discrete subset of intestinal fibroblasts

We next explored iMC heterogeneity and considered whether Ackr4 expression identifies a
specific subset of iMCs. This was done by analysing iMCs from Ackr49™/* mice for
expression of twelve mesenchymal cell markers: CD9, CD29 (integrin p1), CD54 (ICAML1),
CD55 (DAF), CD66a (CEACAM-1), CD90 (Thy1), CD105 (endoglin), CD106 (VCAM1),
CD140a (PDGFRa), CD146 (MCAM), CD166 (ALCAM) and SCAL.

All these markers, except CD105, CD166, VCAM1 and CEACAM-1, were detected on
some or all iMCs in both Sl and colon (Fig. 4 and data not shown). iMCs were divided into
three populations based on expression of CD146 and Ackr4 (Fig. 4A-B). A small population
(P1 in Fig. 4A-B) was uniformly CD146*CD9*CD29" and lacked Ackr4, ICAM1, PDGFRa
and CD34 (Fig. 4C-D). In contrast, the larger CD146"Ackr4 and CD146 Ackr4*
populations (P2 and P3 in Fig. 4A-B) were uniformly SCA1*ICAM1*PDGFRa™, had lower
expression of CD9 and CD29, and were mostly (P2), or all (P3), CD34* (Fig. 4C-D).
Colonic iMCs typically expressed less CD55, but more CD9 and CD90, than SI iMCs (Fig.
4C-D). CD146"Ackr4 and CD146°Ackr4" iMCs from the same tissue differed in their
expression of CD34 and CD55 (Sl and colon) and CD90 (colon only), each of which was
expressed more uniformly by Ackr4-expressing cells (Fig. 4C-D). The surface phenotype of
Ackr4" iMCs, particularly the presence of CD34 and PDGFRa, indicates that these cells are
fibroblasts.

Thus although iMCs comprise a complex mixture of different cell types, Ackr4* iMCs in the
Sl and colon appear to be a discrete and relatively homogeneous subset of fibroblasts.

Ackr4* fibroblasts are restricted to the intestinal submucosa

Next we sought to determine if Ackr4* fibroblasts occupy a specific anatomical niche.
Immunohistological analysis of SI and colon from Ackr4™* mice showed that GFP* cells
were absent from the lamina propria (LP), but abundant in the submucosa particularly in
regions directly underlying the LP (Fig. 5A-B). Unexpectedly, cells of the longitudinal
muscle (LM) layer of the SI and colon were also GFP* (Fig. 5A-B). No green fluorescent
cells were present in the submucosa or muscle layers of control WT Sl and colon sections
(Supplementary Fig. 3A). In both tissues, all the GFP* cells in the submucosa were
PDGFRa*, and virtually all PDGFRa™ cells in this region were GFP* (Fig. 5C and data not
shown). In contrast, GFP* cells in the aSMA* LM layer of the Sl and colon lacked
PDGFRa, although PDGFRa* cells lacking GFP and aSMA were readily detectable
between, and less frequently within, the LM and circular muscle (CM) (Fig. 5D-E).
PDGFRa* cells were also abundant in the LP, particularly in the region underneath the
epithelium, but these cells were uniformly GFP- (Fig. 5C, F-G). All GFP* iMCs detected in
the flow cytometry experiments were PDGFRa* (P3 in Fig. 4) so must all be submucosal
fibroblasts: the GFP* cells in the LM layer are presumably not liberated alive when
preparing single cell suspensions. On the other hand, the GFP-PDGFRa* iMC population
identified by flow cytometry (P2 in Fig. 4) presumably contains the PDGFRa™* cells that we
observed in the LP and between and within the LM and CM layers.
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Given the location of Ackr4-expressing cells, we were interested in whether Ackr4-
deficiency was associated with any changes in the DC and lymphocyte content of the
muscularis externa (ME). This structure was therefore dissected from the SI and colon of
WT and Ackr4-deficient mice, digested, and analysed by flow cytometry (20)
(Supplementary Fig. 2D). Lymphocytes were barely detectable in the MM of either the
colon or the Sl (data not shown), but DCs (CD45*CD64 CD11c*MHCI1M) were present.
However, neither the overall number of MM DCs, nor the size of individual MM DC
subsets, was different between WT and Ackr4-deficient mice.

Ackr4 expression therefore shows exquisite anatomical restriction in the intestine, and
defines a discrete population of fibroblasts resident in the submucosa, but Ackr4 deficiency
does not lead to any detectable change in DC abundance in the ME.

Ackr4* fibroblasts show elevated expression of genes encoding regulators of endothelial

cells

To identify genes specifically expressed by submucosal fibroblasts, we FACS-purified
Ackr4* fibroblasts and Ackr4 iMCs from the SI of Ackr4™/* mice (Fig. 6A) and compared
their transcriptomes using Mouse Transcriptome Arrays (Fig. 6B-D). In addition to Ackr4,
169 entities encompassing ~125 characterised genes were differentially expressed between
the two groups by at least 2-fold (p<0.05; FDR 0.1) (Fig. 6B-C, Supplementary Table 1).
Interestingly, more than half of the genes elevated in Ackr4* fibroblasts encode secreted or
cell surface proteins (Supplementary Table 1). Many of these are components, or regulators,
of the extracellular matrix. Cytokines and their regulators were also present. It appears likely
therefore that Ackr4* fibroblasts shape the submucosal microenvironment to regulate the
behaviour of cells resident in, or migrating through, this region of the intestine.

Interestingly, gene ontology clustering of genes elevated in Ackr4* fibroblasts identified
Positive regulation of angiogenesis as the most significantly enriched biological process
(Fig. 6D). The genes responsible for this association were Adm (Adrenomedullin), Col8al
(Collagen type VIII a1), Ctsh (Cathepsin H), Fap (Fibroblast activation protein-a.), Figf
(VEGFD), Grem1 (Gremlin-1), //6 (IL-6), Serpinel (Plasminogen activator inhibitor-1) and
Tek (Angiopoietin receptor Tie2), all but one of which encode secreted or surface proteins
(Fig. 6C, Supplementary Table 1). Moreover, several other genes significantly elevated in
Ackr4* fibroblasts encode secreted proteins that have also been implicated in endothelial
cell regulation, including Pi16 (Peptidase inhibitor 16) (33), Postn (Periostin) (34-36), /sm1
(Isthmin-1) (37), S/it2 (38, 39), Nitn4 (Netrin-4) (40-42), and Chrdl1 (Chordin-like-1) (43).

To validate the transcriptomic data we compared the expression of eight of these endothelial
cell regulators (Adm, Ctsh, Fap, Figf, Greml1, 116, Tekand Serpinel) in GFP* and GFP-
iMCs purified from the SI of Ackr49™* mice. GFP* cells more strongly expressed all eight
genes (Fig. 6E). Moreover, six of the genes we analysed (Adm, Fap, Figf, Grem1, Tek and
Serpinel) were more highly expressed by SI iMCs than by endothelial cells, leukocytes or
epithelial cells from the SI (Fig. 7), which, together with the data in Fig. 6E, indicate that
Ackr4* submucosal fibroblasts are the dominant source of these endothelial cell regulators
in the intestine.

J Immunol. Author manuscript; available in PMC 2019 January 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Thomson et al.

Page 10

Collectively, these observations indicate that Ackr4* fibroblasts have the potential to create a
microenvironment that controls the biology of endothelial cells.

Ackr4* fibroblasts are intimately associated with blood and lymphatic vessels in the

submucosa

In light of the transcriptomic and QPCR data, we performed fluorescence microscopy on
sections of intestine from Ackr49'P/* mice to examine the physical relationship between
Ackr4* fibroblasts and endothelial cells lining blood and lymphatic vessels. This revealed
that Ackr4" fibroblasts reside in close proximity to both CD31*LYVE1" blood vessels and
CD31MLYVEL* lymphatic vessels in the submucosa of the SI (Fig. 8A) and colon
(Supplementary Fig. 3B). Many Ackr4* fibroblasts showed particularly close physical
interactions with lymphatic vessels, and were often seen projecting extensions onto the
LYVEL* LECs lining these structures (Fig. 8B). Moreover, LECs in the submucosa
expressed VEGFR3 (Fig. 8C and Supplementary Fig. 3C), a receptor for VEGFD. VEGFD
is encoded by the Figfgene, which shows strong preferential expression by Ackr4*
fibroblasts in the steady state intestine (Fig. 6E and 7). Endothelial cells (Fig. 9A), and
specifically LYVEL1* LECs (Fig. 9B), were also the principal source of the ACKR4 ligand
CCL21 in the intestine. Although Cc/21 transcripts were undetectable in iMCs (Fig. 9A),
under high magnification small deposits of CCL21 protein could be seen associated with
GFP* fibroblasts in the intestine of Ackr#™* mice (Fig. 9C). These were virtually absent
from GFP* submucosal fibroblasts in Ackr4-deficient Ackr43f/9™ mice (Fig. 9C),
indicating that they are likely generated by ACKR4-mediated uptake of LEC-derived
CCL21.

Thus, Ackr4* fibroblasts are a rich source of endothelial cell regulators and reside in close
proximity to blood and lymphatic vessels in the submucosa. They form intimate physical
associations with LECs, and are likely to regulate the function of these cells by producing
the VEGFR3 ligand VEGFD and by scavenging LEC-derived CCL21 using ACKRA4.

Discussion

Our study provides the first detailed analysis of ACKR4 in the intestine and reveals
fundamental differences in the expression and function of this ACKR in the skin and
intestine. Furthermore we have identified a previously uncharacterised population of
intestinal fibroblasts that expresses ACKR4 together with genes encoding regulators of
endothelial cell function. These Ackr4" fibroblasts associate closely with the submucosal
vasculature, and we have provided evidence that they engage in physical and molecular
interactions with LECs. Together these data provide novel insights into the complexity and
heterogeneity of the intestinal mesenchymal cell compartment, and suggest a specific role
for Ackr4* fibroblasts in regulating blood and lymphatic vessels.

Like keratinocytes, dermal LECs, and LECs on the SCS of the skin-draining LNs (SLNs)
(12), subsets of iMCs and MLN LECs were capable of mediating ACKR4-dependent uptake
of ACKRA4 ligands. This was evident in CCL19AF847 yptake experiments performed ex vivo,
and by the comparison of anti-CCL21 immunostaining of GFP* cells in the intestines of
Ackrd™* mice and Ackr4-deficient Ackr49P/9fP mice. However, the functional significance
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of ACKR4-mediated chemokine scavenging in the intestine remains unclear. Ackr4
deficiency disrupts steady state and inflammation-driven APC trafficking from skin to SLN
(11-13), but we could find no evidence for this in the intestinal immune system, despite
APC migration to draining LNs being profoundly dependent on CCR7 in both tissues (8, 9,
14, 15, 29-31). This likely reflects differences in the anatomical location of the ACKR4-
expressing cells in the two tissues. In skin, ACKR4 is strongly expressed by keratinocytes,
which may explain why the migration of epidermal LCs is particularly sensitive to Ackr4
deficiency (11, 12). In contrast, the vast majority of migratory intestinal DCs are in the
mucosal LP and will use CCR7 to exit via LP-resident CCL21-expressing lymphatic vessels
that are some distance from the Ackr4" cells. We considered the possibility that ACKR4
might regulate the migratory behaviour of CCR7* cells in the deeper layers of the intestine
in response to CCL21 derived from submucosal LECs. However, the rare DC populations
present in the ME under steady state conditions were not detectably affected by the absence
of ACKRA4.

A further activity of ACKR4 specifically in the mucosa of the Sl could be to regulate the
function of CCL25. CCL25 contributes to the recruitment of activated CCR9* T and B cells
into the LP and epithelium of the SI (9). It is expressed by intestinal epithelial cells, most
prominently those at the base of the crypts (44), and it is conceivable that ACKR4-mediated
scavenging by neighbouring submucosal fibroblasts could help maintain CCL25 gradients in
this region. However, plasmacytoid DCs (pDCs), whose presence in the SI LP is dependent
on CCR9 (45), are present in normal numbers in the SI of Ackr4-deficient mice, and we
have been unable to detect any effect of the absence of Ackr4. Furthermore, we have found
normal numbers of T and B cells in the SI LP of steady state Ackr4-deficient mice, while
activated intestinal T cells home normally to this site in these animals and they have
unaltered susceptibility to DSS colitis (our unpublished observations). In parallel, Ackr4-
deficient mice have normal architecture and composition of intestinal secondary lymphoid
organs such as the mesenteric lymph nodes and Peyer’s patches. While we cannot formally
exclude a role for ACKR4 in the development of smaller organised lymphoid structures,
such as cryptopatches and isolated lymphoid follicles (46), this seems unlikely in view of the
normal numbers of T and B cells present in the lamina propria of Ackr4-deficient mice.
Further studies are therefore required to determine the immunological functions of ACKR4
in the intestine.

GFP expression in Ackr#3™* mice has been used to identify discrete populations of stromal
cells, including subpopulations of thymic epithelial cells (47, 48) and LECs on the SCS
ceiling of LNs (11). A key finding of our study is that GFP expression in Ackr#™/* mice
also identifies a discrete population of fibroblasts in the mouse intestine. To our knowledge,
these cells have not been described previously, and indeed, prior to our study, the
submucosal stromal compartment was very poorly characterised.

Ackr4* fibroblasts, which our surface immunophenotyping suggests are a relatively
homogeneous population of cells, are clearly anatomically distinct from mesenchymal cells
located in the LP, such as myofibroblasts, LP fibroblasts, crypt stromal cells (49), PDGFRa*
subepithelial cells (50), pericytes and smooth muscle cells (1). They are also distinct from
the PDGFRa™ fibroblast-like cells that we observed in, and between, the LM and CM
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layers, and which have been reported previously by others (51). In our FACS analysis, these
various Ackr4 mesenchymal cells were either in the small GP38"CD31" DN population or in
the GP38*CD31" cell subsets that we designated P1 and P2. P2 contained all PDGFRa*
iMCs that lacked Ackr4 expression. These cells appear to share many features with Ackr4*
iMC:s, as evident from their surface immunophenotype and the relatively small number of
differentially expressed genes identified in the transcriptomic analysis. The surface
immunophenotype of the P1 population suggests that these cells are less closely related to
other GP38" iMCs. Indeed, transcriptomic analysis indicated that many hundreds of genes
are differentially expressed between P1 cells and other GP38* iMCs (data not shown).
Particularly prominent amongst genes preferentially expressed by P1 cells were those
encoding markers of enteric glial cells, including Plp1, S100b6, Gfapand Sox10(52) (data
not shown).

Our combined transcriptomic, QPCR, and microscopic analyses strongly suggest that an
important function of Ackr4* fibroblasts is to regulate endothelial cells. The submucosa is
rich in blood and lymphatic vessels, and capillaries in the LP originate from these vessels.
Thus Ackr4" fibroblasts are well positioned to regulate capillary growth and endothelial cell
function in both arms of the vasculature. Many of the genes preferentially expressed by
Ackr4* fibroblasts encode proteins that regulate BECs. Interestingly, in thymus, ACKR4
also appears to be expressed by stromal cells adjacent to blood vessels, specifically those at
the corticomedullary junction where thymocyte progenitors enter and mature thymocytes
leave the thymus (48). However, the close physical association between Ackr4* fibroblasts
and LECs in the submucosa was particularly striking, and we found strong evidence of
potential crosstalk between these two cell types through the CCL21/ACKR4 and VEGFD/
VEGFR3 pathways. Moreover, several other genes preferentially expressed by Ackr4*
fibroblasts encode proteins that regulate LECs, including Tie2 (53, 54), adrenomedullin (55),
netrin-4 (41) and periostin (35).

The lymphatic vessel network of the intestine is unique. Not only does it act as a crucial
conduit for tissue fluid and migratory DCs, it also plays a crucial role in metabolism by
mediating the transport of dietary fat out of the intestine in the form of chylomicrons. These
lipoprotein particles enter the lymphatic capillaries in Sl villi and travel in the lymph to the
bloodstream. Moreover, under steady state conditions lymphatic vessels in the intestine,
unlike those in other tissues, are in a permanent state of regeneration and proliferation (56,
57). This is dependent on VEGFR2- and VEGFR3-induced expression of the Notch ligand
delta-like 4 (DLL4) (57). Smooth muscle cell-derived VEGFC is the key VEGFR3 ligand in
this context, but VEGFD also makes a contribution (56), and Gremlinl, which is a VEGFR2
agonist (58), could play a role too. The strong and restricted expression of Adm by Ackr4*
fibroblasts is also particularly interesting given that adrenomedullin is critical for the
development and maintenance of lymphatic vessels (55). Indeed, recent elegant work has
shown that inducing the conditional deletion of Calcr/ (which encodes the adrenomedullin
receptor) exclusively in the LECs of adult mice leads to intestinal lymphangiectasia,
impaired lipid uptake, defective LEC expression of DLL4 and junctional proteins, and
failure to resolve intestinal inflammation (59). Together these findings indicate that a
number of the genes we have shown as being highly and specifically expressed by
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submucosal Ackr4* fibroblasts encode mediators that control homeostasis of the local
lymphatic vasculature.

Their high expression of Grem1 raises the possibility that Ackr4" fibroblasts may also be
capable of regulating epithelial cell turnover in the intestine. In addition to acting as a
VEGFR?2 agonist (58), Gremlinl is an antagonist of bone morphogenetic proteins (BMPS) 2,
4 and 7 (60) and this activity is thought to contribute to the maintenance of intestinal
epithelial stem cells (IESCs) (49, 61). Indeed, previous work has shown that CD34*GP38*
iMCs are a major source of Grem1 transcripts in the mouse intestine and can induce
Gremlinl-dependent expansion of IESCs in intestinal organoids in vitro (49). These
CD34*GP38* iMCs were reported to be present in the LP (49), but since we have found that
all Ackr4" fibroblasts express CD34 and GP38, a large fraction of CD34*GP38* iMCs
reside in the submucosa. Moreover, our data suggest that these submucosal cells express
more Greml. Indeed, when we purified Ackr4" and Ackr4 cells direct from the
CD34*GP38* iMC population of the Sl, transcripts encoding Gremlinl were >4-fold more
abundant in the Ackr4* cells (data not shown). The Ackr4" cells also showed higher
expression of genes encoding Wnt2b and R-spondinl (data not shown), two other important
IESC regulators reported to be specifically expressed by CD34*GP38* iMCs (49, 62-64). In
addition, our transcriptomic data show that Ackr4* fibroblasts have elevated expression of
Chrdl1, which encodes the BMP4 antagonist Chordin-like 1 protein (61), while Bmp3,
Bmp5and Bmp7were amongst the small number of genes whose expression was
significantly lower in Ackr4" cells (Supplementary Table 1). Collectively, these observations
suggest that Ackr4* fibroblasts are well equipped to regulate the IESC niche, and although,
like GREMI* mesenchymal cells in the human colon (61), they do not appear to lie
immediately adjacent to the crypt bases where the most primitive IESCs are found, it
remains possible that by producing Wnt2b, R-spondinl and BMP antagonists these cells can
contribute to IESC regulation and epithelial cell turnover.

To our knowledge, our studies are the first to characterise submucosal fibroblasts in mice. It
will now be of interest to dissect their contribution to the maintenance of homeostasis in the
Sl and colon, and to characterise their function in other contexts, such as during
development, injury, inflammation or tumorigenesis when angiogenesis and
lymphangiogenesis are prominent and vitally important processes. It will also be important
to characterise, in the context of health and disease, the phenotype and function of
submucosal mesenchymal cells in the human intestine. Ultimately, a deeper understanding
of the molecular and cellular properties of submucosal fibroblasts and other mesenchymal
cell populations could reveal novel therapeutic approaches to treat diseases affecting the
intestine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ackr4 isexpressed by LECsin the MLN and mesenchymal cellsin theintestine.
(A) Overlaid histogram flow cytometry plots showing GFP expression by CD45* (top

panels) and CD45™ cells (bottom panels) among single, live, Ter119- cells in cell suspensions
of the MLN, small intestine (SI) and colon of WT and Ackr&™* (Ackr4m1Ccbl) mice. (B)

Left panel: flow cytometry contour plot of stromal cell populations among single, live,
CD45Ter119 cells in the MLN, identifying GP38*CD31" fibroblastic reticular cells (FRC),
GP38*CD31* lymphatic endothelial cells (LEC), GP38-CD31* blood endothelial cells
(BEC) and GP38CD31" ‘double negative’ (DN) cells. Right panels: representative overlaid
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histogram plots showing GFP expression by stromal cell populations in the MLN of WT and
Ackr#P* mice. (C) Flow cytometric analysis of stromal cell populations among single,
live, CD45 Ter119 cells in the Sl and colon, identifying EpCAM* epithelial cells
(histograms), and GP38*CD31" intestinal mesenchymal cells (iMC), LECs, BECs and DN
cells in the EpCAM- population (contour plots). (D) Representative overlaid histograms
showing GFP expression by stromal cell populations in the Sl and colon of WT and
Ackr#3™* mice. In A, B and D, the numbers on the histogram plots indicate the percentage
of GFP™ cells in Ackr#™* samples. Flow cytometry plots in A-D are representative of
those from at least three individual experiments involving at least three mice of each
genotype. (E, F) Percentage of cells expressing GFP in LEC (E) and GP38*CD31" cell (F)
populations in the MLN (n=6), SI (n=23) and colon (n=20) of Ackr#'* mice. Mean+1SD
is indicated. Data are pooled from two or more individual experiments.
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Figure 2. ACKR4 isexpressed as a functional protein on a subset of iIMCsand MLN LECs.
Single cell suspensions prepared from WT and Ackr4-deficient (Ackr4-/-) mice

(Ackr4!™LIRjbry were incubated in medium containing CCL19AF647 for 1h at 37°C, then
labelled with fluorescent Abs, and analysed by flow cytometry. Stromal cell subsets were
identified from among live, single, CD45 Ter119" cells. (A-C) Representative overlaid
histogram plots showing uptake of CCL194F%47 by lymphatic endothelial cells (LEC) and
GP38*CD31" cells (i.e. fibroblast reticular cells (FRC) or intestinal mesenchymal cells
(iMC)) from (A) MLN (B) small intestine (SI), and (C) colon of WT and Ackr4-/- mice. The
numbers on the plots indicate the percentage of CCL19AF647_positive cells in the WT
samples. (D) Mean percentage of CCL19AF647_positive cells (+1SD) in the GP38+*CD31"
population in the MLN, Sl and colon of WT and Ackr4-/- mice (n=3/4 per group). Data are
representative of two individual experiments. ****p<0.0001, unpaired Student’s t test,
comparing data from the same tissue from WT vs Ackr4-/- mice.
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Figure 3. Ackr4 deficiency has no detectable effect on steady state or R848-induced migration of

intestinal DC tothe ML N.

At steady state, or after R848 treatment, DC subsets in the MLN and small intestine (SI) of
WT and Ackr4-deficient (Ackr4-/-) mice (Ackr4!™L1Rjbry were identified by flow cytometry
and quantified (for gating, see Supplementary Fig. 2A-B). (A) Numbers of CD11c*MHCII
*F4/80" resident DC and CD11c*MHCIINF4/80" migratory DC subsets in the MLN of
steady state WT and Ackr4-/- mice. (B) Numbers of CD11c*MHCII*F4/80° DC subtypes in
the Sl of steady state WT and Ackr4-/- mice. (C) Numbers of CD103*CD11b" and

J Immunol. Author manuscript; available in PMC 2019 January 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Thomson et al.

Page 22

CD103*CD11b* DC in the CD11c*MHCIINIF4/80" migratory DC population in the MLN of
WT and Ackr4-/-mice, 12 and 24 hours after i.p. administration of 100ug R848 and in PBS-
treated controls. (D) Numbers of CD103*CD11b™ and CD103*CD11b* cells within the
CD11c*MHCII*F4/80" DC population of the siLP of WT and Ackr4-/- mice 24 hours after
administration of R848 and in PBS treated controls. In all graphs, data from individual mice
are shown, along with the mean (+1SD) for each group. No statistically significant
differences are present between WT and Ackr4-/- data, and this was also seen in two or more
repeat experiments.
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Figure 4. Ackr4 expression and surface immunophenotyping identifies discrete subsets of iMCs.
(A-B) Flow cytometric histogram plots showing CD146 and GFP expression by live, single

CD45"GP38*CD31" iMCs from the (A) small intestine (SI) and (B) colon of Ackr48f/*
(Ackr4™m1Ccbl) mice. P1 cells are defined as CD146*GFP"; P2 as CD146'GFP"; and P3 as
CD146°GFP™*. The percentage of all iMCs found in the P1, P2 and P3 populations is
indicated. (C-D) Histogram plots showing expression of SCAL, ICAM1, PDGFRa, CD?9,
CD90, CD29, CD55 and CD34 by P1, P2 and P3 in the (C) Sl and (D) colon. Results are
representative of at least three individual experiments.
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Figure 5. Ackr4* fibroblasts populate the intestinal submucosa.
(A-B) Representative fluorescent microscopic images showing the location of GFP

expression (green) in transverse sections of (A) small intestine (SI) and (B) colon of
Ackrd™* (Ackr4m1Ccbl) mice co-stained with DAPI (blue). The image on the right of each
panel is a magnified version of the region shown in the box on the image to its left. LM,
longitudinal muscle; SM, submucosa; LP, lamina propria; Lu, lumen. (C) Representative
immunofluorescent microscopic image of section of colon from Ackr#™/* mouse
immunostained with Abs against PDGFRa (red) and LYVE1 (purple), and counterstained
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with DAPI (blue). Left, PDGFRa (red) only; right, composite image of all colours. The
submucosa (SM) and lamina propria (LP) are indicated and separated by the dotted line. (D-
G) Representative immunofluorescent microscopic images of sections of (D, F) Sl or (E, G)
colon of Ackr#3™* mice immunostained with Abs against PDGFRa (red) and aSMA
(purple), and counterstained with DAPI (blue). In D and E, longitudinal muscle (LM) and
circular muscle (LM) layers are labeled and their boundaries marked with dotted lines; in F
and G, lamina propria (LP) and lumen (Lu) are marked. Scale bars are shown on the images.
Images are representative of at least two individual experiments each involving two or more
mice.
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Figure 6. Ackr4* fibroblasts show elevated expression of multiple endothelial cell regulators.
(A) FACS gating strategy used to isolate Ackr4* and Ackr4 cells from among live single

CD45°GP38*CD31" cells from the small intestine of Ackr#™* (Ackr4miCedly mice. (B)
Heatmap showing the relative signal intensities of the 165 transcripts that were differentially
expressed between the Ackr4" and Ackr4 cells (Fold Change =2; adjusted p value <0.05;
FDR 0.1). (C) Volcano plot showing differences between Ackr4" and Ackr4 cells in their
expression of all genes analyzed, against the statistical significance of those expression
differences. Genes shown in red have a Fold Change =2 and an adjusted p value of <0.1:
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those on the right hand side are more highly expressed in Ackr4" cells; those on the left are
more highly expressed in Ackr4 cells. Ackr4 and genes analyzed in panel E are highlighted.
Significance was calculated using a modified t-test, and adjusted using a Benjamini
Hochberg multiple testing correction. (D) The biological processes most significantly
upregulated in Ackr4" cells compared to Ackr4 cells, as determined using DAVID
Bioinformatics Resources. (E) Relative expression of eight genes in Ackr4" and Ackr4
cells, as determined by QPCR analysis of cDNA from cells FACS-sorted from among live
single CD45"GP38*CD31" cells from the small intestine. Gene names are indicated at the
top of each graph. Data points from individual mice are shown, along with means (£1SD).
Mean expression in Ackr4 cells is setto 1. *p< 0.05, **p < 0.01, ***p< 0.001; Student’s t
test.
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Figure 7. Expression of genes encoding regulator s of endothelial cellsand |ESCs.
RNA was isolated from populations of cells that had been purified by FACS sorting from the

small intestine of wild-type mice. cDNA was prepared and analyzed by QPCR. (A)
Expression of eight genes encoding endothelial cell regulators by endothelial cells (CD45-
CD31™%), leukocytes (CD45"), intestinal mesenchymal cells (iMCs; CD45°GP38*CD31") and
epithelial cells (CD45"EPCAM™). Mean expression in iMCs is set to 1. *p< 0.05, **p< 0.01,
*** < 0.001; one way ANOVA. Only significant differences between iMCs and other cell
types are shown. (B) Expression of genes encoding key IESC regulators by Ackr4 and
Ackr4* cells purified from the CD34* iMC population (CD45"GP38*CD31" cells). Mean
expression in CD34% Ackr4" iMCs is set to 1. ***p< 0.001; Student’s t test. Gene names are
indicated at the top of each graph. Data points from individual mice are shown, along with
means (£1SD).
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Figure8. Intestinal Ackr4® fibroblastsinteract with the submucosal vasculature.
(A-B) Representative images captured by fluorescence microscopy from sections of small

intestine from Ackr#/* (Ackr4™1Ccbl) mice immunostained with fluorescent Abs against
(A) CD31 (red) and LYVE-1 (purple) or (B) LYVEL only (purple), and co-stained with
DAPI (blue). In A, the images in the left panel show individual colours; a composite image
is shown in the right panel. In B, images in (i) and (ii) show high power views of the areas
highlighted in the left panel, with arrows indicating sites of physical interaction between
LYVEL* cells and GFP* cells. LM, longitudinal muscle; SM, submucosa; LP, lamina
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propria. (C) Image of section of colon from Ackr43P/* mouse immunostained with Abs
against VEGFR3 (blue), CD45 (cyan) and blood vessel protein, endomucin (EMCN, red).
Right panels show high power views of the areas (i) and (ii) highlighted in left panel. Scale
bars are shown. Images are representative of those taken from at least three independent
experiments.
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Figure 9. ACK R4-dependent association of L EC-derived CCL 21 with submucosal Ackr4*
fibroblast.

(A) cDNA was prepared from RNA extracted from endothelial cells (CD45°CD31"),
leukocytes (CD45%), intestinal mesenchymal cells (iMCs; CD45 GP38*CD31") and
epithelial cells (CD45"EPCAM™) that had been FACS-sorted from the small intestine.
Expression of Cc/21 was analyzed by QPCR. Mean expression by iMCs is set to 1. Data
points from individual mice are shown, along with means (£1SD). ***p< 0.001; one way
ANOVA. (B-C) Representative images of sections of small intestine from (B, C) Ackr#/*
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or (C) Ackr4-deficient Ackr49™/9%0 ( Ackr4m1Ccoly mouse immunostained with Abs against
CCL21 (red) and LYVEL1 (purple), and co-stained with DAPI (blue). In B, the images in the
left panel show individual colors; a composite image is shown in the right panel. LM,
longitudinal muscle; CM, circular muscle; SM, submucosa; LP, lamina propria. In C, lower
panels show high power views of the areas highlighted in the panel above. Scale bars are
shown. Images are representative of two or more individual experiments.

J Immunol. Author manuscript; available in PMC 2019 January 01.



	Abstract
	Introduction
	Materials and Methods
	Mice
	Preparation of single cell suspensions
	Flow cytometry and cell sorting
	CCL19AF647 uptake assay
	DSS-induced colitis
	R848-induced DC mobilisation
	Immunofluorescent microscopy
	RNA isolation
	Transcriptomics
	QPCR
	Statistical analysis

	Results
	Ackr4 is expressed by MLN LECs and a subset of intestinal mesenchymal cells in steady state and during inflammation
	iMCs and MLN LECs express functional ACKR4 protein
	Ackr4 deficiency does not affect DC migration from the intestine to the MLN
	Ackr4 expression defines a discrete subset of intestinal fibroblasts
	Ackr4+ fibroblasts are restricted to the intestinal submucosa
	Ackr4+ fibroblasts show elevated expression of genes encoding regulators of endothelial cells
	Ackr4+ fibroblasts are intimately associated with blood and lymphatic vessels in the submucosa

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

