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Abstract

Regulatory T cells (Tregs) reside in non-lymphoid tissues where they carry out unique functions. 

The molecular mechanisms responsible for Treg accumulation and maintenance in these tissues 

are relatively unknown. Using an unbiased discovery approach, we identified LAYN (layilin), a 

C-type lectin-like receptor, to be preferentially and highly expressed on a subset of activated Tregs 

in healthy and diseased human skin. Expression of layilin on Tregs was induced by TCR-mediated 

activation in the presence of IL-2 or TGFß. Mice with a conditional deletion of layilin in Tregs had 

reduced accumulation of these cells in tumors. However, these animals somewhat paradoxically 

had enhanced immune regulation in the tumor microenvironment, resulting in increased tumor 

growth. Mechanistically, layilin expression on Tregs had minimal effect on their activation and 

suppressive capacity in vitro. However, expression of this molecule resulted in a cumulative 

anchoring effect on Treg dynamic motility in vivo. Taken together, our results suggest a model 

whereby layilin facilitates Treg adhesion in skin, and in doing so, limits their suppressive capacity. 

These findings uncover a unique mechanism whereby reduced Treg motility acts to limit immune 

regulation in non-lymphoid organs and may help guide strategies to exploit this phenomenon for 

therapeutic benefit.

*Address of Correspondence: Michael D. Rosenblum M.D., Ph.D., Health Sciences West - 1201B, 513 Parnassus Avenue, San 
Francisco, CA 94132, Ph: 415-476-1685, Michael.Rosenblum@ucsf.edu.
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Introduction

Foxp3-expressing Regulatory T cells (Tregs) are a subset of CD4+ T cells that play an 

essential role in establishing and maintaining immune homeostasis. Populations of these 

cells stably reside in both lymphoid organs and in specific peripheral (non-lymphoid) 

tissues. It is becoming increasingly appreciated that Tregs that reside outside of the 

lymphoid compartment have distinct functions that are largely dependent on their tissue 

microenvironment (1). Tregs resident in visceral adipose tissue play a role in metabolism 

(2), Tregs in lungs and skeletal muscle prevent injury and facilitate tissue repair (3–5) and 

Tregs in skin promote epithelial barrier regeneration, facilitate hair follicle cycling and limit 

fibrosis (6–8). Because Tregs are thought to mediate many of their functions in the tissues 

in which they reside, and optimal therapeutic approaches directed at either augmenting or 

inhibiting these cells will most likely require strategies that target specific subsets, it is of 

fundamental importance to further define the molecular pathways utilized by these cells in 

tissues.

Lymphocytes that stably reside in non-lymphoid organs express specific adhesion molecules 

that enable their steady-state maintenance and facilitate motility within the tissue during 

normal organ function. In skin, a large subset of Tregs preferentially localize to hair follicles 

(9–11) and the abundance of these cells fluctuates with the hair follicle cycle (6). In addition 

to adhesion molecules, the majority of tissue resident Tregs express relatively high levels 

of Treg ‘effector’ molecules known to play important roles in immune regulation, including 

Foxp3, CTLA-4, CD25 and ICOS (6, 11–13). Interestingly, cellular adhesion and activation 

are intricately linked. Molecular pathways that primarily mediate adhesion can promote 

lymphocyte activation, with the best example being integrin-mediated augmentation of 

T cell receptor signaling during antigen engagement in the immunological synapse (14). 

Alternatively, signaling through adhesion receptors can initiate and/or augment negative 

feedback loops that attenuate cell activation (15). For example, specific integrins inhibit 

myeloid cell and platelet activation during TLR stimulation (16–19) , while at the same time 

promoting cellular adhesion. In addition, members of the C-type lectin family of cell surface 

receptors inhibit immune cell activation in specific physiologic settings (20). Currently, very 

little is known about how adhesion molecules influence Treg activation and suppressive 

capacity in peripheral tissues and skin.

In an attempt to define adhesion molecules preferentially utilized by Tregs in skin, we 

compared the transcriptome of these cells to other tissue-resident immune and non-immune 

cell subsets. We discovered that LAYN, the gene encoding for layilin, is selectively 

expressed in subsets of highly activated Tregs resident in this tissue. Layilin is a C-type 

lectin-like surface receptor that interacts with the actin cytoskeleton and mediates cellular 

adhesion (21–23). Recently, we discovered that layilin facilitates CD8+ T cell adhesion 
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through modulation of talin-binding integrins, including LFA-1 (24). In the current study, we 

sought to determine the potential role of this pathway in influencing skin-Treg biology.

Materials and Methods

Experimental Animals

C57BL/6J wild-type (WT), Foxp3DTR mice, Foxp3GFP, CD45.1;Foxp3ERT2-GFPCre and 

Rag2−/− mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and 

were bred and maintained in the University of California San Francisco (UCSF) specific 

pathogen-free facility. Mice with a germ-line deletion of layilin (Layn−/−) were created 

using a CRISPR-Cas9 approach (25). Guide RNAs were designed to target exons 1 and 

4 and delivered with Cas9 into C57BL/6 embryos (Supplementary Figure S2A). Three 

founder lines were generated: 2 with deletions from exon 1 to 4 and one with a SNP in 

exon 4, resulting in a premature stop codon. Founder pups generated were back-crossed to 

wildtype C57BL/6 mice (over 2 generations) to establish layilin-deficient (Layn−/−) mouse 

lines. Laynfl/fl mice were created by inserting LoxP sites flanking exon 4 of layilin gene 

using CRISPR-Cas9. Layilin was deleted specifically on Tregs by crossing Laynfl/fl mice 

to Foxp3ERT2-GFPCre mice, upon treatment with tamoxifen. All mouse experiments were 

performed on 7–12 week old animals. All mice were housed under a 12-hour light/dark 

cycle. All animal experiments were performed in accordance with guidelines established by 

Laboratory Animal Resource Center at UCSF and all experimental plans and protocols were 

approved by IACUC beforehand.

Human specimens

Normal healthy human skin was obtained from patients at UCSF undergoing elective 

surgery, specimens received were deidentified and certified as Not Human Subjects 

Research. Blood samples were obtained from healthy adult volunteers (study number 12–

09489). Biopsies of accessible melanoma tumors were obtained with a 16- or 18-gauge 

needle, or a 4-mm punch biopsy tool (study number 138510). Biopsies of psoriasis were 

obtained with a 6-mm punch biopsy tool (study number 10–02830). For all fresh human 

tissue samples, active/flaring disease was confirmed both clinically and histologically. 

Studies using human samples were approved by the UCSF Committee on Human Research 

and by the IRB of UCSF. Informed written consent was obtained from all patients.

Human Skin Digestion

Skin samples were stored in a sterile container on gauze and PBS at 4°C until the time 

of digestion. Skin was processed and digested as previously described (11). Briefly, hair 

and subcutaneous fat were removed, and skin was cut into small pieces and mixed with 

digestion buffer containing 0.8 mg/ml Collagenase Type 4 (4188; Worthington), 0.02 mg/ml 

DNAse (DN25–1G; Sigma-Aldrich), 10% FBS, 1% HEPES, and 1% penicillin/streptavidin 

in RPMI medium and digested overnight in an incubator. They were then washed (2% FBS, 

1% penicillin/ streptavidin in RPMI medium), double filtered through a 100-μm filter, and 

cells were pelleted and counted. Human PBMCs were prepared by Ficoll-Paque gradient 

centrifugation. Single cell suspensions were then stained with antibodies for flow cytometric 

analysis or FACS sorting.
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RNA-Sequencing Analysis of Tregs and Teff cells

Treg cells were isolated by gating on live CD45+CD3+CD4+CD8−CD25hiCD27hi cells, 

which contained greater than 90% Foxp3-expressing Tregs. Teff cells were isolated by 

gating on live CD45+CD3+CD4+CD8−CD25lowCD27low cells, which contained less than 1% 

Foxp3-expressing Tregs. Sort-purified cell populations were flash frozen in liquid nitrogen 

and were shipped overnight on dry ice to Expression Analysis, Quintiles (Morrisville, NC). 

RNA samples were converted into cDNA libraries using the Illumina TruSeq Stranded 

mRNA sample preparation kit. (Illumina). RNA was isolated using Qiagen RNeasy Spin 

Column and was quantified via Nanodrop ND-8000 spectrophotometer. The quality of 

RNA was checked using Agilent Bioanalyzer Pico Chip. 220 pg of input RNA was used 

to create cDNA using the SMARTer Ultra Low input kit. Samples were sequenced using 

Illumina RNA-Seq to a 25M read depth. Reads were aligned to Ensembl hg19 GRCh37.75 

reference genome using TopHat software (v. 2.0.12) (26) and SAM files were generated 

using SAMtools (27). Read counts were obtained with htseq-count (0.6.1p1) with the union 

option (Anders et al., 2015). The R/Bioconducter package DESeq2 was used to determine 

differential expression (28).

RNA-Sequencing Analysis of Tregs, Teff cells, CD8+ T cells, dendritic cells and 
keratinocytes from healthy human skin

Cells were sorted and analyzed as described previously (29). Tregs and Teffs were sorted as 

described above. Expression of layilin was analyzed by ANOVA.

Treg activation assay and induction of layilin expression on Tregs derived from human 
peripheral blood

Tregs were sort purified (as described above) from peripheral blood of healthy volunteers. 

Purified Tregs were ex vivo expanded as previously described (30). Briefly, cells were 

cultured for 14 days in complete X-Vivo media (Lonza) with 500U/ml IL-2 (2000U/ml, 

Tonbo Biosciences) and stimulated with anti-CD3/CD28 beads at cells:beads ratio of 

1:1 (Gibco). On day 14, cultures were rested overnight in X-Vivo media only and 

10,000 cells were washed and stained for baseline. 200,000 cells were plated in in a 96 

well U-bottom plate and re-stimulated with anti-CD3/CD28 beads. Layilin antibody or 

cytokines were added at the same time using the following concentrations: 25ug/ml LAYN 

(1mg/ml, Sinobiological) 10ng/ml IL-15 (50ug/ml, R&D systems), 5ng/ml TGF-β (10ug/ml, 

Peprotech), and/or 500U/ml IL-2. After 3 days of incubation, cells were washed, stained and 

analyzed using flow cytometry. Expression of activation markers and layilin was quantified 

based on isotype control antibody or secondary control and analyzed by one-way ANOVA 

and corrected with a Bonferroni test.

Mass Cytometry

Single cell suspensions were obtained from 4 mm punch biopsies of psoriatic lesions. 

Cells were first washed with 5 mM EDTA-PBS and centrifuged at 600 g for 5 minutes 

at 4 °C. Cells were then resuspended with equal volumes of 5 mM EDTA-PBS and 50 

uM cisplatin (Sigma, P4394) for 1 minute at room temperature (RT) before quenching 

with 5 mM EDTA-PBS with 0.5% BSA. After centrifugation, cells were fixed with 1.6% 
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PFA in PBS with 0.5% BSA and 5 mM EDTA for 10 minutes at RT and then washed 

twice with PBS. Cells were then resuspended in PBS with 0.5% BSA and 10% DMSO 

and stored at −80 °C. Prior to staining, cells were left to thaw at RT and washed in Cell 

Staining Media (CSM, PBS with 0.5% BSA and 0.02% NaN3) and then vortexed with FC 

Receptor Blocking Solution (BioLegend, 422302). LAYN (Sino Biological, 10208-MM02), 

PD-1 (BioLegend, EH12.2H7), and CD8a (BioLegend, RPA-T8) antibodies were metal

conjugated at the UCSF Parnassus Flow Cytometry Core using Maxpar Antibody Labeling 

Kits (Fluidigm). All other metal conjugated antibodies were obtained from Fluidigm. Cells 

were stained as previously described (31). Briefly, cells were stained in an extracellular 

antibody cocktail for 30 minutes at RT on a shaker and then washed with CSM. Cells were 

then permeabilized with the Foxp3/Transcription Factor Staining Buffer Set (eBioscience, 

00-5523-00) for 30 minutes at RT on a shaker and then washed twice with Permeabilization 

Buffer (eBioscience, 00-8333-56) before staining in an intracellular antibody cocktail for 

1 hour at RT on a shaker. Following intracellular staining, cells were washed once with 

Permeabilization Buffer and once with CSM, and then resuspended in PBS with 1.6% PFA 

and 100 nM Cell-ID Intercalator-Ir (Fluidigm, 201192B) and kept at 4 °C. Before data 

acquisition, cells were washed sequentially in CSM, PBS, and MilliQ H2O. Cells were 

then resuspended in MilliQ H2O containing EQ Four Elements Calibration Beads (Fludigm, 

201078) and analyzed with a CyTOF2 Mass Cytometer (Fluidigm). Mass cytometry files 

were normalized to the bead standards (32) in R (3.6.1) using the premessa package (0.2.4, 

github.com/ParkerICI/premesa). Analysis was performed on viable singlets as determined by 

the iridium, event length, and cisplatin channels. UMAP visualizations were generated with 

the CATALYST package (33) (1.10.1) using CD4+ cells (CD45+CD3+CD4+CD8-) exported 

manually from biaxial plots in FlowJo (10.6.1) and clusters were based on expression of 

CD25, FOXP3, CTLA4, CD27, and CD127.

Tumor Growth Experiments

MC38 colon adenocarcinoma model was performed as previously described (34). Briefly, 

5 × 105 MC38 tumor cells (Kerafast) resuspended in 200ul of PBS were injected 

subcutaneously into the right flank of mice. Tumor diameters were measured every 2–3 

days using electronic calipers and the tumor volume was calculated using the formula V = 

(L*W2)/2 (35). Tumor Infiltrating Lymphocytes (TILs) were isolated by harvesting tumors 

after 2–4 weeks, and mincing and digesting them similar to the skin.

Mouse Tissue Processing

Isolation of cells from axillary, brachial and inguinal lymph nodes (referred to as skin 

draining lymph nodes, sdLNs) and spleen for flow cytometry was performed by mashing 

tissue over sterile wire mesh. Mouse skin was digested and single cells suspensions prepared 

as previously described (36). Briefly, skin was minced and digested in buffer containing 

collagenase XI, DNase and hyaluronidase in complete RPMI in an incubator shaker at 

225 rpm for 45 minutes at 37°C. An automated cell counter (NucleoCounter NC-200, 

Chemometec) was used to count cell numbers. 2–4 × 106 cells were stained and flow 

cytometric analysis performed.
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Flow Cytometry

Single-cell suspensions were counted, pelleted and incubated with anti-CD16/anti-CD32 

Fc block (BD Bioscences; 2.4G2). Cells were washed and stained with Ghost Viability 

dye (Tonbo Biosciences) and antibodies against surface markers in PBS. For intracellular 

staining, cells were fixed and permeabilized using a FoxP3 staining kit (eBioscences) 

and then stained with antibodies against intracellular markers. Fluorophore-conjugated 

antibodies specific for human or mouse surface and intracellular antigens were purchased 

from BD Biosciences, eBiosciences or Biolegend. The following anti-mouse antibodies 

and clones were used: CD3 (145–2C11), CD4 (RM4–5), CD8 (53–6.7), CD45 (30-F11), 

FoxP3 (FJK-16s), TCRb (H57–597), CD25 (PC61.5), CD45.1 (A20), CD45.2 (104), 

CTLA4 (UC10–4B9), ICOS (C398.4A), Ki67 (B56), LAG3 (C9B7W), 41BB (17B5), PD1 

(10F.9G2), IFNγ (XMG1.2), TNFα (MP6-XT22), Ly6G (1A8), F4/80 (BM8), CD11b 

(M1/70), MHC class II (M5/114.15.2), Ly6C (HK1.4), CD206 (C068C2), CD11c (N418). 

The following anti-human antibodies and clones were used: layilin (LS Bio 4C11), PE

Streptavidin, CD3 (UCHT1), CD4 (SK3), CD8 (SK1), CD45 (HI30), FoxP3 (PCH101), 

CD25 (M-A251), CTLA4 (14D3), ICOS (ISA-3), CD27 (LG.7F9), CD11c (3.9), HLA-DR 

(L243), 41BB (4B4–1), PD1 (EH12.2H7), Ki67 (EH12.2H7), LAG3 (11C3C65). Layilin 

Ab was biotin-tagged using Miltenyi’s One-Step Antibody Biotinylation kit (130-093-385). 

Samples were run on a Fortessa analyzer (BD Biosciences) in the UCSF Flow Cytometry 

Core and data was collected using FACS Diva software (BD Biosciences). Data were 

analyzed using FlowJo software (FlowJo, LLC). Dead cells and doublet cell populations 

were excluded, followed by pre-gating on CD45+ populations for immune cell analysis. 

Lymphoid cells were gated as TCRαβ+CD3+ αβ T cells, CD3+CD8+ T cells (CD8), 

CD3+CD4+CD25–Foxp3– T effector cells (Teff), and CD3+CD4+CD25+Foxp3+ regulatory T 

cells (Treg).

Ex Vivo Expansion and Retroviral Transduction of Mouse Tregs

Spleens and sdLN were harvested and lymphocytes isolated from congenically-marked 

CD45.1 C57BL/6 mice. Total CD4+ T cells were isolated using EasySep magnetic bead 

enrichment kit (StemCell Technologies). Tregs were sort-purified by gating on CD4+CD25hi 

cells, which were >95% Foxp3+, using Aria (BD Biosciences). In all experiments, purity of 

Tregs was >95%. Sorted Tregs were ex vivo expanded by methods previously described 

(30). Briefly, Tregs were cultured in complete DMEM with IL-2 (2000U/ml, Tonbo 

Biosciences) and stimulated with mouse anti-CD3/CD28 beads at cells:beads ratio of 1:3 

(Dynabeads, Thermo Fisher). On day 2, cells were retrovirally transduced with either control 

empty-eGFP-pMIG vector or Layilin-eGFP-pMIG vector at multiplicity of infection of 1 by 

spinoculation at 6000g for 90 minutes at 25°C. Cells were then cultured and collected on 

day 5. On the day of collection, transduction efficiency (as measured by % of GFP+ cells) 

was checked by flow cytometry. Transduction efficiencies were routinely between 70% and 

90% and were similar for empty vector and vector encoding Layilin and used to normalized 

experiment readout. Also, an aliquot of cells were pelleted and frozen for later Layn mRNA 

analysis by qPCR.
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In vitro mouse Treg assays

To setup in vitro Treg suppression assay, sorted mouse Tregs, overexpressing either empty 

vector or Layilin-eGFP-pMIG vector, were cocultured with CellTrace Violet-labeled Teffs at 

varying proportions, along with mitomycin C-treated TCRb-depleted splenocytes (Antigen 

Presenting Cells) and soluble α-CD3ε (0.5ug/ml) for 72 hours at 37°C as previously 

described (37). These experiments were carried out in triplicates/condition in a 96 well 

U-bottom plate precoated with mouse skin fibroblasts, as a potential source of ligand for 

layilin. Mouse skin fibroblasts were obtained by digesting the whole skin in presence of 

collagenase + DNase and culturing the cells in fibroblast growth medium (Promocell) for 

5–7 days to enrich for fibroblasts. Teffs were analyzed for CTV dilution by flow cytometry.

Skin-wounding assays and analysis

Four full-thickness excisional wounds were generated with a 4-mm sterile punch (Stiefel 

Laboratories, Research Triangle Park, NC) after depilation. Wounds were photographed and 

wound area was measured with image analysis software (ImageJ 1.64v). The surface area of 

wound defects was expressed as a percentage of closure, relative to the initial surface of each 

wound.

Adoptive Transfer of Layilin-overexpressing Tregs into Foxp3DTR mice

D9 Treg cells, retrovirally transduced to overexpress layilin. 2.5 – 3.5 × 105 cells 

re-suspended in PBS, were adoptively transferred into Foxp3DTR mice via retro-orbital 

injection. One control group (no Treg) was not injected with Treg cells to validate full Tregs 

CD45.2 depletion after Diphtheria toxin (DT) injection. 3 days after adoptive transfer of 

cells, first DT injection was given and then DT was injected every other day for a total of 

5 doses. The optimal dose for each DT lot (Sigma-Aldrich) was previously determined by 

measuring the efficiency of skin Treg depletion by flow cytometry. Accordingly, Foxp3DTR 

mice were injected with DT intraperitoneally at 30ng/g body weight. Mice were sacrificed 

and skin and sdLN were harvested 13–14 days post-transfer. All flow cytometry data have 

been normalized to transfection efficacy measured at D5.

Intravital Two-Photon Microscopy and Image Analysis

Instrumentation for two-photon imaging has been previously described (38). Dorsal skin 

imaging using two-photon microscopy was done as previously described (6). Briefly, albino 

mice were anesthetized using isoflurane, hair on dorsal skin was shaved and depilated, 

and mice were then placed on a custom heated microscope stage. The depilated skin was 

gently immobilized using a custom suction window and an embedded 12mm coverslip 

(39). The microscope stage was then lifted to be right above a water-immersion objective 

lens (Olympus 25x, 1.05 numerical aperture). Fluorescence excitation was achieved by a 

Spectra-Physics MaiTai Ti-Saphire Laser tuned to 890 nm for excitation of GFP. Collagen 

was visualized using second harmonic signals. Z-stack images were acquired with a vertical 

resolution of 2μm for a total of 80–100μm depth. For collecting a time-series of images, 

three-dimensional stacks were acquired every 5 minutes using Micro-Magellan (40). Raw 

imaging data were processed using ImageJ Software. Images were analyzed, corrected for 

motion, and cells were tracked by rendering 3D surfaces and spots over the cells using 
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Imaris Software (Bitplane). To determine in vivo changes in Treg cell shape, the sphericity 

of individual Tregs was calculated over the time-lapse period, as previously described (39).

Quantitative PCR

For assessment of Layilin gene expression, Tregs and Teffs were sort-purified from skin 

and sdLNs of WT mice and RNA isolated using a column-based kit (PureLink RNA Mini 

Kit, Thermo Fisher). RNA was then transcribed (iScript cDNA synthesis Kit, Bio-Rad) 

and pre-amplified (SSo Advanced PreAmp Supermix, Bio-Rad). Expression of Layilin was 

determined using a SYBR Green assay (SSo Advanced Universal SYBR Green kit; Biorad). 

Cycle number of duplicate or triplicate samples were normalized to the expression of the 

endogenous control β2m. Primer sequences or assay ids used are as follows: β2m (For: 5’ 

– TTCTGGTGCTTGTCTCACTGA – 3’; Rev 5’ – CAGTATGTTCGGCTTCCCATTC - 3’), 

mouse Layilin (qMmuCID0022543, Biorad). Data are presented as negative fold change of 

Delta-Delta CT or as standardized arbitrary units (AU).

Statistical Analyses

Statistical analyses were performed with Prism software package version 6.0 (GraphPad). P 

values were calculated using two-tailed unpaired or paired Student’s t-test, unless specified 

otherwise. Pilot experiments were used to determine sample size for animal experiments. 

No animals were excluded from analysis, unless due to technical errors. Mice were 

age- and gender-matched and randomly assigned into experimental groups. Appropriate 

statistical analyses were applied, assuming a normal sample distribution. All in vivo mouse 

experiments were conducted with at least 2–3 independent animal cohorts. RNA-Seq 

experiments were conducted using 4–5 biological samples (as indicated in figure legends). 

Data are mean ± S.E.M. P values correlate with symbols as follows: ns = not significant, 

p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Results

A subset of highly activated Tregs express layilin in healthy and diseased human skin

To elucidate molecular pathways that are unique to Tregs in human skin, we performed 

whole transcriptome RNA sequencing (RNAseq) on Tregs and CD4+ effector T (Teff) cells 

sort-purified from normal human skin (Figure 1A). Using this unbiased discovery approach, 

we identified LAYN to be preferentially expressed by Tregs as compared to Teff cells 

in skin (Figure 1A–C). The fold change in gene expression was comparable to that of 

Foxp3, the master regulator of Treg development and function (41). To ensure we had 

effectively purified Tregs, we confirmed differential expression of the ‘core Treg signature’ 

(42) between the two cell subsets, including CD25, CTLA-4 and CD27 (Figure 1B and 

data not shown). To determine if layilin expression was unique to Tregs in human skin, 

we sort-purified Tregs, CD4+ Teff cells, CD8+ T cells, dendritic cells and keratinocytes 

from skin of a separate cohort of normal healthy donors and performed whole transcriptome 

RNAseq analysis. We found that Tregs preferentially express high levels of layilin when 

compared to all other cell populations evaluated (Figure 1D). To validate our RNAseq 

findings, we measured expression of layilin protein by flow cytometry on CD4+ T cells 

in skin of normal healthy individuals and compared expression to these cells in peripheral 
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blood (Figure 1E). Consistent with our RNAseq results, layilin was highly expressed on skin 

Tregs compared to skin Teff cells. Although a small fraction of Tregs in peripheral blood 

expressed layilin (~1–3%), approximately 40% of Tregs in skin expressed high levels of this 

protein (Figure 1E). Interestingly, not all Tregs in skin expressed layilin at the protein level. 

This was not a result of enzymatic digestion of the epitope during skin cell preparation (data 

not shown), confirming that only a subset of skin Tregs express layilin in normal human 

skin in the steady-state. To better define the layilin-expressing Treg subset, we quantified 

the expression of Treg activation/functional markers such FOXP3, CD25, CTLA4, ICOS 

and CD27 on layilin+ and layilin− Tregs in healthy human skin. Layilin+ Tregs expressed 

significantly higher levels of all these Treg ‘effector’ molecules (Figure 1F).

To determine if layilin expression was maintained on Tregs in diseased human skin 

we analyzed tumors from patients with metastatic melanoma and skin of patients with 

psoriasis. Whole transcriptome RNAseq was performed on sort-purified Tregs and Teff cells 

in a similar fashion to that described for normal skin. We found that Tregs infiltrating 

metastatic melanoma tumors and psoriasis skin express significantly higher levels of layilin 

as compared to CD4+ Teff cells (Figure 1G–L). Mass cytometric (CyTOF) analysis of 

immune cell infiltrates in psoriatic skin revealed that layilin expression correlated with the 

most ‘activated’ Tregs (Figure 1M). Similar findings were observed on Tregs infiltrating 

human melanoma, as quantified by standard flow cytometry (Supplementary Figure S1A). 

Taken together, these results suggest that layilin is preferentially expressed on a subset of 

highly activated Tregs in healthy and diseased human skin, with minimal expression on 

Tregs in peripheral blood and other immune and non-immune cell types.

Layilin was highly expressed on a subset of Tregs in healthy human skin and minimally 

expressed on Tregs in peripheral blood (Figure 1A–D). In addition, the overwhelming 

majority of Tregs in both murine and human skin have a tissue-resident memory (Trm) 

phenotype (6, 8, 11). We hypothesized that cytokines that establish and/or maintain 

Trm cells may induce layilin expression. Both TGF-ß and IL-15 play dominant roles in 

controlling Trm homeostasis in tissues, especially in skin (43–45). Thus, we tested the 

potential of both of these cytokines to induce layilin expression on Tregs. CD25hiCD127lo 

CD4+ T cells (>90% Foxp3+) were sort purified from peripheral blood of 3 healthy donors 

and expanded ex vivo for 14 days with anti-CD3/anti-CD28 coated beads and high dose 

IL-2 per standard protocol (30). Cells were then rested in media and re-stimulated for 

3 more days in the presence of optimal concentrations of IL-2, IL-15 or TGF-ß, and 

layilin expression quantified by flow cytometry. Because ex vivo expanded Tregs are 

dependent on IL-2, both IL-15 and TGF-ß were added with or without IL-2. Initial Treg 

activation and expansion via TCR stimulation, CD28-mediated co-stimulation and IL-2 

induced layilin expression, with approximately 35–60% of Tregs expressing layilin after 14 

days of culture (‘baseline’; Supplementary Figure S1B–C & data not shown). As expected, 

Treg re-stimulation with high dose IL-2 significantly enhanced layilin expression over this 

baseline (Supplementary Figure S1B–C). However, this was not observed with IL-15, and 

the addition of IL-2 with IL-15 did not rescue layilin induction. In contrast, the addition 

of TGF-ß resulted in a significant induction of layilin expression, comparable to that of 

high dose IL-2, and the combination of IL-2 with TGF-ß did not enhance layilin expression 

over TGF-ß alone (Supplementary Figure S1B–C). Taken together, these results suggest that 
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Treg activation/expansion in the presence of IL-2 is sufficient to induce layilin on peripheral 

blood derived Tregs, and that TGF-ß and not IL-15 enhances layilin expression on these 

cells.

Layilin attenuates Treg suppressive capacity in vivo

To determine if layilin influences Treg suppressive capacity, we first confirmed that 

expression in mice mirrored that of humans. Using a qRT-PCR approach (anti-layilin 

antibodies are currently not available in mice) we confirmed layilin expression in skin 

Tregs with minimal expression on Tregs in secondary lymphoid organs and skin-resident 

Teff cells (Supplementary Figure S2A). Next, we generated a mouse strain in which 

Layn could be conditionally deleted in specific cell types (i.e., Laynflox/flow mice). We 

recently reported the first studies using this mouse strain in CD8+ T cells (24). Briefly, 

flox sequences were inserted to flank exon 4 of the layilin gene using CRISPR/Cas9 

technology (46). This results in complete deletion of exon 4, corresponding to the C-type 

lectin domain of LAYN, when crossed to mice expressing Cre-recombinase in specific 

cell lineages (47) (Supplementary Figure S2B). To elucidate the function of layilin on 

Tregs, we crossed Laynflox/flox mice to Foxp3ERT2-GFP-Cre mice (49) (Foxp3CreLaynfl/fl) 

in which layilin can be induced to be deleted in adult animals in Tregs (upon treatment 

with tamoxifen), respectively (Supplementary Figure S2B–C). Both Foxp3CreLaynfl/fl mice 

developed normally and did not have any gross defects in total leukocyte numbers in 

skin and skin-draining lymph nodes (sdLN) (Supplementary Figure S2D). Treg numbers 

and phenotype in skin in Foxp3ERT2-CreLaynfl/fl mice after treatment with tamoxifen were 

normal when compared to untreated gender- and age-matched control mice, suggesting that 

layilin is not required for accumulation and/or maintenance in murine skin in the steady state 

(Supplementary Figure S2E–F).

Because layilin is expressed on Tregs infiltrating human tumors (Figure 1G–I and (50–

52)) and these cells have been shown to influence tumor growth and metastasis (53, 

54), we set out to determine if Treg expression of layilin influences tumor growth in 

the MC38 colon adenocarcinoma model. This model was chosen because it is relatively 

immunoresponsive where Tregs play a significant role (53, 54). At early time point of 

the tumor progression where no difference between the two groups are observed (D13), 

layilin on Treg do not appear as required for the establishment of the tumor (Supplementary 

Figure 2G–L). However, once tumor is well established, when compared to Foxp3Cre control 

mice treated with tamoxifen, Foxp3CreLaynfl/fl mice upon treatment with tamoxifen had 

significantly increased tumor volumes and growth kinetics (Figure 2A). Quantification of 

tumor immune cell infiltrates revealed a significant reduction in IFNγ-producing CD8+ T 

cells and reduced proliferative (Ki67+) CD8+ T cells in Foxp3CreLaynfl/fl mice compared 

to controls (Figure 2B). Similar results were observed in the CD4+ Teff compartment 

(Figure 2C). In addition, Ly6Chigh pro-inflammatory tumor-infiltrating macrophages were 

significantly reduced in Foxp3CreLaynfl/fl mice with a concomitant increase in CD206high 

anti-inflammatory macrophages (Figure 2D).

Given that layilin plays a role in mediating cellular adhesion to the ECM (23, 24, 47), 

we set out to determine whether this pathway influenced Treg accumulation in tumors. 
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Layilin-deficient Tregs (in Foxp3CreLaynfl/fl mice) were reduced in percentage and absolute 

numbers in tumors when compared to control mice (Figure 2E). This was primarily 

observed in tumors, as there were no differences in absolute numbers of Tregs in tumor 

draining lymph nodes (DLNs) and adjacent uninvolved skin between Foxp3CreLaynfl/fl 

mice and Foxp3Cre controls (Figure 2E). There was a slight decrease in the percentage of 

Tregs in tumor DLNs in Foxp3CreLaynfl/fl mice. Taken together, these results suggest that 

layilin expression on Tregs facilitates their accumulation in tumors. However, somewhat 

paradoxically, this culminates in a less suppressive tumor microenvironment.

Layilin plays a minor role in Treg-mediated suppression in vitro

We next set out to determine the mechanisms by which layilin influences Treg function. 

It is possible that layilin binding to the ECM mediates an inhibitory signal, resulting 

in enhanced accumulation of less suppressive Tregs. Alternatively, layilin binding to the 

ECM may primarily act to limit Treg motility, resulting in diminished suppressive capacity 

secondary to reduced ability to interact with (and thus regulate) other immune cells in the 

tissue microenvironment. To determine if layilin attenuates Treg suppressive capacity in a 

cell-intrinsic manner, we over-expressed this protein on murine Tregs. Consistent with our 

finding that layilin is minimally expressed on Tregs in human peripheral blood (Figure 1E), 

we found that Tregs isolated and expanded from murine secondary lymphoid organs (i.e., 
spleen and lymph nodes) express minimal amounts of layilin (Supplementary Figure S2A 

and S1C), thus providing an ideal cell source to determine how layilin expression influences 

Treg function. We employed a retroviral transduction approach to express mouse layilin on 

Tregs (mLayn-Tregs) isolated from sdLN and spleen. Control Tregs were transduced with 

empty vector-eGFP (EV-Tregs). The efficiency of transduction was routinely ~70–90%, as 

measured by GFP expression and GFP+ cells were highly pure Tregs (Supplementary Figure 

S3A–B). Without affecting FOXP3 MFI, mLayn-transduced cells expressed significantly 

higher levels of layilin mRNA when compared to untransduced Tregs even after TCR 

stimulation using anti-CD3/CD28 beads (Supplementary Figure S3C–D). Congenically 

disparate CellTrace Violet (CTV)-labeled CD4+ Teffs were stimulated with α-CD3 and 

irradiated APCs in the presence of mLayn-Tregs or control EV-Tregs. These assays were 

performed on plates pre-coated with syngeneic dermal fibroblasts, to provide extracellular 

matrix as a physiologic ligand for layilin (55) (Figure 3A). In these experiments, Tregs 

over-expressing layilin had slightly reduced suppressive capacity, only observed at higher 

Treg to Teff ratios (Figure 3B). Proliferation of Teffs, as measured by Ki67 staining and 

CTV-based division index, was found to be marginally higher in Teffs cocultured with 

mLayn-Tregs (Figure 3B and Supplementary Figure S3E). Layilin overexpression did not 

affect Treg activation markers such as Foxp3, CD25, 4–1BB and LAG3 in these assays 

(Figure 3C). Taken together, these results suggest that layilin minimally attenuates Treg 

suppressive capacity in vitro.

Crosslinking layilin on human Tregs does not impact Treg activation

In the experiments described above, layilin was exogenously expressed on murine Tregs 

isolated from secondary lymphoid organs. In this system, layilin is most likely expressed at 

supraphysiologic levels on cells that do not normally express this protein. In addition, it is 

difficult to quantify whether productive interactions occur between layilin and the ECM in 
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these experiments. To circumvent these potential caveats, we established a system whereby 

human Treg activation could be quantified after crosslinking layilin on cells that naturally 

express this receptor (Figure 4A). Tregs sort purified from peripheral blood and expanded 

ex vivo with α-CD3/CD28 coated beads and high dose IL-2 begin to express layilin at 

appreciable levels after 5 days in culture and express maximal levels on days 5 and 12 

(Figure 4B). To determine if signaling through layilin influences Treg activation, we used 

an anti-human layilin antibody that we have previously shown to engage and cross-link 

this receptor (24). Tregs were expanded from several donors for 9 or 14 days, and then 

re-stimulated at day 9 or day 14 with or without α-CD3/CD28 beads and a saturating 

dose of anti-layilin antibody. Three days later, Treg activation markers were quantified by 

flow cytometry. In these experiments, crosslinking layilin on Tregs had no effect on Treg 

activation, as measured by mean fluorescence intensity and percentage of cells expressing 

Foxp3, CD25, ICOS, 4–1BB, LAG3 and Ki67 (Figure 4C and data not shown). Taken 

together, these results are consistent with data obtained in our murine suppression assays and 

suggest that engaging layilin on Tregs has minimal direct effect on the activation and thus 

suppressive capacity of these cells in vitro.

Layilin expression on Tregs enhances their accumulation in inflamed skin

The results described above suggest that the primary function of layilin is most likely not 

to provide a direct signal to Tregs to attenuate their activity. Instead, it is possible that 

layilin mediated adhesion to the ECM in vivo acts to anchor these cells, and in doing so, 

limits their ability to interact with and regulate other immune cells in tissues. To begin 

to test this hypothesis, we first set out to determine if layilin facilitates Treg adhesion in 

skin as it does in tumors. To this end, we utilized a skin-wound healing assay we have 

previously shown that Tregs facilitate full thickness skin wound healing by suppressing 

inflammation early after wounding (56). To determine whether layilin expression on Tregs 

plays a role in skin-specific inflammation, we induced full thickness skin wounds of 

Foxp3Cre or Foxp3CreLaynfl/fl mice with layilin deleted in Tregs and measured wound 

closure. In these experiments, we observed a significant attenuation in wound healing in 

these mice compared to controls (Supplementary Figure S3F). This result showing the 

importance of layilin in a skin-inflammation context, we pursued with a well-established 

systemic model of inflammation of Treg adoptive transfer model into Foxp3-DTR hosts (57–

59). In this system, endogenous Tregs are depleted through administration of diphtheria 

toxin and syngeneic Tregs adoptively transferred to replenish the Treg compartment. 

We adoptively transferred mLayn- or EV-transduced Tregs (isolated and expanded from 

secondary lymphoid organs as described above) into Foxp3DTR mice (60) and Tregs 

were depleted for 10 days. Skin was then harvested for flow cytometric quantification of 

relative Treg abundance (Figure 5A). Metrics of Treg proliferation and survival were also 

quantified. In these experiments, we observed a pronounced and significant increase in the 

accumulation of mLayn-Tregs in skin compared to control EV-Tregs (Figure 5B). There was 

a preferential accumulation of transduced (i.e., GFP+) cells in the total CD45.1+ transferred 

population in the mLayn-transduced group compared to the EV-transduced control group 

(Figure 5C), suggesting that layilin expression (and not the transduction process itself) 

correlates with increased tissue Treg accumulation. Interestingly, we did not observe any 

differences in the proliferative index (as measured by percentage of Tregs expressing Ki67) 
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between mLayn- and EV-transduced Tregs either early or late post-transfer (Figure 5D and 

data not shown). In addition, the percentage of dead cells within the CD45.1+ gate was equal 

between the two groups both early and late post-adoptive transfer (data not shown). These 

results suggest that migration to and/or retention in skin is the primary mechanism by which 

layilin-expressing Tregs preferentially accumulate.

Enhanced Treg accumulation in the experiments described above could be secondary to a 

more inflammatory environment created by layilin-expressing cells. To test whether layilin

mediated Treg accumulation was cell-intrinsic or dependent on the tissue microenvironment, 

we performed competitive adoptive transfer experiments. Congenically labeled mLayn- and 

EV-transduced Tregs were mixed in a 1:1 ratio and co-adoptively transferred into the same 

Foxp3DTR host mice depleted of endogenous Tregs (Supplementary Figure S3G). After 

10 days of Treg depletion, skin was harvested and Treg accumulation quantified by flow 

cytometry. Consistent with experiments where Tregs were transferred into separate hosts, 

we observed significantly enhanced accumulation of layilin-expressing Tregs relative to 

EV controls in skin of co-adoptively transferred animals (Supplementary Figure S3H). 

Additionally, there was no significant difference in Ki67 expression between mLayn- and 

EV-transduced Tregs either early or late after adoptive transfer (Supplementary Figure 

S3I and data not shown). There was also no significant difference in the percentage of 

dead Tregs between the 2 cell populations (Supplementary Figure S3J). Taken together, 

these results suggest that layilin promotes the in vivo accumulation of Tregs in skin in a 

cell-intrinsic fashion, and that this is most likely not secondary to enhanced proliferation or 

survival.

Layilin Functions to ‘Anchor’ Tregs in skin

To further discern the mechanism by which layilin influences Treg accumulation in skin, 

we performed intravital tissue imaging of these cells. Because the YFP and GFP intensities 

in Foxp3Cre and Foxp3ERT2-Cre mice are too weak to be reliably detected by 2-photon 

microscopy, we generated mice with a germline deletion of layilin and crossed them 

to Foxp3-GFP reporter mice (61). Layilin-deficient mice (Layn−/−) were created using 

CRISPR-Cas9 gene editing of C57BL/6 embryos (25). The single guide RNAs were 

designed against exon 1 and 4 and gene deletion in murine founder lines (backcrossed >2 

generations to wildtype C57BL/6 mice) confirmed by layilin-specific PCR (Supplementary 

Figure S4A–B). Layn−/− mice had normal-sized litters with no gross abnormalities in growth 

or development (Supplementary Figure S4C). There were no obvious signs of spontaneous 

autoimmune disease and skin morphology appeared similar to WT mice (Supplementary 

Figure S4D). The percentage and absolute numbers of total CD45+ leukocytes as well as 

Tregs in skin and secondary lymphoid organs of Layn−/− mice revealed no abnormalities 

when compared to gender- and age-matched wildtype control animals (Supplementary 

Figure S4E–F). Additionally, there were no significant differences in expression of Treg 

activation markers, including CD25, ICOS, and CTLA-4, between Layn−/− and WT mice 

skin (Supplementary Figure S4G). Similar results were observed in LN and spleen (data not 

shown).

Mehta et al. Page 13

J Immunol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To test whether layilin expression influences the dynamic motility of Tregs in skin, we 

performed intravital 2-photon microscopy on Layn−/−Foxp3GFP mice. We utilized a unique 

vacuum suction approach for imaging intact dorsal skin, a method recently established by 

our laboratory (6). Mice were imaged at 8–10 weeks of age, a time point when there are 

maximum number of Tregs in skin of adult animals (6). When compared to control WT 

Foxp3GFP mice, Tregs in dorsal skin of Layn−/− mice travelled longer distances at increased 

speeds, as measured by track displacement length and track speed mean (Figure 6A–C). 

Reduced sphericity is a marker of increased cell motility (62). Layn−/− Tregs exhibited a 

more amoeboid-like morphology with increased protrusive activity (Supplementary Videos 1 

and 2). These differences in cell shape were quantified using Imaris software by rendering 

3D surfaces on Tregs and applying a measure of relative sphericity (39). Layn−/− Tregs had 

significantly reduced sphericity as compared to WT Tregs at all the time points measured 

with a proportionate reduction in mean sphericity (Figure 6D–E). Taken together, these 

results indicate that Tregs in Layn−/− mice are less adherent and have increased motility in 

skin.

Because the experiments described above were performed in germline layn−/− mice, it is 

possible that layilin deficiency on a cell subset other than Tregs resulted in the observed 

differences in Treg motility. To determine if layilin expression on Tregs influences the 

motility of these cells in a cell-intrinsic fashion, we performed adoptive transfer experiments 

with Layn−/− Tregs. Immunodeficient RAG2−/− mice were adoptively transferred with Tregs 

from either Layn−/−Foxp3GFP mice or WT Foxp3GFP controls, along with WT CD4+ Teff 

cells as a source of IL-2 needed for Treg survival in this model (63) (Figure 6F). Four to 

six weeks later, the skin of recipient mice was imaged using the intravital 2-photon approach 

described above (Supplementary Videos 3 and 4). Consistent with experiments performed in 

Layn−/−/Foxp3GFP mice, we observed that Layn−/− Tregs had significantly increased track 

displacement length and track speed mean as compared to WT Tregs (Figure 6G–I). These 

results validate experiments performed in Layn−/− mice and suggest that layilin expression 

on Tregs promotes their anchoring and adhesion in skin.

Discussion

Herein we show that the C-type lectin-like cell surface receptor, layilin, is expressed on 

a highly activated subset of Tregs in human skin. Layilin functions to anchor these cells, 

and in doing so, attenuates their suppressive capacity, without directly influencing their 

activation status. It seems somewhat paradoxical that the most activated tissue Tregs express 

a cell surface molecule that functions to attenuate their ability to regulate inflammation. 

However, this phenomenon is well established in other T cell subsets, as the most activated 

CD8+ T cells express the highest levels of the inhibitory receptors CTLA-4 and PD-1 (64, 

65). This precedence has also been established for Tregs, as highly activated tissue Tregs 

have increased expression of LAG3 and PD-1, which may act to limit their suppressive 

potential (66–68). Thus, it is becoming increasingly appreciated that both the stimulatory 

and regulatory arms of the adaptive immune system utilize molecular pathways that act to 

limit their pro-inflammatory and anti-inflammatory functions, respectively, in an attempt to 

maintain immune homeostasis. These pathways may be most active in peripheral tissues, 
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where heightened immune reactivity or augmented immune suppression could have a major 

impact on organ function.

Receptors involved in cell-to-cell adhesion and/or adhesion of cells to the extracellular 

matrix have been shown to mediate inhibitory signals that limit cell function (15, 19, 20). 

The molecular mechanisms by which layilin attenuates Treg-mediated immune regulation 

are currently unknown. Our data suggest that the anchoring effect mediated by layilin limits 

the ability of Tregs to transverse through the skin. Consequently, these cells would likely 

have fewer interactions with other cells, resulting in an overall reduction in suppression, 

as many of the mechanisms Tregs utilize require close cell contact (69). This may explain 

why the effects of layilin expression on Tregs was more pronounced in vivo (Figure 2) 

than in vitro (Figure 3). This may also explain why we did not observe an effect of lack 

of layilin on Treg accumulation and suppression in steady state conditions (Figure S2 and 

data not shown), as it is only when the tissue becomes infiltrated by multiple immune cells 

that increased Treg mobility is required to achieve adequate suppression. We speculate that 

during inflammation, removing the anchoring effect of layilin on Tregs functions to create 

a more suppressive tissue microenvironment secondary to engagement of these cells with a 

greater number of inflammatory cells.

To the best of our knowledge, there is currently one published report examining the function 

of layilin on Tregs (70). These investigators transcriptionally profiled human Tregs expanded 

from peripheral blood and observed that LAYN was differentially expressed in these cells 

when compared to conventional CD4+ T cells. Using an siRNA knockdown approach, they 

showed that Tregs treated with layilin siRNA were slightly more suppressive than control 

Tregs (treated with scrambled siRNA) in an in vitro Treg suppression assay. However, 

consistent with our findings, these results were quite modest with layilin having a minimal 

effect in these in vitro systems.

Functional manipulation of Tregs in tissues is emerging as an exciting area of translational 

biology. The role of layilin in influencing the accumulation and suppressive function of 

Tregs in non-lymphoid organs, and especially in our study in skin, make it a potentially 

attractive therapeutic target for autoimmunity or cancer. Our results provide the foundation 

for future studies focused on further understanding the molecular mechanisms underlying 

how layilin influences Treg biology as well as pharmacologic approaches aimed at either 

agonizing or antagonizing this pathway in pre-clinical animal models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

DT Diptheria toxin

DTR Diptheria toxin receptor

RAG-2 Recombination activating gene 2

sdLN Skin draining lymph node

Teff Effector T cells

Tregs Regulatory T cells

DC Dendritic Cells

KC Keratinocytes
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Key findings:

• Layilin is expressed by highly activated Tregs in healthy and diseased human 

skin

• In vivo, layilin attenuates Treg suppressive capacity

• Layilin contributes to ‘Anchor’ Tregs in skin and enhances their accumulation
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Figure 1. Layilin is preferentially and highly expressed on a subset of activated Tregs in healthy 
and diseased human skin.
(a-c) RNA-Seq of Tregs and Teff cells FACS-purified from normal human skin. (a) Tregs 

and Teffs were sorted purifed based on CD25 and CD27 expression. A representative flow 

plot is shown. Cells were pre-gated on live CD45+CD3+CD4+CD8− cells. Volcano plot 

comparing expression profile of Tregs versus Teffs is shown. (b) Expression of specific 

genes identified by RNA-Seq, including layilin, Foxp3, CD27, CTLA-4, CD25 and CD3ε, 

by skin Tregs relative to skin Teffs. (c) Gene counts of layilin transcipts on Teff and Tregs. 

n = 5 healthy donors. (d) Layilin expression on Tregs, CD4+ Teffs, CD8+ T cells, dendritic 

cells (DC) and keratinocytes (KC), sort-purified from normal human skin, as determined 

by RNA-Seq. n = 7 normal healthy donors. ANOVA used for analysis. (e) Flow cytometric 

analysis of percentage of layilin+ cells within CD4+Foxp3+ Tregs and CD4+Foxp3− Teff 
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populations in human skin versus peripheral blood. n = 5–12 healthy donors/group. (f) 
Flow cytometric analysis of median fluorescence intensity (MFI) of CD25, Foxp3, CTLA4, 

ICOS and CD27 expression on Laynhigh Tregs, Laynlow Tregs, and CD4+ Teff in human 

skin. n = 4 healthy donors. Representative flow plots and their quantification for Tregs is 

shown. (g-i) RNA-Seq analysis of Tregs and Teffs FACS-purified from metastatic tumors 

of melanoma patients. n = 12 melanoma patients. (j-l) RNA-Seq analysis of Tregs and 

Teffs FACS-purified from lesional skin of psoriasis patients. n = 4–5 psoriasis patients. (m) 
Uniform Manifold Approximation and Projection (UMAP) embeddings of mass cytometric 

data with indicated scaled marker intensities. Gated CD4+ T cells (n = 11,465 cells) were 

proportionally sampled from 4 lesional psoriasis skin punch biopsies (top). Paired median 

signal intensities (MSI) of CD25, FOXP3, CTLA4, and CD27 on LAYN+ and LAYN- Tregs 

(bottom).
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Figure 2. Layilin attenuates Treg suppressive capacity in vivo.
(a) Foxp3CreLaynfl/fl or control Foxp3Cre mice both treated with tamoxifen were injected 

s.c. with the MC38 tumor cell line and tumor growth quantified by caliper measurements 

over time. n = 7–8 mice/group. Data representative of 2 independent experiments. Two-way 

ANOVA with Bonferroni’s test for multiple comparisons. (b-e) Flow cytometric analysis of 

specific leukocyte populations in specified tissues of Foxp3CreLaynfl/fl or control Foxp3Cre 

mice, 24 days after MC38 tumor engraftment. (b) IFNγ+ and Ki67+ CD8+ T cells, (c) 
IFNγ+ and Ki67+ CD4+ Teff cells, and (d) total, Ly6C+, and CD206+CD11c− macrophages, 

infiltrating tumors. (e) Live CD4+CD25+Foxp3+ Tregs in tumor, tumor draining lymph 

nodes (DLN) and skin. Representative flow plots and their quantification is shown. Data 

representative of 3 independent experiments. n = 5–8 mice/group. Unpaired Student’s t-test.
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Figure 3. Layilin plays a minor role in Treg-mediated suppression in vitro.
(a) Experimental scheme. CTV-stained Teffs were cocultured with varying proportions of 

sorted Tregs retrovirally transduced with either Layn-eGFP-pMIG vector (mLayn-Treg) 

or empty pMIG vector (EV-Treg), in the presence of mitomycin C-treated APCs and 

0.5ug/ml α-CD3 on a fibroblast-coated plate for 72 hours. (b) Representative histograms 

and quantification of Teff proliferation, as measured by percentage of undivided Teffs 

and proliferating Teffs (% of Ki67+ Teffs). (c) Treg activation status. Flow cytometric 

analysis of MFI of FOXP3, CD25, 41BB and LAG3 expression on mLayn-Tregs compared 

to EV-Tregs, during suppression assay. n = 3 replicates/condition. Data representative 

of 4 independent experiments. Two-way ANOVA with Bonferroni’s test for multiple 

comparisons.
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Figure 4. Layilin crosslinking on human Tregs has no significant impact on Treg activation in 
vitro.
(a) Experimental scheme for c. Tregs were sort purified from peripheral blood of healthy 

human donors and expanded for 9 or 14 days with α-CD3/CD28 beads and IL-2. Cells 

were then rested overnight and re-stimulated for 3 days with or without layilin cross

linking antibody, in the presence or absence of α-CD3/CD28 beads. (b) Flow cytometric 

quantification of expression of layilin over time on Tregs sort purified from peripheral blood 

and expanded ex vivo with α-CD3/CD28 coated beads and high dose IL-2. Data presented 

as % of LAYN+ Tregs over time. (c) Flow cytometric quantification of % of Ki67+ Tregs 

and MFI of FOXP3, CD25, ICOS, 4–1BB and LAG3 expression on ex vivo expanded Tregs 

after 3 days of coculture as outlined in a. Results are combined data from 4 donors for b and 

3 donors for c with 1–2 donors repeated twice or thrice. Donors are color-coded. One-way 

ANOVA with Bonferroni’s test for multiple comparisons.
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Figure 5. Layilin expression on Tregs promotes their accumulation in tissues.
(a-d) Adoptive transfer of Layn-overexpressing Tregs into Foxp3DTR mice. (a) Experimental 

scheme. Tregs sorted from CD45.1 mice were expanded ex vivo and retrovirally transduced 

with either Layn-eGFP-pMIG vector or empty-eGFP pMIG vector. These cells were i.v. 
injected into 6–10 weeks old CD45.2 Foxp3DTR mice and host Tregs depleted through 

administration of DT. (b-d) Flow cytometric quantification of total CD4+CD25+Foxp3+ 

Tregs in CD45.2 Foxp3DTR mice and host Tregs depleted through administration of DT 

non-injected with Tregs or i.v. injected with mLayn- or EV-Tregs (b), and GFP+CD45.1+ 

Tregs (c) in skin of CD45.2 Foxp3DTR mice, represented as percentages and absolute 

number of cells, normalized to transfection efficiency. (d) Expression of Ki67 on CD45.1+ 
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Tregs in skin of CD45.2 Foxp3DTR mice. Data representative of 3 independent experiments. 

n = 3–5 mice/group. Unpaired Student’s t-test.
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Figure 6. Layilin functions to ‘anchor’ Tregs in skin.
(a-d) Intravital two-photon imaging of Tregs in skin of Layn−/− Foxp3GFP mice compared 

to WT Foxp3GFP mice at steady state, over a period of 60 minutes. (a) xy plots of cell 

tracks, (b) track displacement length, (c) track speed means of the tracks, (d) sphericity 

of cells over time and (e) mean sphericity of each cell. (f-i) Intravital two-photon imaging 

of Tregs in skin of RAG2−/− mice 6 weeks after being adoptively transferred with Tregs 

from either Layn−/− Foxp3GFP mice or WT Foxp3GFP mice, over a period of 60 minutes. 

(f) Experimental scheme of adoptive transfer of cells. (g) xy plots of cell tracks, (h) track 

displacement length, and (i) track speed means of the tracks. n = at least 100 cells/group. 

Data representative of 2–3 independent experiments. Unpaired Student’s t-test.
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