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Adoptive transfer of regulatory T cells (Treg) is a promising new therapeutic option to
treat detrimental inflammatory conditions after transplantation and during autoimmune
disease. To reach sufficient cell yield for treatment, ex vivo isolated autologous or
allogenic Tregs need to be expanded extensively in vitro during manufacturing of the
Treg product. However, repetitive cycles of restimulation and prolonged culture have
been shown to impact T cell phenotypes, functionality and fitness. It is therefore critical
to scrutinize the molecular changes which occur during T cell product generation,
and reexamine current manufacturing practices. We performed genome-wide DNA
methylation profiling of cells throughout the manufacturing process of a polyclonal
Treg product that has proven safety and hints of therapeutic efficacy in kidney
transplant patients. We found progressive DNA methylation changes over the duration of
culture, which were donor-independent and reproducible between manufacturing runs.
Differentially methylated regions (DMRs) in the final products were significantly enriched
at promoters and enhancers of genes implicated in T cell activation. Additionally,
significant hypomethylation did also occur in promoters of genes implicated in functional
exhaustion in conventional T cells, some of which, however, have been reported to
strengthen immunosuppressive effector function in Tregs. At the same time, a set of
reported Treg-specific demethylated regions increased methylation levels with culture,
indicating a possible destabilization of Treg identity during manufacturing, which was
independent of the purity of the starting material. Together, our results indicate that
the repetitive TCR-mediated stimulation lead to epigenetic changes that might impact
functionality of Treg products in multiple ways, by possibly shifting to an effector Treg
phenotype with enhanced functional activity or by risking destabilization of Treg identity
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and impaired TCR activation. Our analyses also illustrate the value of epigenetic profiling
for the evaluation of T cell product manufacturing pipelines, which might open new
avenues for the improvement of current adoptive Treg therapies with relevance for
conventional effector T cell products.

Keywords: regulatory T cells, advanced therapy medicinal products, DNA methylation, biomarker, adoptive cell
therapy, good manufacturing practice

INTRODUCTION

T Lymphocytes are one of the most promising effectors
for adoptive cellular therapy (ACT) by facilitating target-
specific immune interventions, as has recently been impressively
demonstrated in clinical practice (Guedan et al., 2019).
ACTs comprised of regulatory T cells (Tregs) are currently
under extensive clinical testing (Sharabi et al., 2018) to
prevent undesired inflammation and immune reactivity during
autoimmunity (Bluestone et al., 2015; Elias and Rudensky,
2019; Ryba-Stanislawowska et al., 2019), after solid organ
transplantation (Romano et al., 2019; Sawitzki et al., 2020)
or during graft-versus-host-disease (GvHD) after hematopoietic
stem cell transplantation (Bertaina and Roncarolo, 2019; Elias
and Rudensky, 2019; Mancusi et al., 2019). Despite previous
concerns of inducing systemic over-suppression and increased
risk for tumor formation and infections, studies from different
centers including our own have shown a very good safety profile
and even hints of efficacy: A recent phase 1/2a clinical trial
(The ONE study; Roemhild et al., 2020; Sawitzki et al., 2020)
testing Treg products from our facility demonstrated that drug-
mediated immunosuppression could successfully be sustainably
reduced in most kidney transplant recipients (Roemhild et al.,
2020). Still, reduction of immunosuppression was not tolerated
by a few patients and complete weaning was not feasible at all,
indicating that there is room for improvement in the fitness,
function, or engraftment of the Treg products. In addition,
other critical challenges remain such as the standardization of
manufacturing procedures and of quality control parameters, as
well as the high costs of production (Trzonkowski et al., 2015;
Raffin et al., 2020).

For Treg products, functional quality assessment remains a
major challenge (Trzonkowski et al., 2015; Fuchs et al., 2017),
as the only widely used in vitro suppression assay (Brusko
et al., 2007; Venken et al., 2007) poorly represents the in vivo
functionality of Tregs (Scheffold et al., 2005; Collison and
Vignali, 2011; Wendering et al., 2019). In addition, classical Treg
biomarkers (e.g., FOXP3, CD25, and lack of CD127 expression)
can also be found on contaminating activated pro-inflammatory
conventional T cells (Tran et al., 2007; Wang et al., 2007;
Kmieciak et al., 2009). Furthermore, the quality of the final
Treg ACT product is highly dependent on the donor and
on the purity of the starting material. Until recently, highly
pure Treg starting populations from peripheral blood could
not be achieved due to the lack of appropriate flow-cytometric
sorting devices which would be accepted by most European
regulatory authorities. In addition, extensive TCR stimulation-
driven in vitro expansion of the starting material is required,

which poses risks for the outgrowth of contaminating pro-
inflammatory T cells (Battaglia et al., 2005, 2006), possible
loss of Treg identity (Marek et al., 2011; Bailey-Bucktrout
et al., 2013), terminal differentiation, and perhaps functional
exhaustion or senescence as reported for conventional T cells
(Chou and Effros, 2013; Wherry and Kurachi, 2015; Okuda et al.,
2019). Many different protocols for Treg product manufacturing
have been developed and tested (Duggleby et al., 2018; Fraser
et al., 2018; MacDonald et al., 2019; Alzhrani et al., 2020),
but are difficult to compare due to the lack of a standardized
quality control procedure (Fuchs et al., 2017). It is therefore of
great importance to assess functional or molecular alterations
which occur during Treg product generation in order to
identify current therapeutic limitations and develop strategies
for improvement.

To address this, we characterized manufacturing-induced
epigenetic changes at the DNA methylation level during
the generation of Treg products at our center. Epigenetic
mechanisms define the potential for gene expression at individual
loci through chromatin permissibility, and can give insight into
both current and future functional states (Youngblood et al.,
2013; Durek et al., 2016; Abdelsamed et al., 2017; Delacher
et al., 2017, 2021). For T cells in particular, the functional
state can be shaped by epigenetic remodeling in response to
extracellular signaling cues as was recently shown for exhausted
T cells (Pauken et al., 2016; Ghoneim et al., 2017). Therefore,
analyzing manufacturing-induced epigenetic changes may be
informative for predicting the cellular state and function of
the final Treg product. In our analyses, we determined that
the manufacturing process introduces wide-spread, reproducible,
and progressive changes in the DNA methylome of the Treg
products, including at loci important for T cell activation
and Treg identity.

MATERIALS AND METHODS

Ethics
All donors donating blood for this study provided written
informed consent for their participation. Study procedures
were approved by the Ethics Committee of the Charité -
Universitätsmedizin Berlin.

Manufacturing of 1st Generation
Products
Peripheral blood from healthy donors was used for enrichment
of natural regulatory T cells (nTreg). Two consecutive
CliniMACS runs, compromising a CD8+ cell depletion
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followed by a CD25+ cell selection, were performed according
to the manufacturer‘s instructions (Miltenyi Biotec). Target
cell fraction was cultured in complete nTreg-medium,
containing X-Vivo 15 medium (Lonza) supplemented with
fetal calf serum (FCS, Hyclone), recombinant human IL-2
(Miltenyi Biotec) and Rapamycin (Pfizer). Depending on
cell numbers, expansion process of Tregs was performed
in 96-well plates and 24-well plates, respectively, for
23 days, using complete nTreg-medium and repetitive
stimulation with anti-CD3/CD28 MACSiBead particles
(Treg Activation/Expansion Kit, Miltenyi Biotec). Cells were
collected for downstream DNA methylation analysis at several
time-points during culture.

Manufacturing of 2nd Generation
Products
Peripheral blood was obtained from healthy donors, and
peripheral blood mononuclear cells (PBMCs) were isolated
by gradient centrifugation with Biocoll (Biochrom). The
CD4+ CD25high CD127− Treg cells were sorted by a flow
cytometry-based sorting system, the MACSQuant Tyto Cell
Sorter (Miltenyi Biotec). Staining was performed using
fluorophore-conjugated human anti-CD4, anti-CD25 and
anti-CD127 antibodies (all Miltenyi Biotec), achieving purities
of over 90%. Treg cells were cultured in a 96-well round-
bottom plates (Eppendorf) with complete nTreg-medium
compromising X-Vivo 15 medium (Lonza) supplemented
with FCS (Biochrom), Penicillin/Streptomycin (Biochrom),
Rapamycin (Sigma-Aldrich) and recombinant human IL-2
(Novartis). Treg cells were repetitively stimulated with anti-
CD3/CD28 MACSiBead particles (Treg Activation/Expansion
Kit, Miltenyi Biotec) for a total of 8 times throughout
culture for 21 days.

Isolation and Culture of FACS-Sorted
Tregs and CD4+ Memory T Cells
PBMCs were isolated from 50 mL of peripheral blood
obtained from healthy donors, by Ficoll-Paque Plus (Thermo
Fisher Scientific) density gradient centrifugation followed
by erythrocyte lysis using Buffer EL (Qiagen). After CD4
enrichment using magnetic cell separation with the autoMACS
instrument (Miltenyi Biotec) using CD4 MicroBeads (Miltenyi
Biotec), cells were left overnight at 4◦C in basal cell culture
medium [RPMI 1640 Medium with GlutaMAX Supplement-
10 (Thermo Fisher Scientific), 10% FCS (Corning), 50 nM 2-
mercaptoethanol (Thermo Fisher Scientific), 1 mM pyruvate
(Biochrom), and 25 mM HEPES (Gibco)]. The following day,
CD4+ memory T cells (CD4+ CD25+ CD127+ CD45RO+) and
Tregs (CD4+ CD25+ CD127−) were FACS-sorted with a BD
FACSAria II SORP (Becton Dickinson). Sorted CD4+ memory
T cells and Tregs were initially cultured in 96-well round-
bottom plates (Greiner Bio-One) with the aforementioned cell
culture media supplemented with 500 IU/mL rhIL-2 (R&D
Systems) and 10 nM Rapamycin (STEMCELL Technologies)
(day 0). The following day, cells were stimulated with anti-
CD3/CD28 MACSiBead particles (Treg Activation/Expansion

Kit, Miltenyi Biotec) according to manufacturer’s guidelines.
Cells were stimulated at the same time points as the 1st and
2nd generation products, and collected for downstream DNA
methylation analysis.

Surface Expression Profiling
GMP-compliant Treg products and PBMCs were stained using
fluorescently conjugated monoclonal antibodies for CD3 (BV650,
clone OKT3), CD4 (PerCP-Cy5.5, clone SK3), CD8 (BV510,
clone RPA-T8), CD127 (APC-A700, clone A019D5), and CD25
(APC, clone M-A251) at 4◦C for 30 min. Backbone-stained
samples were subsequently split to be stained for further 30 min
with PE-conjugated antibodies for different human surface
antigens: CD5 (clone UCHT2), CD80 (clone 2D10), CD86 (clone
IT2.2), CD59 [clone p282 (H19)], CD160 (clone BY55), CD279
(clone EH12.2H7), CD366 (clone F38-2E2), and TIGIT (clone
A15153G). All antibodies were purchased from BioLegend. To
exclude dead cells, LIVE/DEAD Fixable Blue Dead Cell Stain dye
(Thermo Fisher Scientific) was added. Lymphocytes were gated
on the basis of the forward scatter (FSC) vs. side scatter (SSC)
profile after exclusion of doublets via FSC-Height vs. FSC-Area.
Tregs were defined as CD25high CD127low CD4+ CD8− CD3+
and conventional T cells (Tcon) as CD25− CD127+CD4+ CD8−
CD3+. Cells were analyzed on a Cytoflex LX (Beckmann Coulter)
flow cytometer. Cytometric raw data were analyzed using
KaluzaTM software (Beckman Coulter), mean expression values
were visualized using the nautilus R package (available from1).

Methylation Profiling
Genomic DNA of cell pellets was isolated using AllPrep
DNA/RNA Mini Kit (Qiagen) or Zymo’s Quick-DNA
MicroPREP Kit (Zymo Research), following manufacturer’s
instructions. DNA concentration was assessed with Qubit
dsDNA HS Assay Kit and the Qubit Fluorometer (Molecular
Probes/Life Technologies). 200–250 ng of genomic DNA was
used as input for bisulfite conversion, which was performed with
Zymo’s EZ DNA Methylation-Gold Kit (Zymo Research)
or Zymo’s EZ DNA Methylation Kit (Zymo Research).
Methylation analysis was performed with the Infinium
MethylationEPIC Kit (Illumina EPIC-8 BeadChip) following
the manufacturer’s instructions. Bead Chips were imaged on
Illumina’s Microarray Scanner iScan.

Data Processing and Analysis
All analyses were conducted in the R statistical software
(Version > 4.0).

Preprocessing Raw Data
Raw intensity data files (IDAT) from Bead Array scans were
preprocessed using minfi version 1.36.0. Probes were removed
if they did not meet the detection p-value threshold (p < 0.05),
were found to be cross reactive (Pidsley et al., 2016), or
changes in manufacturing process (Infinium MethylationEPIC
v1.0 B5 Release Date). Raw data was normalized by quantile
normalization, after which M values were extracted. Due to

1https://github.com/steschlick/nautilus
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sample processing at different institutes, samples were subjected
to batch correction using the ComBat function from sva version
3.38.0 (Leek et al., 2012). Lastly, CpGs within 3 nucleotides
away from a SNP/variant was removed with the function
rmSNPandCH from DMRcate version 2.4.1 (Peters et al., 2015).

Differential Methylation Analysis
CpGs on chromosomes X or Y were removed prior to
differential methylation analysis. Significant (FDR < 0.05)
differentially methylated positions (DMPs) were identified using
the cpg.annotate function in DMRcate, which were then used
to identify differentially methylated regions (DMRs) using the
dmrcate function with lambda = 500 and C = 3. DMRs
with a Stouffer’s score < 0.05 were kept for further analysis.
CpGs and DMRs were annotated to genomic features and
genes using annotatePeak from the ChIPseeker version 1.26.2
(Yu et al., 2015).

Publicly Available Data
Partially Methylated Domains
Bed files containing genomic annotations for PMDs in CD4
central memory (CM), effector memory (EM), effector memory
RA (TEMRA), and Tregs were downloaded from Gene
Expression Omnibus GSE113405 (Salhab et al., 2018). Due
to the heterogeneous starting material of the first generation
Tregs, an overlapping core set of PMDs was identified through
findOverlaps function in GenomicRanges.

Whole Genome Bisulfite Sequencing
CpG methylation read counts from WGBS data of HIV-reactive
CD8 T cells and CD8 effector memory were downloaded from
Gene Expression Omnibus GSE144693 (Abdelsamed et al., 2020).
Only CpGs that were covered at least 10X were considered
for analysis. dmrcate was also used to identify DMRs between
exhausted HIV-reactive CD8 T cells and CD8 effector memory
cells using the parameters with lambda = 500 and C = 3.

ChromHMM Chromatin States
ChromHMM chromatin states of Treg and CD4 memory cells
were downloaded from the NIH Roadmap Epigenomics Project
portal https://egg2.wustl.edu/roadmap/web_portal/

Statistical Analysis and Data Visualization
Gene set enrichment analysis was performed with the package
fgsea version 1.16.0 (Korotkevich et al., 2021). Gene ontology
enrichment analysis was performed with clusterProfiler version
3.18.1 (Yu et al., 2012). For T test statistical analysis, the
function stat_compare_means from ggpubr version 0.4.0 was
used2. Heatmaps were generated using ComplexHeatmap version
2.6.2 (Gu et al., 2016). Alluvial plot was generated with ggalluvial
version 0.12.33. Density plot margins for PCA plot was generated
with ggExtra version 0.94. All other plots were generated with
ggplot2 version 3.3.5.

2https://cran.r-project.org/web/packages/ggpubr/index.html
3http://corybrunson.github.io/ggalluvial/
4https://cran.r-project.org/web/packages/ggExtra/index.html

RESULTS

In vitro Expansion During Treg Product
Generation Induces Changes in the DNA
Methylome
Treg products from three healthy donors were generated
twice by two indepenent manufacturing runs. These first
generation (1st gen.) Treg products are generated from
peripheral blood-derived starting material which is depleted of
CD8+ cells and enriched for CD25-expressing cells using the
CliniMACS system, yielding a starting populations enriched
for CD8− CD4+ CD25+ Tregs. For generation of the final
product, the cells undergo expansion culture for 23 days with
repetitive TCR stimulation (using antiCD3/CD28 microbeads,
8 stimulations in total) in the presence of IL2 and Rapamycin.
Supplementation of Rapamycin is meant to inhibit the outgrowth
of contaminating conventional proinflammatory CD4+ T
cells (Battaglia et al., 2005). We harvested samples at the
starting (day 0), final (day 23), and relevant additional
time points during cell expansion (Figure 1A). The samples
were subjected to genome-wide methylation analysis using
the Illumina Methylation EPIC microarray, which covers
a selection of 850,000 CpG methylation sites genome-wide
with a special emphasis on regulatory elements such as
promoters and enhancers.

Principal component analysis (PCA) of the EPIC array
methylation profiles demonstrated that the number of days in
culture had a substantial impact on the DNA methylome, as this
feature accounted for PC2 (11% of the total variation in the data
set) (Figure 1B). Inter-donor variances could also be observed
and were reflected on PC3 (Figure 1B). Importantly, within the
same donor, the samples did not separate based on production
runs. These observations indicate that there is a progressive
change in DNA methylation with prolonged culture, which is
reproducible between donors and production runs. We also
explored methylation changes at partially methylated domains
(PMDs) of the genome, which are large transcriptionally silenced
regions characterized by a highly disorganized methylation
pattern, a generally reduced DNA methylation level and poor
gene content that undergo methylation loss as a result of
strong episodes of proliferation (Salhab et al., 2018; Decato
et al., 2020). We indeed observed a loss of PMD methylation
with increased expansion rate (Figure 1C), which is consistent
with previous findings that demonstrated that accumulation
of cell divisions drive PMD hypomethylation in cancer and
aging (Zhou et al., 2018), and during T cell differentiation
(Durek et al., 2016).

We next performed differential methylation analysis to
identify genetic loci undergoing significant methylation changes
during Treg product generation. Increased DNA methylation
in promoters, first introns, and enhancers generally correlate
with transcriptional downregulation (Varley et al., 2013;
Anastasiadi et al., 2018), while hypomethylation correlates with
transcriptional activation. In contrast, hypermethylation at
gene bodies (mainly on exons) has been reported to correlate
with increased transcription (Ball et al., 2009) and increased
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FIGURE 1 | (A) Example manufacturing run for first-generation Treg products. Briefly, Tregs were enriched through CD8+ depletion followed by CD25+ enrichment
using the CliniMACS R© system from whole blood. Tregs are cultured over the course of 23 days, with 8 total stimulations with anti-CD3/CD28 microbeads. Time
points used for DNA methylation analysis are indicated with the gray arrows. Figure created with BioRender.com. (B) PCA analysis of samples taken from all
available time points from both manufacturing runs. (C,D) Median methylation values of partially methylated domains (PMDs) (left) and cumulated expansion rate
(right) during Treg product generation.

methylation at alternatively spliced exons has been implicated
in differential splicing by mediating exon retention during
transcription (Sun et al., 2020).

Although we focus much of our later analyses on differentially
methylated regions (DMRs) containing at least 3 CpGs, we
also characterized differentially methylated positions (DMPs)
of individual CpGs in case biologically important loci were
not sufficiently covered by multiple adjacent CpG probes due
to microarray design limitations. We detected approximately

40,700 and 30,000 CpGs that were differentially methylated in
production Runs 1 and 2, respectively, between the final (day
23) and starting (day 0) products (Figure 2A, Supplementary
Table 1). For both runs, majority of DMPs mapped to introns
(38%), followed by distal intergenic regions (29%) and promoters
(27%) (Figure 2B). Other DMPs mapping to the 5′ or 3′ UTRs,
exons, and genomic regions immediately downstream of the
gene body (<300 bp) comprised only 5% of all significant sites.
Furthermore, promoters and introns consistently had a higher

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 November 2021 | Volume 9 | Article 751590

http://BioRender.com
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-751590 November 12, 2021 Time: 14:44 # 6

Ou et al. Epigenetic Changes During Treg Product Manufacturing

FIGURE 2 | (A) Significantly differentially methylated CpGs (differentially methylated positions, DMPs) between day 0 and day 23 products in each production run.
(B) Counts of hyper- or hypomethylated DMPs mapping to the promoter, intron, distal intergenic, or other (5′ or 3′ UTRs, exons, or immediate downstream) region of
a gene. (C) Volcano plots of significant DMPs (FDR < 0.05) stratified by genic annotation. The top 5 most significant DMPs (stratified by genic annotation) are
highlighted. (D) In Run 1, genes that contained at least 1 promoter DMP but did not contain any differentially methylated regions (DMRs, including at least 3 CpGs)
were significantly enriched for the Lymphocyte Activation pathway (adj. p-val < 0.05).

number of hypermethylated DMPs, whereas hypomethylated
DMPs were more frequent in intergenic regions. Interestingly,
a few CpGs were consistently among the top 5 most significant
DMPs (stratified by genic annotation) in both production runs,
such as a hypermethylated DMP mapping to the promoter of
PDCD4-AS1, a long non-coding RNA that has been shown to
positively regulate PDCD4, a tumor suppressor gene that has also
been implicated in autoimmune disorders (Hilliard et al., 2006;
Jadaliha et al., 2018; Figure 2C).

We then performed DMR analysis to identify genomic
regions containing adjacent differentially methylated DMPs, and
identified 1,753 DMRs associated with 1,515 unique genes in
Run 1, and 1,246 DMRs associated with 1,103 genes in Run
2; the remaining 10,852 genes from Run 1 and 9,597 genes
from Run 2 did not contain a DMR despite having at least 1
significantly DMP. However, these non-DMR DMPs may still
function as important regulators of Treg or T cell biological
processes: When we performed gene set enrichment analysis of
Run 1 promoter DMP genes that were not represented by any

DMRs, we found significant enrichment for genes important for
lymphocyte activation (Figure 2D).

Consistent Epigenetic Remodeling
Occurs at Genes Important for T Cell
Activation and Differentiation
We next focused on significant DMRs that were present in both
production runs as they would reflect reproducible methylation
changes during Treg product generation. We defined “shared
DMRs” as production run 1 DMRs overlapping with run 2
DMRs by 50% or more. Furthermore, we were also interested
in delineating early epigenetic changes in response to initial
activation versus changes occurring only later, the latter resulting
from progressive changes due to prolonged culture. We therefore
labeled shared DMRs as “Early” (first identified in day 10
vs. day 0 comparison and still significant in day 23 versus
day 0) or “Late” (first identified in day 23 vs. day 0 in
both production runs). As expected, Early DMRs displayed
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FIGURE 3 | (A) Change in mean DMR methylation of shared DMRs over the 23 days of in vitro expansion. Early DMRs were defined as being significantly
differentially methylated in day 10 – day 0 (and remained significant in day 23 – day 0), and Late DMRs were only significantly differentially methylated at day 23 – day
0. Each line displays one DMR, bold black line displays the mean. (B) Display of all shared DMRs according to their directionality of methylation change (hyper/hypo)
and to their Early/Late classification (as in A) in production Run1 and 2. Color code indicates genic annotation of the DMR. (C) Unsupervised hierarchical clustering
of shared DMRs in both production runs, with DMRs mapping to genes implicated in T cell activation and T cell differentiation (GO terms 0042110 and 0030217)
highlighted. (D) Gene ontology enrichment analysis of shared DMRs that were consistently “Early” or “Late” between both production runs, stratified by directionality.
The top 5 GO terms (ranked by adjusted p-value) for each DMR class are represented, many of which overlap. Size of dots indicates number of genes associated
with GO term, and color indicates adjusted p-value. (E–G) Level of DNA methylation on selected DMRs in known T cell genes. (H) DNA methylation at the promoters
of RHOH, HLX, and RARA in FACS-sorted Tregs and memory CD4+ T cells (CD4mem) before (Day 0) and after frequent CD3/CD28 stimulation (Day 23). ∗denotes
p.val < 0.05 (T test).

stronger initial methylation change within the first 10 days of
culture (indicated by the bend in the methylation time series
traces) (Figure 3A).

In total, there were 838 shared DMRs (Supplementary
Table 2), with 62% hypermethylated by the final time
point (Figure 3B). Although the directionality (hyper- vs.
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hypomethylated) of the DMRs was consistent between the two
production runs, the methylation kinetics (“Early” or “Late”)
differed slightly (Figure 3B): 16% of shared DMRs had different
kinetics between the two runs. This may be a result of variability
in expansion rates between the two runs (Figure 1D), differences
in the proportion of contaminating cell types in the starting day
0 cultures, or simply lack of statistical power. Gene promoters
accounted for the majority of all shared DMRs (63%), followed by
introns and distal intergenic elements, both of which frequently
contain enhancers.

Unsupervised hierarchical clustering based on shared DMR
mean methylation values at days 0, 10, and 23 depicted
samples of the same time points clustering together regardless
of their corresponding production run (Figure 3C). Genes
implicated in T cell activation and differentiation were present
in both hypo- and hypermethylated DMRs. We performed
Gene Ontology (GO) enrichment analysis on the shared
DMRs that were stratified by directionality and methylation
kinetics to evaluate biological processes that may be regulated
by epigenetic mechanisms. Genes that were significantly
hypomethylated early during manufacturing are implicated in
T cell activation, differentiation, adhesion, and other related
pathways (Figure 3D). Enrichment of these GO terms was
maintained even in the late hypomethylated DMRs. Examples
of genes undergoing early strong promoter hypomethylation
(>15%) include genes important for cell signaling, intracellular
signal transduction, and proliferation such as GPR87 and
MAPKAPK3 (Figure 3E; Zhang et al., 2010; Cargnello and Roux,
2011). Genes containing early hypermethylated DMRs did not
enrich for any GO term, but still contained interesting candidate
genes. We observed strong hypermethylation at the promoter
FOXP1 (Figure 3E), perhaps indicating a path toward terminal
differentiation of the Treg products as DNA methylation-
controlled transcriptional downregulation of FOXP1 has been
shown to correlate with end-differentiated T cells (Goronzy and
Weyand, 2012; Durek et al., 2016).

We also observed early DNA hypomethylation of genes
reported to negatively modulate TCR-mediated signaling, such
as PDCD1, CD59 (Sivasankar et al., 2009), and IL1RN (McIntyre
et al., 1991; Arend et al., 1998; Figure 3F). This may indicate
the beginning of a negative feedback loop that is normally part
of a physiological response to restrict T cell effector function
in order to prevent overshooting of the immune response
during antigen encounter. Furthermore, many DMRs mapping
to genes important for T cell activation were significantly
hypermethylated later in culture (Figure 3D). For example,
a progressive increase in promoter methylation was detected
at genes which positively regulate TCR signaling and T cell
differentiation, such as RHOH (Wang et al., 2011), HLX
(Allen et al., 1995), and RARA (Hall et al., 2011), suggesting
transcriptional inactivation that may occur through repetitive
stimulation-induced epigenetic reprogramming (Figure 3G). To
demonstrate that hypermethylation of these TCR signaling loci
occurs independently of starting material purity, we also profiled
these promoters’ methylation status in FACS sorted primary
conventional CD4+ memory T cells (CD4mem) and Tregs which
have also been stimulated repeatedly with antiCD3/CD28 beads

in similar culture conditions. Indeed, both Tregs and CD4mem
at day 23 displayed significantly increased promoter methylation
compared to the starting populations (day 0) (Figure 3H),
indicating that frequent TCR stimulation for 23 days is
capable of epigenetically reprogramming and potentially stably
downregulating these critical genes.

Genes Upregulated in Chronically
Activated T Cells Undergo Significant
Methylation and Surface Expression
Changes in First Generation Treg
Products
We also identified promoter-associated Late DMRs that
were significantly and strongly hypomethylated (methylation
loss > 15%) at HAVCR2 (encoding for TIM-3), TIGIT, and
CD160 (Figure 4A), which are co-inhibitory surface molecules
that are upregulated in T cells and Tregs during prolonged
antigen encounter. Although upregulation of these co-inhibitory
surface molecules is often associated with exhaustion, a hypo-
responsive and dysfunctional state in conventional T cells (Tcon)
caused by persistent TCR signaling (reviewed in Blank et al.,
2019), they are also linked to enhanced immunosuppressive
capacity in Tregs (Sakuishi et al., 2013; Fuhrman et al., 2015; Liu
et al., 2018).

We were interested in profiling methylation changes at
additional genes which have been reported to be transcriptionally
upregulated during prolonged antigen exposure. We curated
a list of genes by combining T cell dysfunction/exhaustion
gene modules from Singer et al. (2016) with genes identified
in CD4+ exhausted T cells from Crawford et al. (2014),
and checked whether these genes were present in our shared
DMR dataset. Indeed, we found several genes known to
be upregulated in exhausted T cells which were consistently
differentially methylated during Treg product generation, with
most of them experiencing strong hypomethylation at their
promoters (Figure 4B). We confirmed that strong promoter
hypomethylation corresponded to upregulation of these chronic
activation-induced genes (i.e., HAVCR2/TIM-3, TIGIT, CD160,
CD59, CD80, CD86, and CD5), as the final product had higher
surface protein expression than either of the ex vivo Treg
and Tcon populations present in the day 0 starting material
(Supplementary Figure 1).

Epigenetic changes have also been correlated to the
establishment of functional exhaustion, most well studied
in the context of tumors and chronic infections (Khan et al.,
2019; Scott et al., 2019). In a recent study conducted by
Abdelsamed et al. (2020), the authors generated whole genome
bisulfite sequencing (WGBS) data from CD8+ effector memory
T cells (TEM) derived from healthy donors and patient-derived
exhausted PD-1+ HIV-reactive CD8+ T cells (Texh). We took
the opportunity to reanalyze this same WGBS dataset to define
DNA methylation features distinguishing chronically activated
CD8+ T cells (Texh) from TEM, and determined whether these
epigenetic differences were also shared with our first generation
products which have undergone repetitive TCR stimulation. Our
analysis identified approximately 52,000 genomic regions that
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FIGURE 4 | (A) DNA methylation changes over 23 days at the promoters of select exhaustion-associated loci. (B) Consistently “Late” shared DMRs were ranked by
final change in methylation (Day 23 – Day 0, averaged over both production runs). Genes implicated in exhaustion, taken from publicly available datasets, are
highlighted with associated genic annotation. Notably, many of the exhaustion associated genes are among the strongest hypomethylated DMRs. (C) Scatter plot
displaying shared DMRs which overlapped with ExhDMRs identified from WGBS comparing exhausted CD8 T cells vs. CD8 effector memory T cells. The x-axis
depicts methylation difference between day 23 and day 0 products (average of both runs), and y-axis depicts methylation difference between functionally exhausted
CD8 T cells (Exh. T cells) and CD8 effector memory T cells (TEM).

were differentially methylated between TEM and exhausted T
cells, which we refer to as exhDMRs.

We rationalized that the consistently Late shared DMRs
identified in our Treg products would likely contain exhaustion-
associated changes because these late changes were likely induced
by long-term TCR stimulation. We found that approximately
20% of all Late shared DMRs overlapped with the exhDMRs (116
overlapping DMRs of 585 Late shared DMRs, Supplementary
Table 3), which is likely an underestimation due to the limited
number of CpGs captured by the EPIC microarray. Of the
overlapping DMRs, 91 were significantly hypermethylated in
exhausted T cells compared to TEM, of which 74% were
consistently hypermethylated in the final Treg products (day
23) compared to day 0 (Figure 4C). A vast majority (85%)
of these hypermethylated DMRs also mapped to promoters of
genes (highlighted red in Figure 4C), suggesting that a set
of hypermethylated exhaustion-associated genes are similarly
transcriptionally silenced by epigenetic mechanisms during
in vitro manufacturing of Treg products.

Treg-Specific Demethylated Loci Are
Progressively Hypermethylated With
Culture
Preservation of Treg immunosuppressive function and identity
is a primary concern for the development of adoptive Treg

therapies, as persistent TCR-mediated activation has been
shown to correlate with downregulation of the lineage-defining
transcription factor FOXP3, although perhaps only selectively
in memory (CD45RA−) Tregs (Hoffmann et al., 2009; Arroyo
Hornero et al., 2017; Guo et al., 2019). The downregulation
of FOXP3 is linked to the hypermethylation of an intronic
enhancer in the FOXP3 gene, the so-called FOXP3 Treg-Specific
Demethylated Region (FOXP3-TSDR), which is used as an
epigenetic marker to distinguish de facto Tregs from closely
related conventional CD4+ memory T cells (CD4mem) due to its
highly selective demethylated status only in Tregs (Huehn et al.,
2009). The consequential gain of FOXP3-TSDR methylation in
response to persistent TCR stimulation demonstrates the need
to profile additional culture-induced epigenetic changes at other
Treg-specific loci, as these changes may be predictive of impaired
Treg immunosuppressive function.

Recent WGBS analysis comparing primary conventional
CD4+ T cell and Treg subsets identified an additional 33
Treg-selective demethylated regions (Treg-DRs; Ohkura et al.,
2020). Unsurprisingly, several of these Treg-DRs map to
transcription factors important for Treg stability, mediators
of IL-2 signaling, and immunosuppressive surface molecules,
among other genes. We asked whether these Treg-DRs gained
methylation in response to repetitive CD3/CD28 stimulation
during the manufacturing of the Treg products, which may
indicate TCR activation-induced destabilization of the Treg
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identity. As additional positive and negative controls, we included
EPIC array data from FACS-sorted and expanded primary
Tregs and CD4mem T cells (n = 3). In addition, we had the
chance to analyze the final time point of second-generation Treg
products, which were generated through GMP-compliant FACS
and expanded with the same protocol as the first generation
products (n = 4; see Methods).

We first selected all CpGs from our microarray data which
overlapped with the 33 Treg-DRs identified from Ohkura et al.
(Supplementary Table 4). As validation, we compared DNA
methylation between primary Tregs and CD4mem at day 0,
and confirmed that nearly all selected CpGs were significantly
hypomethylated in Tregs (Figure 5A), with CpGs mapping to
intronic parts of the FOXP3 gene body displaying the greatest
absolute difference. Additionally, these Treg-DR CpGs map to
strong, active regulatory regions (e.g., active transcription start
sites, genic enhancers that correlate most strongly with gene
expression, and additional active enhancers) identified in Tregs
(Figure 5B; Roadmap Epigenomics et al., 2015). Strikingly, at
the identical genomic location in CD4mem cells, most of these
regions were identified to be transcriptionally repressed (e.g.,
weak enhancer, weak transcription, repressed polycomb region,
and quiescent region), further emphasizing that these Treg-DRs
are important regulatory features distinguishing Treg identity
from that of a CD4mem. We observed that the methylation values
of the starting material (day 0) of the first generation products
were consistently in between sorted primary CD4mem and Tregs
(Figure 5C), confirming that MACS-mediated CD8 depletion
followed by CD25 enrichment is not sufficient to obtain a pure
Treg starting population.

We were next interested in assessing culture-induced changes
in Treg identity and performed a PCA with these selected
CpGs to determine how all time points of expanded primary
CD4mem T cells, Treg, and first- or second-generation products
clustered relative to each other. We found strong separation
between CD4mem and Tregs along PC1 (76% of total variation)
at any time point, with final first generation products (indicated
by highest cumulative expansion rates) clustering more closely
with CD4mem cells than final second-generation products
(Figure 5D). Indeed, unsupervised hierarchical clustering
confirmed that highly expanded final first generation products
clustered with the CD4mem cells (Figure 5E), with the selected
CpGs showing hypermethylated values relative to primary
Tregs. However, primary Tregs also exhibited significantly lower
expansion rates, which may partially explain the discrepancy in
methylation status of these CpGs.

While the observed similarities between the final first
generation Treg products and expanded CD4mem T cells might
partially stem from the relative impurity of the MACS-enriched
starting material, we found indications that the culture process
alone can destabilize the epigenetic identity in primary FACS-
sorted Tregs: Although expanded primary Tregs had lower Treg-
DR methylation relative to CD4mem T cells at day 23, we were
keenly aware that a subset of these selected methylation sites
gained methylation with days in culture, approaching similar
methylation levels as CD4mem T cells. For example, in both the
first generation Treg products and primary Tregs, the selected

CpGs within the IKZF2 (HELIOS) locus showed progressive gain
in methylation throughout culture (Figure 5F).

We therefore assessed whether in vitro expansion resulted in
an epigenetic switch of Treg-DRs in the primary FACS-sorted
Tregs. We performed a linear regression on all 31 Treg-DR
CpGs that were significantly demethylated in Tregs relative to
CD4mem at day 0, and used log10 expansion rates as the
dependent variable instead of days in culture to adjust for possible
donor-specific differences in day-to-day proliferation behavior.
Strikingly, several CpGs mapping to FOXP3 and TNFRSF1B
(TNFR2) showed very little change in methylation with increased
expansion rate (Figure 5G) indicating a stable demethylated
behavior even under strong proliferative conditions. Many of
the remaining CpGs, however, displayed significantly higher
R2 values (> 0.4) which indicates strong correlation between
hypermethylation of indicated Treg-DR CpGs and cumulative
expansion rate of the population. A similar correlation for
many of the same sites could not be observed in the CD4mem
controls. This expansion-induced increase in methylation on
genes essential for Treg function (e.g., IKZF2, IKZF4, IL2RA), are
likely to impact the functional behavior of the Tregs and are of
general concern for any Treg product, irrespective of the purity
of the starting material.

DISCUSSION

While adoptive Treg therapy is undoubtedly one of the most
promising approaches for intervening excessive inflammatory
conditions, standardization of the manufacturing process and
quality control remain particularly challenging. As current
options for in vitro functional testing and phenotype validation
are limited, the quality control measures are highly variable
between manufacturing sites (Fuchs et al., 2017). In our analyses,
we found several lines of evidence that in vitro expansion induced
by repetitive TCR stimulation leads to progressive remodeling
of the DNA methylome, which may impact transcriptional
regulation of genes important for Treg function and identity.

Firstly, we observed progressive promoter hypomethylation
(activation) of genes known to downregulate T cell activation
(e.g., PDCD1, CD59, and IL1RN) with concomitant promoter
hypermethylation (deactivation) of genes that positively regulate
TCR signaling (e.g., RHOH, HLX, RARA). These methylation
changes may indicate that the final Treg product have suboptimal
TCR signaling, where an optimally activated state might
be more desired.

Secondly, we detected strong promoter hypomethylation in
genes implicated in conventional T cell exhaustion, such as
HAVCR2 (TIM-3), TIGIT, LGALS1, CD5, and others, which
corresponded to an increase in protein expression on the cell
surface. Although these genes have been shown to promote
conventional T cell dysfunction during cases of chronic viral
infection (Khan et al., 2019), cancer pathogenesis (Scott et al.,
2019), and tonic signaling in CAR-T cells (Weber et al.,
2021), they also play an active role in enhancing Treg
immunosuppressive function (Ukena et al., 2011; Sakuishi et al.,
2013; Kurtulus et al., 2015; Sprouse et al., 2018) and hence,
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FIGURE 5 | (A) FACS-sorted Tregs and CD4 memory T cells (Day 0) were analyzed for CpG methylation at Treg specific demethylated regions (Treg-DRs).
Significantly differentially methylated CpGs (p. val < 0.05, Student’s t-test) were color-coded by genic annotation. (B) CpGs in Treg-DRs plotted with the same axes
as A, but color-coded by chromatin state annotation (TSS = transcription start site; Enh. = enhancer; Tx = transcription). (C) Methylation levels (Beta) of selected
Treg-DRs in Treg, CD4mem and Treg products on day 0. *denotes p.val < 0.05, **p.val < 0.01, ns = not significant (T test). (D) PCA analysis of day 0 and day 23 1st
generation products, FACS-sorted Tregs and CD4mem as well as day 23 2nd generation products. Histograms at the top and right display representation on PC1
and PC2, respectively, of the sample distribution for each experimental group. (E) Unsupervised hierarchical clustering of all samples based on methylation levels of
Treg-DRs CpGs. (F) DNA methylation change of the IKZF2 Treg-DR in CD4mem, Tregs and 1st gen Treg product in relation to the expansion rate. R2 values display
the degree of correlation (see G). (G) Results of linear regression analysis of all differentially methylated Treg-DRs on day 0 (see A) calculating the degree of correlation
between gain of methylation and log10 expansion rate. Higher R2 value (indicated by size of the dot) indicates greater correlation. P-values are indicated by color.
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might be beneficial for treatment efficacy. This enhanced effector
function may come at a cost, as highly suppressive TIM-
3+ Tregs have impaired survival rates in vivo, notably during
allograft response during transplant settings (Gupta et al., 2012;
Banerjee et al., 2020).

Lastly, we observed progressive hypermethylation of essential
Treg-specific demethylated regions (Treg-DRs; Ohkura et al.,
2020) during product generation, indicating a destabilization of
the Treg identity. Indeed, Tregs have been reported to lose their
immunosuppressive phenotype under unfavorable conditions
(Marek et al., 2011; Bailey-Bucktrout et al., 2013). In our
study, we found significant DNA hypermethylation in a Treg-
specific enhancer within the IKZF2 gene. IKZF2 encodes for the
transcription factor HELIOS, a member of the Ikaros family that
has been shown to be a critical regulator of immunosuppressive
function. Loss of HELIOS expression has been linked to
conversion of Tregs into T effector cells under proinflammatory
conditions (Nakagawa et al., 2016). Importantly, the partial
remethylation of Treg-DRs also occurred in primary FACS-
sorted Tregs and therefore is a concern for improved second-
generation Treg products, too, which undergo GMP-compliant
FACS sorting for isolation of the starting material.

Although we focused our study on DMRs in transcriptional
regulatory elements such as promoters and enhancers, we
also observed changes outside regulatory elements, such as in
partially methylated domains (PMDs), which largely localize
to transcriptionally silent heterochromatic areas (Lister et al.,
2011; Hon et al., 2012). While the functional impact of PMD
hypomethylation in Tregs remains to be determined, reports have
indicated that aberrant PMD hypomethylation may be correlated
with cellular senescence and dysfunction (Lister et al., 2011;
Schellenberg et al., 2011; Salhab et al., 2018).

Taken together, our study demonstrates that strong in vitro
expansion leads to epigenetic remodeling at loci important for
Treg function and identity during Treg ACT manufacturing,
which may ultimately impact long-term persistence or
therapeutic efficacy of the product. Whether alternative
protocols requiring fewer cycles of TCR-mediated restimulations
(MacDonald et al., 2019) or alternative modes of T cell activation
(Hippen et al., 2011; He et al., 2017) mitigate the observed
epigenetic changes remain to be seen. Prior to our study,
characterization of global epigenetic changes throughout Treg or
other T cell ACT manufacturing were lacking. However, studies
exploiting other in vitro and in vivo models of frequent T cell
activation have reported extensive changes to epigenetic features
beyond DNA methylation. For instance, tonic signaling in CAR-
T cells results in dynamic genome-wide changes to chromatin
accessibility (Gennert et al., 2021), which was similarly found
in antigen-specific CD8 T cells responding to chronic viral
infections in mice (Sen et al., 2016). Both models demonstrated
a marked increase in chromatin accessibility at loci encoding for
inhibitory, exhaustion-associated surface markers. Although the
effect of long-term frequent stimulation of T cells on histone
post-translational modifications is unknown, dynamic changes
to both activating and repressive histone modifications can be
detected during early activation and differentiation of T cells
(Russ et al., 2014; LaMere et al., 2016; LaMere et al., 2017). Due
to the clear role of epigenetic regulatory mechanisms on T cell

function (and dysfunction), we hope to advocate for the inclusion
of epigenetic profiling during manufacturing and quality control
assessment of final T cell ACT products, which may uncover
opportunities for improving current therapies.

DATA AVAILABILITY STATEMENT

All DNA methylation data is made available on Gene Expression
Omnibus (GEO) Repository (GSE185854).

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Ethics Committee of the Charité -
Universitätsmedizin Berlin. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

KO performed and coordinated all bioinformatical DNA
methylation analyses with contributions from DH and ASa and
generated figures with contributions by ASc. KO, ASc, and GG
generated DNA methylation profiling data. SS and MS generated
and analyzed protein expression data. GZ, LA, DK, and AR
generated Treg products under supervision of PR. KO, DH, and
JP designed the study, lead the data analysis, and interpretation
with contributions by JW, H-DV, MS-H, and PR wrote the
manuscript. JP supervised the project. All authors contributed to
the article and approved the submitted version.

FUNDING

This study received funding from the European Union’s
Horizon, 2020 research and innovation programme (No. 825392
“ReSHAPE”) to H-DV, MS-H, PR, and JP, from the European
Research Council under the Horizon, 2020 programme (ERC
Starting grant 2018 No. 803992 “EpiTune”) to JP, and from the
Stiftung Charité (Recruiting Grant) to JP.

ACKNOWLEDGMENTS

We would like to thank David Capper (Institute of Pathology,
Charité - Universitätsmedizin Berlin) for permission to use the
iScan instrument for imaging the Bead Array chips. We would
also like to thank the members of BeCAT for technical support in
generating the Treg product lines. Lastly, we would like to thank
the members of Julia Polansky’s lab, particularly Marcos Cases,
and Altuna Akalin’s lab (Max Delbrück Center for Molecular
Medicine, Berlin) for valuable scientific discussion.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
751590/full#supplementary-material

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 November 2021 | Volume 9 | Article 751590

https://www.frontiersin.org/articles/10.3389/fcell.2021.751590/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.751590/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-751590 November 12, 2021 Time: 14:44 # 13

Ou et al. Epigenetic Changes During Treg Product Manufacturing

REFERENCES
Abdelsamed, H. A., Moustaki, A., Fan, Y., Dogra, P., Ghoneim, H. E., Zebley, C. C.,

et al. (2017). Human memory Cd8 T cell effector potential is epigenetically
preserved during in vivo homeostasis.J. Exp. Med. 214, 1593–1606. doi: 10.
1084/jem.20161760

Abdelsamed, H. A., Zebley, C. C., Nguyen, H., Rutishauser, R. L., Fan, Y., Ghoneim,
H. E., et al. (2020). Beta cell-specific CD8(+) T cells maintain stem cell memory-
associated epigenetic programs during type 1 diabetes. Nat. Immunol. 21,
578–587. doi: 10.1038/s41590-020-0633-5

Allen, J. D., Harris, A. W., Bath, M. L., Strasser, A., Scollay, R., and Adams, J. M.
(1995). Perturbed development of T and B cells in mice expressing an Hlx
homeobox transgene. J. Immunol. 154, 1531–1542.

Alzhrani, A., Bottomley, M., Wood, K., Hester, J., and Issa, F. (2020). Identification,
selection, and expansion of non-gene modified alloantigen-reactive Tregs for
clinical therapeutic use. Cell. Immunol. 357:104214. doi: 10.1016/j.cellimm.
2020.104214

Anastasiadi, D., Esteve-Codina, A., and Piferrer, F. (2018). Consistent inverse
correlation between DNA methylation of the first intron and gene expression
across tissues and species. Epigenetics Chromatin 11:37. doi: 10.1186/s13072-
018-0205-1

Arend, W. P., Malyak, M., Guthridge, C. J., and Gabay, C. (1998). Interleukin-
1 receptor antagonist: role in biology. Annu. Rev. Immunol. 16, 27–55. doi:
10.1146/annurev.immunol.16.1.27

Arroyo Hornero, R., Betts, G. J., Sawitzki, B., Vogt, K., Harden, P. N.,
and Wood, K. J. (2017). CD45RA distinguishes CD4+CD25+CD127-/low
TSDR demethylated regulatory T cell subpopulations with differential
stability and susceptibility to tacrolimus-mediated inhibition of suppression.
Transplantation 101, 302–309. doi: 10.1097/TP.0000000000001278

Bailey-Bucktrout, S. L., Martinez-Llordella, M., Zhou, X., Anthony, B., Rosenthal,
W., Luche, H., et al. (2013). Self-antigen-driven activation induces instability of
regulatory T cells during an inflammatory autoimmune response. Immunity 39,
949–962. doi: 10.1016/j.immuni.2013.10.016

Ball, M. P., Li, J. B., Gao, Y., Lee, J. H., Leproust, E. M., Park, I. H., et al. (2009).
Targeted and genome-scale strategies reveal gene-body methylation signatures
in human cells. Nat. Biotechnol. 27, 361–368. doi: 10.1038/nbt.1533

Banerjee, H., Nieves-Rosado, H., Kulkarni, A., Murter, B., Chandran, U. R., Chang,
A., et al. (2020). Expression of Tim-3 drives naïve Treg to an effector-like state
with enhanced suppressive activity. bioRxiv 2020.2007.2031.230714 [Preprint].
doi: 10.1101/2020.07.31.230714

Battaglia, M., Stabilini, A., and Roncarolo, M. G. (2005). Rapamycin selectively
expands CD4+CD25+FoxP3+ regulatory T cells. Blood 105, 4743–4748. doi:
10.1182/blood-2004-10-3932

Battaglia, M., Stabilini, A., Migliavacca, B., Horejs-Hoeck, J., Kaupper, T., and
Roncarolo, M. G. (2006). Rapamycin promotes expansion of functional
CD4+CD25+FOXP3+ regulatory T cells of both healthy subjects and type 1
diabetic patients. J. Immunol. 177, 8338–8347. doi: 10.4049/jimmunol.177.12.
8338

Bertaina, A., and Roncarolo, M. G. (2019). Graft engineering and adoptive
immunotherapy: new approaches to promote immune tolerance after
hematopoietic stem cell transplantation. Front. Immunol. 10:1342. doi: 10.
3389/fimmu.2019.01342

Blank, C. U., Haining, W. N., Held, W., Hogan, P. G., Kallies, A., Lugli, E., et al.
(2019). Defining ‘T cell exhaustion’. Nat. Rev. Immunol. 19, 665–674. doi:
10.1038/s41577-019-0221-9

Bluestone, J. A., Buckner, J. H., Fitch, M., Gitelman, S. E., Gupta, S., Hellerstein,
M. K., et al. (2015). Type 1 diabetes immunotherapy using polyclonal regulatory
T cells. Sci. Transl. Med. 7:315ra189. doi: 10.1126/scitranslmed.aad4134

Brusko, T. M., Hulme, M. A., Myhr, C. B., Haller, M. J., and Atkinson, M. A. (2007).
Assessing the in vitro suppressive capacity of regulatory T cells. Immunol. Invest.
36, 607–628. doi: 10.1080/08820130701790368

Cargnello, M., and Roux, P. P. (2011). Activation and function of the MAPKs and
their substrates, the MAPK-activated protein kinases. Microbiol. Mol. Biol. Rev.
75, 50–83. doi: 10.1128/MMBR.00031-10

Chou, J. P., and Effros, R. B. (2013). T cell replicative senescence in human aging.
Curr. Pharm. Des. 19, 1680–1698. doi: 10.2174/138161213805219711

Collison, L. W., and Vignali, D. A. (2011). In vitro Treg suppression assays. Methods
Mol. Biol. 707, 21–37. doi: 10.1007/978-1-61737-979-6_2

Crawford, A., Angelosanto, J. M., Kao, C., Doering, T. A., Odorizzi, P. M., Barnett,
B. E., et al. (2014). Molecular and transcriptional basis of CD4(+) T cell
dysfunction during chronic infection. Immunity 40, 289–302. doi: 10.1016/j.
immuni.2014.01.005

Decato, B. E., Qu, J., Ji, X., Wagenblast, E., Knott, S. R. V., Hannon, G. J., et al.
(2020). Characterization of universal features of partially methylated domains
across tissues and species. Epigenetics Chromatin 13:39. doi: 10.1186/s13072-
020-00363-7

Delacher, M., Imbusch, C. D., Weichenhan, D., Breiling, A., Hotz-Wagenblatt, A.,
Trager, U., et al. (2017). Genome-wide DNA-methylation landscape defines
specialization of regulatory T cells in tissues. Nat. Immunol. 18, 1160–1172.
doi: 10.1038/ni.3799

Delacher, M., Simon, M., Sanderink, L., Hotz-Wagenblatt, A., Wuttke, M.,
Schambeck, K., et al. (2021). Single-cell chromatin accessibility landscape
identifies tissue repair program in human regulatory T cells. Immunity 54:e717.
doi: 10.1016/j.immuni.2021.03.007

Duggleby, R., Danby, R. D., Madrigal, J. A., and Saudemont, A. (2018). Clinical
grade regulatory CD4(+) T Cells (Tregs): moving toward cellular-based
immunomodulatory therapies. Front. Immunol. 9:252. doi: 10.3389/fimmu.
2018.00252

Durek, P., Nordstrom, K., Gasparoni, G., Salhab, A., Kressler, C., De Almeida,
M., et al. (2016). Epigenomic profiling of human CD4+ T cells supports a
linear differentiation model and highlights molecular regulators of memory
development. Immunity 45, 1148–1161. doi: 10.1016/j.immuni.2016.10.022

Elias, S., and Rudensky, A. Y. (2019). Therapeutic use of regulatory T cells
for graft-versus-host disease. Br. J. Haematol. 187, 25–38. doi: 10.1111/bjh.1
6157

Fraser, H., Safinia, N., Grageda, N., Thirkell, S., Lowe, K., Fry, L. J., et al. (2018). A
rapamycin-based GMP-compatible process for the isolation and expansion of
regulatory T cells for clinical trials. Mol. Ther. Methods Clin. Dev. 8, 198–209.
doi: 10.1016/j.omtm.2018.01.006

Fuchs, A., Gliwinski, M., Grageda, N., Spiering, R., Abbas, A. K., Appel, S.,
et al. (2017). Minimum information about T regulatory cells: a step toward
reproducibility and standardization. Front. Immunol. 8:1844. doi: 10.3389/
fimmu.2017.01844

Fuhrman, C. A., Yeh, W. I., Seay, H. R., Saikumar Lakshmi, P., Chopra, G.,
Zhang, L., et al. (2015). Divergent phenotypes of human regulatory T cells
expressing the receptors TIGIT and CD226. J. Immunol. 195, 145–155. doi:
10.4049/jimmunol.1402381

Gennert, D. G., Lynn, R. C., Granja, J. M., Weber, E. W., Mumbach, M. R., Zhao,
Y., et al. (2021). Dynamic chromatin regulatory landscape of human CAR T cell
exhaustion. Proc. Natl. Acad. Sci. U.S.A. 118:e2104758118. doi: 10.1073/pnas.
2104758118

Ghoneim, H. E., Fan, Y., Moustaki, A., Abdelsamed, H. A., Dash, P., Dogra, P.,
et al. (2017). De novo epigenetic programs inhibit PD-1 blockade-mediated T
cell rejuvenation. Cell 170:e119. doi: 10.1016/j.cell.2017.06.007

Goronzy, J. J., and Weyand, C. M. (2012). Immune aging and autoimmunity. Cell.
Mol. Life Sci. 69, 1615–1623. doi: 10.1007/s00018-012-0970-0

Gu, Z., Eils, R., and Schlesner, M. (2016). Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics 32, 2847–2849.
doi: 10.1093/bioinformatics/btw313

Guedan, S., Ruella, M., and June, C. H. (2019). Emerging cellular therapies for
cancer. Annu. Rev. Immunol. 37, 145–171. doi: 10.1146/annurev-immunol-
042718-041407

Guo, H., Xun, L., Zhang, R., Hu, F., Luan, J., Lao, K., et al. (2019). Stability and
inhibitory function of Treg cells under inflammatory conditions in vitro. Exp.
Ther. Med. 18, 2443–2450. doi: 10.3892/etm.2019.7873

Gupta, S., Thornley, T. B., Gao, W., Larocca, R., Turka, L. A., Kuchroo, V. K., et al.
(2012). Allograft rejection is restrained by short-lived TIM-3+PD-1+Foxp3+
Tregs. J. Clin. Invest. 122, 2395–2404. doi: 10.1172/JCI45138

Hall, J. A., Cannons, J. L., Grainger, J. R., Dos Santos, L. M., Hand, T. W., Naik,
S., et al. (2011). Essential role for retinoic acid in the promotion of CD4(+) T
cell effector responses via retinoic acid receptor alpha. Immunity 34, 435–447.
doi: 10.1016/j.immuni.2011.03.003

He, X., Smeets, R. L., Van Rijssen, E., Boots, A. M. H., Joosten, I., and Koenen,
H. J. P. M. (2017). Single CD28 stimulation induces stable and polyclonal
expansion of human regulatory T cells. Sci. Rep. 7:43003. doi: 10.1038/
srep43003

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 November 2021 | Volume 9 | Article 751590

https://doi.org/10.1084/jem.20161760
https://doi.org/10.1084/jem.20161760
https://doi.org/10.1038/s41590-020-0633-5
https://doi.org/10.1016/j.cellimm.2020.104214
https://doi.org/10.1016/j.cellimm.2020.104214
https://doi.org/10.1186/s13072-018-0205-1
https://doi.org/10.1186/s13072-018-0205-1
https://doi.org/10.1146/annurev.immunol.16.1.27
https://doi.org/10.1146/annurev.immunol.16.1.27
https://doi.org/10.1097/TP.0000000000001278
https://doi.org/10.1016/j.immuni.2013.10.016
https://doi.org/10.1038/nbt.1533
https://doi.org/10.1101/2020.07.31.230714
https://doi.org/10.1182/blood-2004-10-3932
https://doi.org/10.1182/blood-2004-10-3932
https://doi.org/10.4049/jimmunol.177.12.8338
https://doi.org/10.4049/jimmunol.177.12.8338
https://doi.org/10.3389/fimmu.2019.01342
https://doi.org/10.3389/fimmu.2019.01342
https://doi.org/10.1038/s41577-019-0221-9
https://doi.org/10.1038/s41577-019-0221-9
https://doi.org/10.1126/scitranslmed.aad4134
https://doi.org/10.1080/08820130701790368
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.2174/138161213805219711
https://doi.org/10.1007/978-1-61737-979-6_2
https://doi.org/10.1016/j.immuni.2014.01.005
https://doi.org/10.1016/j.immuni.2014.01.005
https://doi.org/10.1186/s13072-020-00363-7
https://doi.org/10.1186/s13072-020-00363-7
https://doi.org/10.1038/ni.3799
https://doi.org/10.1016/j.immuni.2021.03.007
https://doi.org/10.3389/fimmu.2018.00252
https://doi.org/10.3389/fimmu.2018.00252
https://doi.org/10.1016/j.immuni.2016.10.022
https://doi.org/10.1111/bjh.16157
https://doi.org/10.1111/bjh.16157
https://doi.org/10.1016/j.omtm.2018.01.006
https://doi.org/10.3389/fimmu.2017.01844
https://doi.org/10.3389/fimmu.2017.01844
https://doi.org/10.4049/jimmunol.1402381
https://doi.org/10.4049/jimmunol.1402381
https://doi.org/10.1073/pnas.2104758118
https://doi.org/10.1073/pnas.2104758118
https://doi.org/10.1016/j.cell.2017.06.007
https://doi.org/10.1007/s00018-012-0970-0
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1146/annurev-immunol-042718-041407
https://doi.org/10.1146/annurev-immunol-042718-041407
https://doi.org/10.3892/etm.2019.7873
https://doi.org/10.1172/JCI45138
https://doi.org/10.1016/j.immuni.2011.03.003
https://doi.org/10.1038/srep43003
https://doi.org/10.1038/srep43003
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-751590 November 12, 2021 Time: 14:44 # 14

Ou et al. Epigenetic Changes During Treg Product Manufacturing

Hilliard, A., Hilliard, B., Zheng, S. J., Sun, H., Miwa, T., Song, W., et al. (2006).
Translational regulation of autoimmune inflammation and lymphoma genesis
by programmed cell death 4. J. Immunol. 177, 8095–8102. doi: 10.4049/
jimmunol.177.11.8095

Hippen, K. L., Merkel, S. C., Schirm, D. K., Sieben, C. M., Sumstad, D., Kadidlo,
D. M., et al. (2011). Massive ex vivo expansion of human natural regulatory t
cells (T(regs)) with minimal loss of in vivo functional activity. Sci. Transl. Med.
3, ra41–ra83. doi: 10.1126/scitranslmed.3001809

Hoffmann, P., Boeld, T. J., Eder, R., Huehn, J., Floess, S., Wieczorek, G., et al.
(2009). Loss of FOXP3 expression in natural human CD4+CD25+ regulatory
T cells upon repetitive in vitro stimulation. Eur. J. Immunol. 39, 1088–1097.
doi: 10.1002/eji.200838904

Hon, G. C., Hawkins, R. D., Caballero, O. L., Lo, C., Lister, R., Pelizzola, M., et al.
(2012). Global DNA hypomethylation coupled to repressive chromatin domain
formation and gene silencing in breast cancer. Genome Res. 22, 246–258. doi:
10.1101/gr.125872.111

Huehn, J., Polansky, J. K., and Hamann, A. (2009). Epigenetic control of FOXP3
expression: the key to a stable regulatory T-cell lineage? Nat. Rev. Immunol. 9,
83–89. doi: 10.1038/nri2474

Jadaliha, M., Gholamalamdari, O., Tang, W., Zhang, Y., Petracovici, A., Hao, Q.,
et al. (2018). A natural antisense lncRNA controls breast cancer progression by
promoting tumor suppressor gene mRNA stability. PLoS Genet 14:e1007802.
doi: 10.1371/journal.pgen.1007802

Khan, O., Giles, J. R., Mcdonald, S., Manne, S., Ngiow, S. F., Patel, K. P., et al. (2019).
TOX transcriptionally and epigenetically programs CD8(+) T cell exhaustion.
Nature 571, 211–218. doi: 10.1038/s41586-019-1325-x

Kmieciak, M., Gowda, M., Graham, L., Godder, K., Bear, H. D., Marincola,
F. M., et al. (2009). Human T cells express CD25 and Foxp3 upon activation
and exhibit effector/memory phenotypes without any regulatory/suppressor
function. J. Transl. Med. 7:89. doi: 10.1186/1479-5876-7-89

Korotkevich, G., Sukhov, V., Budin, N., Shpak, B., Artyomov, M. N., and
Sergushichev, A. (2021). Fast gene set enrichment analysis. bioRxiv [Preprint].
doi: 10.1101/060012

Kurtulus, S., Sakuishi, K., Ngiow, S. F., Joller, N., Tan, D. J., Teng, M. W., et al.
(2015). TIGIT predominantly regulates the immune response via regulatory T
cells. J. Clin. Invest. 125, 4053–4062. doi: 10.1172/JCI81187

LaMere, S. A., Thompson, R. C., Komori, H. K., Mark, A., and Salomon, D. R.
(2016). Promoter H3K4 methylation dynamically reinforces activation-induced
pathways in human CD4 T cells. Genes Immun. 17, 283–297. doi: 10.1038/gene.
2016.19

LaMere, S. A., Thompson, R. C., Meng, X., Komori, H. K., Mark, A., and Salomon,
D. R. (2017). H3K27 methylation dynamics during CD4 T cell activation:
regulation of JAK/STAT and IL12RB2 expression by JMJD3. J. Immunol. 199,
3158–3175. doi: 10.4049/jimmunol.1700475

Leek, J. T., Johnson, W. E., Parker, H. S., Jaffe, A. E., and Storey, J. D. (2012).
The sva package for removing batch effects and other unwanted variation
in high-throughput experiments. Bioinformatics 28, 882–883. doi: 10.1093/
bioinformatics/bts034

Lister, R., Pelizzola, M., Kida, Y. S., Hawkins, R. D., Nery, J. R., Hon, G., et al.
(2011). Hotspots of aberrant epigenomic reprogramming in human induced
pluripotent stem cells. Nature 471, 68–73. doi: 10.1038/nature09798

Liu, Z., Mcmichael, E. L., Shayan, G., Li, J., Chen, K., Srivastava, R., et al. (2018).
Novel effector phenotype of Tim-3(+) regulatory T cells leads to enhanced
suppressive function in head and neck cancer patients. Clin. Cancer Res. 24,
4529–4538. doi: 10.1158/1078-0432.CCR-17-1350

MacDonald, K. N., Piret, J. M., and Levings, M. K. (2019). Methods to manufacture
regulatory T cells for cell therapy. Clin. Exp. Immunol. 197, 52–63. doi: 10.1111/
cei.13297

Mancusi, A., Piccinelli, S., Velardi, A., and Pierini, A. (2019). CD4(+)FOXP3(+)
regulatory T cell therapies in HLA haploidentical hematopoietic
transplantation. Front. Immunol. 10:2901. doi: 10.3389/fimmu.2019.02901

Marek, N., Bieniaszewska, M., Krzystyniak, A., Juscinska, J., Mysliwska, J.,
Witkowski, P., et al. (2011). The time is crucial for ex vivo expansion of t
regulatory cells for therapy. Cell Transplant. 20, 1747–1758. doi: 10.3727/
096368911X566217

McIntyre, K. W., Stepan, G. J., Kolinsky, K. D., Benjamin, W. R., Plocinski, J. M.,
Kaffka, K. L., et al. (1991). Inhibition of interleukin 1 (IL-1) binding and
bioactivity in vitro and modulation of acute inflammation in vivo by IL-1

receptor antagonist and anti-IL-1 receptor monoclonal antibody. J. Exp. Med.
173, 931–939. doi: 10.1084/jem.173.4.931

Nakagawa, H., Sido, J. M., Reyes, E. E., Kiers, V., Cantor, H., and Kim, H.-J. (2016).
Instability of helios-deficient tregs is associated with conversion to a T-effector
phenotype and enhanced antitumor immunity. Proc. Natl. Acad. Sci. U.S.A. 113,
6248–6253. doi: 10.1073/pnas.1604765113

Ohkura, N., Yasumizu, Y., Kitagawa, Y., Tanaka, A., Nakamura, Y., Motooka, D.,
et al. (2020). Regulatory T Cell-specific epigenomic region variants are a key
determinant of susceptibility to common autoimmune diseases. Immunity 52,
1119–1132.e4. doi: 10.1016/j.immuni.2020.04.006

Okuda, R., Aoshiba, K., Matsushima, H., Ogura, T., Okudela, K., and Ohashi,
K. (2019). Cellular senescence and senescence-associated secretory phenotype:
comparison of idiopathic pulmonary fibrosis, connective tissue disease-
associated interstitial lung disease, and chronic obstructive pulmonary disease.
J. Thorac. Dis. 11, 857–864. doi: 10.21037/jtd.2019.02.11

Pauken, K. E., Sammons, M. A., Odorizzi, P. M., Manne, S., Godec, J., Khan,
O., et al. (2016). Epigenetic stability of exhausted T cells limits durability of
reinvigoration by PD-1 blockade. Science 354, 1160–1165. doi: 10.1126/science.
aaf2807

Peters, T. J., Buckley, M. J., Statham, A. L., Pidsley, R., Samaras, K. R. V. L.,
Clark, S. J., et al. (2015). De novo identification of differentially methylated
regions in the human genome. Epigenetics Chromatin 8:6. doi: 10.1186/1756-
8935-8-6

Pidsley, R., Zotenko, E., Peters, T. J., Lawrence, M. G., Risbridger, G. P., Molloy,
P., et al. (2016). Critical evaluation of the illumina methylationEPIC BeadChip
microarray for whole-genome DNA methylation profiling. Genome Biol. 17:208.
doi: 10.1186/s13059-016-1066-1

Raffin, C., Vo, L. T., and Bluestone, J. A. (2020). Treg cell-based therapies:
challenges and perspectives. Nat. Rev. Immunol. 20, 158–172. doi: 10.1038/
s41577-019-0232-6

Roadmap Epigenomics, C., Kundaje, A., Meuleman, W., Ernst, J., Bilenky, M.,
Yen, A., et al. (2015). Integrative analysis of 111 reference human epigenomes.
Nature 518, 317–330. doi: 10.1038/nature14248

Roemhild, A., Otto, N. M., Moll, G., Abou-El-Enein, M., Kaiser, D., Bold, G.,
et al. (2020). Regulatory T cells for minimising immune suppression in kidney
transplantation: phase I/IIa clinical trial. BMJ 371:m3734. doi: 10.1136/bmj.
m3734

Romano, M., Fanelli, G., Albany, C. J., Giganti, G., and Lombardi,
G. (2019). Past, present, and future of regulatory T Cell therapy
in transplantation and autoimmunity. Front. Immunol. 10:43. doi:
10.3389/fimmu.2019.00043

Russ, B. E., Olshanksy, M., Smallwood, H. S., Li, J., Denton, A. E., Prier, J. E.,
et al. (2014). Distinct epigenetic signatures delineate transcriptional programs
during virus-specific CD8(+) T cell differentiation. Immunity 41, 853–865.
doi: 10.1016/j.immuni.2014.11.001

Ryba-Stanislawowska, M., Sakowska, J., Zielinski, M., Lawrynowicz, U., and
Trzonkowski, P. (2019). Regulatory T cells: the future of autoimmune disease
treatment. Expert Rev. Clin. Immunol. 15, 777–789. doi: 10.1080/1744666X.
2019.1620602

Sakuishi, K., Ngiow, S. F., Sullivan, J. M., Teng, M. W., Kuchroo, V. K., Smyth,
M. J., et al. (2013). TIM3(+)FOXP3(+) regulatory T cells are tissue-specific
promoters of T-cell dysfunction in cancer. Oncoimmunology 2:e23849. doi:
10.4161/onci.23849

Salhab, A., Nordstrom, K., Gasparoni, G., Kattler, K., Ebert, P., Ramirez, F., et al.
(2018). A comprehensive analysis of 195 DNA methylomes reveals shared and
cell-specific features of partially methylated domains. Genome Biol. 19:150.
doi: 10.1186/s13059-018-1510-5

Sawitzki, B., Harden, P. N., Reinke, P., Moreau, A., Hutchinson, J. A., Game,
D. S., et al. (2020). Regulatory cell therapy in kidney transplantation (The ONE
Study): a harmonised design and analysis of seven non-randomised, single-arm,
phase 1/2A trials. Lancet 395, 1627–1639. doi: 10.1016/S0140-6736(20)30167-7

Scheffold, A., Huhn, J., and Hofer, T. (2005). Regulation of CD4+CD25+ regulatory
T cell activity: it takes (IL-)two to tango. Eur. J. Immunol. 35, 1336–1341.
doi: 10.1002/eji.200425887

Schellenberg, A., Lin, Q., Schuler, H., Koch, C. M., Joussen, S., Denecke, B.,
et al. (2011). Replicative senescence of mesenchymal stem cells causes DNA-
methylation changes which correlate with repressive histone marks. Aging
(Albany NY) 3, 873–888. doi: 10.18632/aging.100391

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 November 2021 | Volume 9 | Article 751590

https://doi.org/10.4049/jimmunol.177.11.8095
https://doi.org/10.4049/jimmunol.177.11.8095
https://doi.org/10.1126/scitranslmed.3001809
https://doi.org/10.1002/eji.200838904
https://doi.org/10.1101/gr.125872.111
https://doi.org/10.1101/gr.125872.111
https://doi.org/10.1038/nri2474
https://doi.org/10.1371/journal.pgen.1007802
https://doi.org/10.1038/s41586-019-1325-x
https://doi.org/10.1186/1479-5876-7-89
https://doi.org/10.1101/060012
https://doi.org/10.1172/JCI81187
https://doi.org/10.1038/gene.2016.19
https://doi.org/10.1038/gene.2016.19
https://doi.org/10.4049/jimmunol.1700475
https://doi.org/10.1093/bioinformatics/bts034
https://doi.org/10.1093/bioinformatics/bts034
https://doi.org/10.1038/nature09798
https://doi.org/10.1158/1078-0432.CCR-17-1350
https://doi.org/10.1111/cei.13297
https://doi.org/10.1111/cei.13297
https://doi.org/10.3389/fimmu.2019.02901
https://doi.org/10.3727/096368911X566217
https://doi.org/10.3727/096368911X566217
https://doi.org/10.1084/jem.173.4.931
https://doi.org/10.1073/pnas.1604765113
https://doi.org/10.1016/j.immuni.2020.04.006
https://doi.org/10.21037/jtd.2019.02.11
https://doi.org/10.1126/science.aaf2807
https://doi.org/10.1126/science.aaf2807
https://doi.org/10.1186/1756-8935-8-6
https://doi.org/10.1186/1756-8935-8-6
https://doi.org/10.1186/s13059-016-1066-1
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/nature14248
https://doi.org/10.1136/bmj.m3734
https://doi.org/10.1136/bmj.m3734
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.1016/j.immuni.2014.11.001
https://doi.org/10.1080/1744666X.2019.1620602
https://doi.org/10.1080/1744666X.2019.1620602
https://doi.org/10.4161/onci.23849
https://doi.org/10.4161/onci.23849
https://doi.org/10.1186/s13059-018-1510-5
https://doi.org/10.1016/S0140-6736(20)30167-7
https://doi.org/10.1002/eji.200425887
https://doi.org/10.18632/aging.100391
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-751590 November 12, 2021 Time: 14:44 # 15

Ou et al. Epigenetic Changes During Treg Product Manufacturing

Scott, A. C., Dundar, F., Zumbo, P., Chandran, S. S., Klebanoff, C. A., Shakiba, M.,
et al. (2019). TOX is a critical regulator of tumour-specific T cell differentiation.
Nature 571, 270–274. doi: 10.1038/s41586-019-1324-y

Sen, D. R., Kaminski, J., Barnitz, R. A., Kurachi, M., Gerdemann, U., Yates,
K. B., et al. (2016). The epigenetic landscape of T cell exhaustion. Science 354,
1165–1169. doi: 10.1126/science.aae0491

Sharabi, A., Tsokos, M. G., Ding, Y., Malek, T. R., Klatzmann, D., and Tsokos, G. C.
(2018). Regulatory T cells in the treatment of disease. Nat. Rev. Drug Discov. 17,
823–844. doi: 10.1038/nrd.2018.148

Singer, M., Wang, C., Cong, L., Marjanovic, N. D., Kowalczyk, M. S., Zhang, H.,
et al. (2016). A distinct gene module for dysfunction uncoupled from activation
in tumor-infiltrating T cells. Cell 166:e1509. doi: 10.1016/j.cell.2016.08.052

Sivasankar, B., Longhi, M. P., Gallagher, K. M., Betts, G. J., Morgan, B. P., Godkin,
A. J., et al. (2009). CD59 blockade enhances antigen-specific CD4+ T cell
responses in humans: a new target for cancer immunotherapy? J. Immunol. 182,
5203–5207. doi: 10.4049/jimmunol.0804243

Sprouse, M. L., Scavuzzo, M. A., Blum, S., Shevchenko, I., Lee, T., Makedonas,
G., et al. (2018). High self-reactivity drives T-bet and potentiates Treg function
in tissue-specific autoimmunity. JCI Insight 3:e97322. doi: 10.1172/jci.insight.
97322

Sun, X., Tian, Y., Wang, J., Sun, Z., and Zhu, Y. (2020). Genome-wide analysis
reveals the association between alternative splicing and DNA methylation
across human solid tumors. BMC Med. Genomics 13:4. doi: 10.1186/s12920-
019-0654-9

Tran, D. Q., Ramsey, H., and Shevach, E. M. (2007). Induction of FOXP3
expression in naive human CD4+FOXP3 T cells by T-cell receptor stimulation
is transforming growth factor-beta dependent but does not confer a regulatory
phenotype. Blood 110, 2983–2990. doi: 10.1182/blood-2007-06-094656

Trzonkowski, P., Bacchetta, R., Battaglia, M., Berglund, D., Bohnenkamp, H. R.,
Ten Brinke, A., et al. (2015). Hurdles in therapy with regulatory T cells. Sci.
Transl. Med. 7:304s318. doi: 10.1126/scitranslmed.aaa7721

Ukena, S. N., Velaga, S., Geffers, R., Grosse, J., Baron, U., Buchholz, S., et al. (2011).
Human regulatory T cells in allogeneic stem cell transplantation. Blood 118,
e82–e92. doi: 10.1182/blood-2011-05-352708

Varley, K. E., Gertz, J., Bowling, K. M., Parker, S. L., Reddy, T. E., Pauli-Behn, F.,
et al. (2013). Dynamic DNA methylation across diverse human cell lines and
tissues. Genome Res. 23, 555–567. doi: 10.1101/gr.147942.112

Venken, K., Thewissen, M., Hellings, N., Somers, V., Hensen, K., Rummens, J. L.,
et al. (2007). A CFSE based assay for measuring CD4+CD25+ regulatory T cell
mediated suppression of auto-antigen specific and polyclonal T cell responses.
J. Immunol. Methods 322, 1–11. doi: 10.1016/j.jim.2007.01.025

Wang, H., Zeng, X., Fan, Z., and Lim, B. (2011). RhoH modulates pre-TCR and
TCR signalling by regulating LCK. Cell Signal. 23, 249–258. doi: 10.1016/j.
cellsig.2010.09.009

Wang, J., Ioan-Facsinay, A., Van Der Voort, E. I., Huizinga, T. W., and
Toes, R. E. (2007). Transient expression of FOXP3 in human activated

nonregulatory CD4+ T cells. Eur. J. Immunol. 37, 129–138. doi: 10.1002/eji.
200636435

Weber, E. W., Parker, K. R., Sotillo, E., Lynn, R. C., Anbunathan, H., Lattin, J.,
et al. (2021). Transient rest restores functionality in exhausted CAR-T cells
through epigenetic remodeling. Science 372:eaba1786. doi: 10.1126/science.aba
1786

Wendering, D. J., Amini, L., Schlickeiser, S., Reinke, P., Volk, H. D., and Schmueck-
Henneresse, M. (2019). The value of a rapid test of human regulatory T cell
function needs to be revised. Front. Immunol. 10:150. doi: 10.3389/fimmu.2019.
00150

Wherry, E. J., and Kurachi, M. (2015). Molecular and cellular insights into T cell
exhaustion. Nat. Rev. Immunol. 15, 486–499. doi: 10.1038/nri3862

Youngblood, B., Hale, J. S., and Akondy, R. (2013). Using epigenetics to define
vaccine-induced memory T cells. Curr. Opin. Virol. 3, 371–376. doi: 10.1016/j.
coviro.2013.05.017

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS 16, 284–287.
doi: 10.1089/omi.2011.0118

Yu, G., Wang, L.-G., and He, Q.-Y. (2015). ChIPseeker: an R/Bioconductor package
for ChIP peak annotation, comparison and visualization. Bioinformatics 31,
2382–2383. doi: 10.1093/bioinformatics/btv145

Zhang, Y., Scoumanne, A., and Chen, X. (2010). G Protein-Coupled receptor 87:
a promising opportunity for cancer drug discovery. Mol. Cell. Pharmacol. 2,
111–116.

Zhou, W., Dinh, H. Q., Ramjan, Z., Weisenberger, D. J., Nicolet, C. M., Shen, H.,
et al. (2018). DNA methylation loss in late-replicating domains is linked to
mitotic cell division. Nat. Genet. 50, 591–602. doi: 10.1038/s41588-018-0073-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Ou, Hamo, Schulze, Roemhild, Kaiser, Gasparoni, Salhab,
Zarrinrad, Amini, Schlickeiser, Streitz, Walter, Volk, Schmueck-Henneresse, Reinke
and Polansky. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 November 2021 | Volume 9 | Article 751590

https://doi.org/10.1038/s41586-019-1324-y
https://doi.org/10.1126/science.aae0491
https://doi.org/10.1038/nrd.2018.148
https://doi.org/10.1016/j.cell.2016.08.052
https://doi.org/10.4049/jimmunol.0804243
https://doi.org/10.1172/jci.insight.97322
https://doi.org/10.1172/jci.insight.97322
https://doi.org/10.1186/s12920-019-0654-9
https://doi.org/10.1186/s12920-019-0654-9
https://doi.org/10.1182/blood-2007-06-094656
https://doi.org/10.1126/scitranslmed.aaa7721
https://doi.org/10.1182/blood-2011-05-352708
https://doi.org/10.1101/gr.147942.112
https://doi.org/10.1016/j.jim.2007.01.025
https://doi.org/10.1016/j.cellsig.2010.09.009
https://doi.org/10.1016/j.cellsig.2010.09.009
https://doi.org/10.1002/eji.200636435
https://doi.org/10.1002/eji.200636435
https://doi.org/10.1126/science.aba1786
https://doi.org/10.1126/science.aba1786
https://doi.org/10.3389/fimmu.2019.00150
https://doi.org/10.3389/fimmu.2019.00150
https://doi.org/10.1038/nri3862
https://doi.org/10.1016/j.coviro.2013.05.017
https://doi.org/10.1016/j.coviro.2013.05.017
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bioinformatics/btv145
https://doi.org/10.1038/s41588-018-0073-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Strong Expansion of Human Regulatory T Cells for Adoptive Cell Therapy Results in Epigenetic Changes Which May Impact Their Survival and Function
	Introduction
	Materials and Methods
	Ethics
	Manufacturing of 1st Generation Products
	Manufacturing of 2nd Generation Products
	Isolation and Culture of FACS-Sorted Tregs and CD4+ Memory T Cells
	Surface Expression Profiling
	Methylation Profiling
	Data Processing and Analysis
	Preprocessing Raw Data
	Differential Methylation Analysis
	Publicly Available Data
	Partially Methylated Domains
	Whole Genome Bisulfite Sequencing
	ChromHMM Chromatin States

	Statistical Analysis and Data Visualization


	Results
	In vitro Expansion During Treg Product Generation Induces Changes in the DNA Methylome
	Consistent Epigenetic Remodeling Occurs at Genes Important for T Cell Activation and Differentiation
	Genes Upregulated in Chronically Activated T Cells Undergo Significant Methylation and Surface Expression Changes in First Generation Treg Products
	Treg-Specific Demethylated Loci Are Progressively Hypermethylated With Culture

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


