1 Materials and Methods

2 KEY RESOURCES TABLE

REAGENTS ‘ SOURCE ‘ IDENTIFIER

Antibodies

anti-CD3 A700 Biolegend Cat#300324; RRID: AB_493738

anti-CD3 APC-Cy7 | Biolegend Cat#344818; RRID: AB_10644011

anti-CD4 PE- eBioscience Cat#35-0047-42; RRID: AB_11218283

Cyanineb.5

anti-CD8 BV785 Biolegend Cat#301046; RRID: AB_2563264

anti-CD45 FITC Biolegend Cat#304006; RRID: AB_314394

anti-CD45RA Biolegend Cat#304132; RRID: AB_314410

BV570

anti- CD45PE- Miltenyi Cat#130-110-639; RRID:AB_2658247

Vio770 Biotec

anti- Biolegend Cat#304231; RRID: AB_2563462

CD45ROBrilliant

Violet 650™

anti-CD69 Brilliant | Biolegend Cat# 310930; RRID: AB_10933255

Violet 421™

anti-CD69 PE- BD Cat# 562617; RRID:AB_2737680

CF594 Biosciences

anti-CD154 BV421 | Biolegend Cat#310824; RRID: AB_2562721

anti-CD154 APC Miltenyi Cat#130-113-610; RRID:AB_2733342
Biotec

anti-CD14 Pacific House Clone TM1

Orange conjugate

anti-CD19 Pacific House Clone BU12

Orange conjugate

anti-CD137 FITC eBioscience Cat#11-1379-42; RRID:AB_1272070

anti-KI167 PE eBioscience Cat#12-5699-42; RRID: AB_10688373

anti-CD127 Miltenyi Cat# 130-109-439; RRID: AB_2654830

VioBright FITC Biotec

anti-CD127 A488 Biolegend Cat# 311313; RRID: AB_10895911

anti-CD25 APC Miltenyi Cat# 130-109-021; RRID: AB_2656665
Biotec




anti-CD25 BV605

Biolegend

Cat#302632; RRID: AB_11218989

anti-CD38 PE-Cy7 | Biolegend Cat#303515; RRID: AB_1279235
anti-HLA-DR APC- | Biolegend Cat# 307618; RRID: AB_493586
Cy7

DAPI Thermo Fisher | Ca# D1306

Scientific

Chemicals, Peptides,

Proteins, and Others

Qiazol Lysis Qiagen Cat# 79306
Reagent

Q5 High-Fidelity New England | Cat# M0491L
DNA Polymerase Biolabs

Uracil-DNA New England | Cat# M0280L
glycosilase (UDG) | Biolabs

Human male Ab Sigma-Aldrich | Cat# H4522-100ML
serum

Live/Dead™Fixable | ThermoFischer | L34957

Aqua Dead Cell

Stain Kit (Pacific

Orange)

Penicillin- ThermoFischer | 10378016

Streptomycin-
Glutamine (100X)

RPMI Medium
1640 - GlutaMax

ThermoFischer

Cat# 21875-091

RNAse inhibitor ThermoFischer | Cat# N8080119

Haelll restriction New England | Cat# R0108M

enzyme Biolabs

Klenow fragment New England | Cat# M0212M

exo- Biolabs

T4-ligase New England | Cat# M0202M
Biolabs

AMPure XP beads | Beckham Cat# A63881
Coulter

Critical Commercial Assays




EZ-DNA
methylation Gold
kit

Zymo research

Cat# D5005

Deposited data

Multiplex reduced
representation of
bisulfite sequencing
(mRRBS) data

EGA

EGAS50000000085 (https://ega-archive.org/)

Software and algorithms

MACSQuantify™ Miltenyi https://www.miltenyibiotec.com/products/macsquantify-software.html#130-
software Biotec 094-556
BD https://www.flowjo.com
FlowJo 10 Software o
Biosciences
GraphPad Prism GraphPad https://www.graphpad.com
5.04 Software
Adobe https://www.adobe.com
Adobe Illustrator
Systems
R version 4.2.1 Cran https://cran.rstudio.com/
RStudio Posit.co https://posit.co/download/rstudio-desktop/
pheatmap (version CRAN https://cran.r-project.org/web/packages/
1.0.12) pheatmap/index.html
ggplot2 (version CRAN https://cran.r-project.org/web/packages/ggplot2/index.html

3.5.0)

Metascape

Zhou et al.[1]

http://metascape.org/gp/index.html#/main/stepl

Integrative
Genomics Viewer
software (version
2.16.2)

Robinson et
al.[2]

http://www.broadinstitute.org/igv/

University of

http://genome.ucsc.edu

UCSC Genome o
California,
Browser
Santa Cruz
) https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastg-
bcl2fastq Illumina ]
conversion-software.html
cutadapt (version ) https://github.com/marcelm/cutadapt
GitHub
1.3)
Trim Galore! . https://github.com/FelixKrueger/TrimGalore
GitHub

(version 0.4.2)



https://www.miltenyibiotec.com/products/macsquantify-software.html#130-094-556
https://www.miltenyibiotec.com/products/macsquantify-software.html#130-094-556
https://www.graphpad.com/
https://www.adobe.com/
http://genome.ucsc.edu/
https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html
https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html
https://github.com/marcelm/cutadapt
https://github.com/FelixKrueger/TrimGalore

The Center for

Computational

http://ccb.jhu.edu/software/FLASH/

FLASh tool Biology at
Johns Hopkins
University
HT software 22 BiQAnalyzer http://big-analyzer-ht.bioinf.mpi-inf.mpg.de/
the University | https://hgdownload.soe.ucsc.edu/goldenPath/hg38/bigZips/
hg38/GRCh38 o
of California,
reference genome
. Santa Cruz
(Consortium, 2015)
(UCSC)
methylCtools GitHub https://github.com/hovestadt/methylCtools
itHu
(version 0.9.2)
Samtools (version ) https://github.com/samtools/samtools
GitHub
1.3)
Picard tools ) https://github.com/broadinstitute/picard
GitHub.
(version 1.115)
National https://people.csail.mit.edu/dnaase/bissnp2011/
Bis-SNP (dbSNP, Center for or:

version 151)

Biotechnology

https://github.com/dnaase/Bis-tools

Information
MethylSeekR ) http://lwww.bioconductor.org/packages/release/bioc/html/MethylSeekR.html
) Bioconductor
(version 1.38.0)
Methylkit (Version ) https://www.bioconductor.org/packages/release/bioc/html/methylKit.html
1.20.0) Bioconductor

ChlPseeker (version
1.34.1)

Bioconductor

https://www.bioconductor.org/packages/release/bioc/html/ChiPseeker.html

MethReg (version
1.8.0)

Bioconductor

https://www.bioconductor.org/packages/release/bioc/html/MethReg.html

Limma package

Bioconductor

https://www.bioconductor.org/packages/release/bioc/html/limma.html

(version 3.54.2)
Other
FACSArial BP ) N/A
Biosciences
gentleMACS™ Miltenyi N/A
dissociator Biotec
HiSeq 2500 [llumina https://www.illumina.com/
Qubit Fluorometer Invitrogen https://www.fishersci.de/shop/products/qubit-4-fluorometer/15723679
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead
Contact, Jun Dong, German Rheumatism Research Center, (dong@drfz.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The methylomes generated during this study have been deposited in the European GenomePhenome Archive (EGA)
with the accession number EGAS50000000085 (https://ega-archive.org/). The data support the findings of this study

are available on reasonable request from the corresponding author Dr. Jun Dong. The data are not publicly available
due to restrictions e.g. their containing information that could compromise the privacy of research participants. Code
used for PMD analysis was the same from our previous work [3] and the remaining codes are freely available at

source.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples

Peripheral blood and/or paired tissue samples were collected from anonymous female adult donors without ongoing
immune reactions (Table S1). Bone marrow samples were obtained from donors undergoing hip replacement
operations. Spleen cells were isolated from previously cryopreserved spleen tissue samples obtained for diagnostic
purpose. Skin samples were obtained from discarded tissues from healthy donors during plastic surgeries, and the lung
and intestine samples were taken from the adjacent healthy parts of respective tissues removed during organ
operations. Written informed consent in accordance with the Declaration of Helsinki was obtained from all study
subjects with local ethical committee (Ethikkommission der Charité-Universitatsmedizin Belrin) approval
(EA1/105/09).

METHOD DETAILS

Human peripheral blood and tissue sample collection and mononuclear cell isolation

Mononuclear cells of blood, bone marrow, and spleen were isolated by density gradient sedimentation using Ficoll-
Hypaque (Sigma-Aldrich). Skin samples were prepared as described previously [4]. In brief, skin samples were
initially washed two times with PBS buffer, and then the subcutaneous fat and hair were removed. This was followed
by mechanical dissection into 2-4 mm fragments and digestion in cRPMI 1640 medium (supplemented with 100 U/mL

penicillin, 100 pg/mL streptomycin, and 10% Ab serum) containing 1 mg/mL collagenase 1V (Worthington) and 20

5


mailto:dong@drfz.de
https://ega-archive.org/

33
34
35
36
37
38
39
40
41
42
43
44

45
46
47
48
49
50
51
52
53
54
55

56
57
58
59
60
61
62

63
64
65
66
67

pg/mL DNAse | (Sigma) at 37 °C, 5% CO; for 12h. The digested fragments were dissociated using a gentleMACS™
dissociator (Miltenyi Biotec), followed by filtration through a 70-um filter (Corning). Intestine samples were minced
into 4mm small fragments and digested in cRPMI 1640 medium (as described above) containing 0.5 mg/mL
collagenase 11, 100 pg/mL DNAse | and 100 pg/ml trypsin inhibitor (Sigma) at 37 °C with a slow shaking (50 rpm)
for 1h. The digested samples were filtered through a 70-um filter, and the remaining fragments were dissociated using
a gentleMACS™ dissociator and filtered again. For lung samples, minced tissue fragments were squeezed through a
sterile sieve by the upside of a 25mL sterile syringe. Filtrates were centrifuged for 10min at 1000rpm and 4°C. The
cell pellets were resuspended in a 40% Percoll (Ge Healthcare; in PBS) solution and loaded over a 80% Percoll
solution, and centrifuged at room temperature with 1000 x g for 30min without brake. Afterwards, the interphase was
transferred into a 50mL falcon tube through a 100-um filter (Corning) and washed with cold PBS/BSA (0.5%) /EDTA
(2mM) buffer. Remaining erythrocytes were lysed for 5min on ice using an erythrocyte lysis buffer (QIAGEN) and
washed again with cold PBS/EDTA (2mM) buffer.

Flow cytometry and cell sorting

In this study, flow cytometry analysis was performed according to the guidelines described previously [5]. Single-cell
suspension was stained with surface antibodies for 10 min at 4 °C. The fluorochrome-conjugated mouse anti-human
antibodies used for flow cytometry experiments are listed in the above Key Resources Table. DAPI (1 pg/mL) was
used as a dead cell exclusion marker. Ex vivo CD4*CD69*-memory T-cell subsets were purified by fluorescence-
activated cell sorting (FACS) using a BD FACSArria 1l cell sorter (BD Biosciences). During cell sorting, memory T
cells were gated on CD45*CD3*CD4*/CD8* and excluded for regulatory T cells and monocytes and B cells by gating
on the CD25DAPI'CD14CD19° (DUMP’) cells. Thus, blood memory CD4*/CD8* T cells were sorted as
CD45"CD3*DUMP-CD25CD4*/CD8*CD45R0O*CD69; tissue-derived memory CD4* T cells were sorted from each
tissue as CD45*CD3*DUMP-CD25CD4*/CD8*CD45R0O*CD69*. Purity of the sorted populations was determined as

<98% by post-sort check. Data were analyzed using the FlowJo V10 software (BD Biosciences).

Genomic DNA preparation

Genomic (g) DNA from purified cells was extracted directly from purified memory T cell subsets without prior in
vitro stimulation, using the Qiagen DNeasy blood and tissue kit according to the manufacturers’ protocol. The purity
and concentration of the extracted gDNA were assessed by a Qubit fluorometer (Invitrogen). Equal amount of gDNA
samples from the same tissue type of three donors were pooled as one replicate of that tissue type. Alternatively, blood
or some tissue samples were isolated from individual donors without pooling and analyzed as replicate of indicated

tissue type (detailed in Supplementary Table 1).

Multiplex reduced representation of bisulfite sequencing (RRBS)

Multiplex RRBS was applied for higher throughout and low amounts of input DNA according to the published
procedure,[6] with minor modifications. In brief, 50-100 ng of gDNA was digested overnight at 37°C with 50 U Haelll
restriction enzyme (NEB) in a 30-pL reaction. After A-tailing reaction with Klenow fragment exo-, sample-specific

NGS adaptors were ligated using T4-DNA ligase. The libraries were then bisulfite converted with an EZ-DNA
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methylation Gold kit and PCR amplified for 12-18 cycles using Hot Star Taq polymerase (Qiagen). After purification
with Agencourt AMPure XP beads (Beckman Coulter), libraries went through quality checks (qPCR and Agilent

Bioanalyzer) and were sequenced with 1x 100 nt single reads on an Illumina HiSeq 2500 system platform.

Mapping of multiplex RRBS data

Generated multiplex RRBS data were demultiplexed with bcl2fastq (Illumina) and then processed as described
previously (Durek et al., 2016; Wang et al., 2013). In brief, the sequencing reads were trimmed with Trim Galore!
(v0.4.2) (https://github.com/FelixKrueger/TrimGalore) for adapter contamination and 3’ ends with base quality below
20 in RRBS mode. The resulting reads were aligned to the 1000 genomes version of the human hg38/GRCh38
reference genome (Consortium, 2015) using the BWA (v0.6.2) (Li and Durbin, 2010), and the wrapper methylCtools
(v0.9.2), Samtools (v1.3) (Li et al., 2009) and Picard tools (v1.115) (“Picard Tools - By Broad Institute” 2017) for
converting, merging and indexing of alignment files. Bis-SNP was used for SNP (dbSNP, v138 or v151, National
Center for Biotechnology Information, National Library of Medicine 2013) aware re-alignment, quality recalibration

and methylation calls.

Genome segmentation analysis of DNA methylation patterns in Tm populations across tissues

We utilized MethylSeekR (version 1.38.0) to segment the genome based on DNA methylation patterns, leveraging
predefined genome segments as reference. In particular, partial methylated domains (PMDs), were previously defined
by us using effector memory T cells (Tem) from blood samples of CD4 [7] and CD8 [3] T cells, predominantly CD69"
. Since in the previous study involving CD4* Tem reference, bone marrow CD69* subsets exhibited similar positioning
in PC1, indicating a shared proliferation history, we employed these reference segments to directly calculate the
methylation levels of CpG sites within our RRBS data from CD4 and CD8 Tm populations across various tissues and
blood samples. In this analysis, we averaged the methylation levels of CD69* and CD69" subsets for tissues separately,

while for blood samples, methylation levels were averaged only for CD69" cells [3].

Calling of DNA methylation values and identification of differentially methylated regions (DMRs)

From qualified primary data, 164105 sites were removed due to their overlap with SNPs. To eliminate the effect of
sex-specific methylation, sites from Y-chromosome were also removed from further analysis. Beta-values of 500-bp
genomic tiles of 22 memory CD4 and CD8 T cell subsets isolated from the bone marrow, spleen, lung, intestine, skin
and blood samples were calculated using R (Version 4.2.1) and Methylkit package (Version 1.20.0) [8]. Beta values
range from 0 to 1 and represent methylation values from 0% to 100%, respectively. DMRs were detected in de-novo
mode with treating missing sites as zero-covered sites in the aggregation step of the tiled analysis. We searched for
DMRs with >5 CpGs covered within 500-bp tiles using default setting. After merging both strands, sites were filtered
to retain only those with an average of per-CpG coverage of at least 3 x, corresponding to a minimum of 15x total
coverage per region. DMRs were defined based on a g-value < 0.05and a minimum methylation difference of > 15%
between any two comparison groups. On average, >95% of all identified DMRs sets met these criteria. Mitochondria

chromosomes were excluded.
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The mRRBS data of CD69* memory CD4* T cells from bone marrow and spleen samples were taken from our
previous work and from the European Genome-Phenome Archive under the accession numbers EGAS0000100624
[7] and EGAS00001005475 [9]. Overall, analysis was conducted on beta-values of 667400 tiles from CD4* samples
and 776782 tiles from CD8"* samples. In this study, 52 methylome data sets were generated and compared with these

published four methylome data sets.

Principal-component analysis

Principal Component Analysis (PCA) was performed using the built-in function prcomp in R. The data was processed
to extract principal components, representing the major patterns of methylation variability. The results were then
visualized using the ggplot2 package (version 3.5.0) to create a scatter plot, distributing the distribution and

relationships of the data points in reduced-dimensional space, i.e. PC1 versus PC2 in this study.

Genomic features

The identified DMRs were related to gene locations with five gene structure prioritized categories: 5’UTRs, promoters
(+/- 3kb from transcription start sites (TSSs)), exons, introns, 3’UTR, downstream, and intergenic regions, using hg38.
The resulting DMRs were annotated using the R package ChiPseeker (version 1.34.1) and their intersection with

putative transcription factor binding site(s) (TFBS) were annotated using the R package MethReg (version 1.8.0).

Heatmap analysis

In this study, a set of DMRs or a set of genes associated with various functional categories, including chemokine
receptors, transcription factors, and others, was extracted as promoter/intron DMRs from the compiled DMRs specific
to CD4* and CD8" Trm populations. Unsupervised heatmap analysis was then employed to visualize and interpret
patterns within the dataset. Heatmaps were generated using the pheatmap package (verson 1.0.12) in R programming
language, with rows and columns representing variables or tissue types. The color intensity in the heatmap indicated
the strength or direction of the relationships between variables, facilitating the identification of trends and clusters

within the data.

DMR-linked gene enrichment analysis using Metascape

Top 3000 genes from compiled CD69* and CD69" tissue DMRs were subjected to gene enrichment analysis using
Metascape [1]. The species “Homo sapiens” was selected for analysis. Default setting were used, with a p-value cutoff
of 0.01 and false discovery rate (FDR) correction. Enrichment analysis included most available gene set databases
(e.g., GO Biological Processes, KEGG Pathways, Reactome Gene Sets). Enrichment readouts provided by Metascape
were reviewed to identify significantly enriched pathways, biological processes, and molecular functions.
Comparisons were made to identify shared and unique enriched pathways between tissue CD69* and CD69 of CD4

and CD8 T cells. Metascape’s visualization tools were used to generate enrichment heatmaps.

Visualization of differentially methylated regions by the Integrative Genomics Viewer (IGV)
To assess and visualize the distribution of DMRs across the genome, we utilized the Integrative Genomics Viewer

(IGV) version 2.16.2. Preprocessed and normalized methylation data, including DMRs identified through Methylkit,

8
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were loaded into IGV for visualization. Methylation percentage data in bigWig format were used. The human hg38
genome assembly was selected within IGV for alignment and annotation. IGV was configured to display DNA
methylation levels as tracks, allowing for the simultaneous visualization of multiple samples from different tissues.
Tracks were color-coded for clarity, with customizable settings for track height and display options. Additionally, to
gain insights into genomic regions conserved across species, we incorporated the hg38.phastCons4way track
(available at UCSC) as a secondary reference. This dataset includes alignments of the human genome with those of
the mouse (Mus musculus), Chinese tree shrew (Tupaia chinensis), and Malayan flying lemur (Galeopterus

variegatus).

Methylation analysis of DMRs between tissues

To assess methylation differences between the analyzed groups, we calculated CpG beta values for the differentially
methylated regions (DMRs) of interest. Beta values were computed by merging replicate values within each group.
Statistical significance of methylation differences between groups was determined using the Wilcoxon rank-sum test,
implemented in R (Version: 4.2.3). The results were visualized using box plots, which display the distribution of beta

values across groups.

Correlation between DMRs with associated gene expression

Annotated DMRs were included for correlation with corresponding gene expressions by CD4* Tm. Four gene
expression datasets were obtained from the Gene Expression Omnibus (GEO) database. Expression datasets
GSE50677[10], GSE94964[11], GSE131770[12], and GSE49877[13] were used to correlate with bone marrow versus
blood DMRs, spleen or lung versus blood DMRs, skin versus blood DMRs, and intestine versus blood DMRs,
respectively. Microarray data (bone marrow, intestine) were converted back to linear scale by reversing log
transformation. RNA-seq data were processed using either DESeq2 normalization (spleen, lung; raw counts scaled by
size factors, without log transformation) or counts per million (skin; CPM, not log-transformed). All expression values

are presented as non-log-transformed gene expression levels.

Correlation analysis between DNA methylation and gene expression levels in tissue versus blood samples was

performed using a built-in simple linear regression model in GraphPad Prism.

QUANTIFICATION AND STATISTICAL ANALSIS

Statistical analysis was performed using R (Version: 4.2.3). MethylSeekR (version 1.38.0) was applied to identify
differences between paired comparisons of various tissues and blood. Adjust p-values less than 0.05 were considered
statistically significant. The data matrix was normalized using z-score normalization. Both Manhattan and Euclidean
distance matrices were calculated to analyze the similarities and relationships between tissues or methylation regions.

For statistical details, please refer to the respective figure legends.
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