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The first wave of Foxp3™* regulatory T cells (Tregs) generated in neonates is
critical for the life-long prevention of autoimmunity. Although it is widely
accepted that neonates are highly susceptible to infections, the impact of
neonatal infections on this first wave of Tregs is completely unknown. Here, we
challenged newborn Treg fate-mapping mice (Foxp3SFPCreERT2y ROSA265TOP-
€YFP) with the Toll-like receptor (TLR) agonists LPS and poly I:C to mimic
inflammatory perturbations upon neonatal bacterial or viral infections,
respectively, and subsequently administrated tamoxifen during the first 8
days of life to selectively label the first wave of Tregs. Neonatally-tagged
Tregs preferentially accumulated in non-lymphoid tissues (NLTs) when
compared to secondary lymphoid organs (SLOs) irrespective of the
treatment. One week post challenge, no differences in the frequency and
phenotypes of neonatally-tagged Tregs were observed between challenged
mice and untreated controls. However, upon aging, a decreased frequency of
neonatally-tagged Tregs in both NLTs and SLOs was detected in challenged
mice when compared to untreated controls. This decrease became significant
12 weeks post challenge, with no signs of altered Foxp3 stability. Remarkably,
this late decrease in the frequency of neonatally-tagged Tregs only occurred
when newborns were challenged, as treating 8-days-old mice with TLR
agonists did not result in long-lasting alterations of the first wave of Tregs.
Combined single-cell T cell receptor (TCR)-seq and RNA-seq revealed that
neonatal inflammatory perturbations drastically diminished TCR diversity and
long-lastingly altered the transcriptome of neonatally-tagged Tregs,
exemplified by lower expression of Tigit, Foxp3, and [l2ra. Together, our data
demonstrate that a single, transient encounter with a pathogen in early life can
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have long-lasting consequences for the first wave of Tregs, which might affect
immunological tolerance, prevention of autoimmunity, and other non-
canonical functions of tissue-resident Tregs in adulthood.
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neonatal perturbations, regulatory T cells (Tregs), TCR repertoire, single-cell ‘omics,
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Introduction

Accumulating evidence suggests that early-life infections can
substantially shape the developing immune system (1). We have
recently reported that acute Listeria monocytogenes infection in
neonates causes long-term, organ-specific alterations of both the
adaptive and innate immune system (2). Besides, childhood
infections correlating with a beneficial long-lasting immune
homeostasis include Epstein-Barr virus (EBV) and
Helicobacter pylori infections, limiting the incidence of
multiple sclerosis or asthma and allergy (3, 4). On the other
hand, some infections can also promote the development of
autoimmune diseases like type 1 diabetes, which has been linked
to certain enteroviruses (5). In the same line, neonatal infections
with respiratory syncytial virus, Streptococcus pneumonia, or
Roseolovirus were shown to significantly increase allergic airway
diseases during adulthood (6-8).

Regulatory T cells (Tregs) are defined as a suppressive CD4"
T cell subpopulation expressing the lineage-specifying
transcription factor Foxp3. It is well-known that Foxp3™ Tregs
are critical for preserving immune tolerance and preventing
immunopathology, and altered Treg composition and/or
dysfunction can lead to severe chronic infections, oncogenesis,
and autoimmune diseases (9). Apart from Tregs in secondary
lymphoid organs (SLOs), highly specialized Tregs in non-
lymphoid tissues (NLTs), such as skin, liver, lung and adipose
tissue, were more recently reported and are currently intensively
investigated (10). These Tregs are termed tissue-resident Tregs
and are characterized as ST2'KLRG1" cells (11). Interestingly,
tissue-resident Tregs harbor non-canonical functions such as
tissue homeostasis and repair, suggesting that Tregs are not only
regulatory as their name implies (12-17).

For the establishment of a fully functional Treg
compartment, the neonatal period has been identified as a
crucial time window (18). Particularly, an encounter with self-
antigens and commensals during this period is essential to
establish and maintain life-long immune homeostasis (19-21).
In addition, it was demonstrated that neonatal CD4" T cells have
an intrinsic “default” mechanism to become Tregs in response to
TCR stimulation (22) and that a temporal switch in negative
selection and ligand binding kinetics constrains the neonatal
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tTreg selection window (23). Importantly, a recent study showed
that neonatally-generated Tregs are indispensable for the life-
long prevention of autoimmune diseases (24). The seeding of
tissue-resident Tregs starts during the neonatal period and the
selective blockage of this early-seeding process leads to tissue
inflammation and abrogation of tolerance, indicative of a vital
role of the first wave of tissue-resident Tregs in maintaining
tissue homeostasis (20, 25). Recent studies revealed that the
generation of tissue Tregs is a stepwise, multi-site process (26). It
is initiated in SLOs, and the priming permits tissue Treg
precursors to exit these sites and surveil NLTs, where a final
specialization process takes place in response to unique
microenvironmental cues (27-29). Despite this knowledge on
the first wave of tissue-resident Tregs, the impact of neonatal
infections on this highly relevant Treg compartment
is unknown.

To fill this knowledge gap, we challenged newborn
mice with Toll-like
receptor (TLR) agonists to mimic inflammatory perturbations

Foxp3eGFPCreERTZXROSA26STOP—eYFP

upon neonatal bacterial or viral infections, and selectively
labeled the first wave of Tregs by repetitive administration of
tamoxifen within the first 8 days of life. Interestingly, we
observed a preferential accumulation of neonatally-tagged
Tregs in NLTs when compared to SLOs regardless of the
challenge with TLR agonists. Immediately after challenge
(1 week), neonatally-tagged Tregs displayed comparable
phenotypes with their counterparts from non-challenged
control mice. However, upon aging a decreased frequency of
neonatally-tagged Tregs emerged in both SLOs and NLTs of
challenged mice, and became significant 12 weeks post
challenge. Remarkably, this late impact on the first wave of
Tregs in NLTs was not due to a loss of Foxp3 stability and was
specific to inflammatory perturbations occurring in neonates.
Combined single-cell (sc) RNA-seq and T cell receptor (TCR)-
seq revealed that neonatal inflammatory perturbations
persistently altered the transcriptome of neonatally-tagged
Tregs and markedly diminished their TCR diversity. Together,
our data demonstrate that neonatally-tagged Tregs preferentially
accumulate in NLT's upon aging and that neonatal inflammatory
perturbations have a negative and persistent impact on them,
suggesting that a single encounter of pathogens in early life
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might have life-long consequences for immunological tolerance,
prevention of autoimmunity and other non-canonical functions
of tissue-resident Tregs.

Materials and methods
Mice

FOXP3eGFPCreERTZXROSAzésTOPerFP

mice were bred and kept
under specific pathogen-free conditions in isolated ventilated
cages at the Helmholtz Centre for Infection Research
(Braunschweig, Germany). Water and food were supplied ad
libitum. In all experiments, gender- and age-matched mice were
used. All mice were housed and handled in accordance with
qualified animal practice as defined by FELASA and the national
animal welfare body GV-SOLAS. All animal experiments were
designed following the 3R principle and performed in accordance
with the German Animal Welfare Act (TierSchG, TierSchVersV)
and the European Union Directive 2010/63/EU, and were
approved by the Lower Saxony Committee on the Ethics of
Animal Experiments as well as the state office (Lower Saxony
State Office of Consumer Protection and Food Safety) under the
permit number 33.19-42502-04-17/2382.

Neonatal inflammatory perturbations and
neonatal tagging of Tregs

Newborn mice (less than 24-hours-old) were carefully fixed
by hand and intraperitoneally injected with 2 pg LPS (List labs)
or 20 pg poly I:C (Sigma) per gram mouse in 20 pl PBS. To label
the first wave of Tregs, 100 pg tamoxifen (Sigma) dissolved in
50 ul peanut oil (Sigma) was intragastrically administrated to
mice on days 2, 5, and 8 after birth.

Flow cytometry

Flow cytometric analysis was performed as described recently
(30). In brief, single-cell suspensions were washed with PBS before
dead cells were labeled with the UV-excitable, fixable Live/Dead dye
(Thermo Fisher) for 30 min staining at 4°C. Surface staining was
performed for 15 min on ice in PBS (Gibco) containing 0.2% bovine
serum albumin (BSA, Sigma-Aldrich) and 5 mM EDTA (Roche).
For transcription factor staining, cells were subsequently fixed with
4% paraformaldehyde (Merck) at room temperature for 30 min in
the dark, permeabilized using eBioscience " Permeabilization
Buffer (Thermo Fisher) according to the manufacturer’s protocol,
and stained intracellularly for 30 min or overnight at 4°C. All flow
cytometry samples were acquired on a LSR Fortessa (BD
Biosciences), and data were analyzed using FlowJo® 9.9.6
(FlowJo, LLC).
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Lymphocytes isolation

To isolate cells from the spleen and LNs, organs were
disintegrated through a 30 uM cell sieve (Sysmex Partec), and
splenocytes were further cleared from erythrocytes by lysis. Cells
were resuspended in PBS (Gibco) containing 0.2% BSA and
5 mM EDTA and were kept on ice until further processing.

To isolate cells from liver or lung tissues, animals were
perfused by opening the inferior vena cava and flushing the left
ventricle with PBS to get rid of blood from the circulation. Next,
tissues were collected and cut into small pieces, which were
digested in HBSS medium (Gibco) containing 25 mM HEPES
(Biochrom), 1 mg/ml collagenase D (Roche), and 0.1 mg/ml
DNase I (Roche) for 60 min at 37°C. To purify lymphocytes, cells
were resuspended in 40% Percoll (GE Healthcare) and layered
on top of an 80% Percoll layer. The mixture was centrifuged at
780xg at 20°C for 20 min without brake. Finally, lymphocytes
were collected from the interface between the two layers.

To isolate cells from colon tissues, colons were opened
longitudinally and washed with PBS to remove feces. Epithelial
cells and intraepithelial lymphocytes were removed by washing
with pre-digestion buffer (PBS containing 0.2% w/v BSA and
5 mM EDTA) for 30 min at 37°C. After extensive washing with
PBS to get rid of the remaining EDTA, colons were cut into small
pieces and digested in HBSS medium containing 25 mM HEPES,
1 mg/ml collagenase D, and 0.1 mg/ml DNase I for 60 min at 37°
C. Lamina propria lymphocytes were purified with a 40%/80%
Percoll gradient as described above.

To isolate cells from skin tissues, hair and hair follicles from
the back of the animal were removed with an electric shaver and
depilatory cream (Veet). The skin was separated from the dorsal
surface, cut into small pieces, and digested in HBSS medium
containing 25 mM HEPES, 1 mg/ml collagenase D, and 0.1 mg/
ml DNase I in a GentleMACS C tube (Miltenyi Biotec) and the
program “37_C_Multi_H” for 90 min, followed by
centrifugation and the abovedescribed 40%/80% Percoll
gradient for the enrichment of lymphocytes.

scRNA-seq and scTCR-seq

Single-cell suspensions were prepared from spleen, colon,
and skin of 12-weeks-old mice that had been neonatally treated
with LPS, poly I:C or PBS as control. With the exception of
splenocytes, cells were further stained with TotalSeq C hashtag
antibodies (BioLegend) according to the manufacturer’s
protocol. The same type of organs was labeled by the same
TotalSeq Hashtag antibodies, and afterwards spleen, colon, and
skin samples from the same mouse were pooled for sorting CD8"
CD45R°CD11¢’'CD11b'NK1.1"CD4*"YFP" cells. Subsequently,
sorted cells were loaded onto a 10x Chromium Next GEM
Chip G using reagents from the Chromium Single Cell 5
Library and Gel Bead Kit (10x Genomics) according to the
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manufacturer’s protocol. Amplified cDNA was used for both 5’
RNA-seq library generation and TCR V(D)J targeted
enrichment using the Chromium Single-Cell V(D)J
Enrichment Kit for Mouse T Cells (10x Genomics). 5 RNA-
seq and TCR V(D)] libraries were prepared following the
manufacturer’s user guide (10x Genomics). Libraries were
quantified by QubitTM 3.0 Fluorometer (ThermoFisher) and
quality checked using 2100 Bioanalyzer with High Sensitivity
DNA Kit (Agilent Technologies). scRNA-seq libraries were
sequenced on an Illumina NextSeq500 sequencer to attain
approximately 141,381 + 63,000 reads per single cell and
scTCR V(D)J libraries were sequenced on an Illumina
NextSeq500 sequencer to obtain approximately 63,987 + 6,131
reads per cell. The sequencing specifications for both RNA and
TCR V(D)J libraries were according to the manufacturer’s
specification (10x Genomics).

scRNA-seq analysis

Cell Ranger (v.3.0.2) was applied to align reads (mouse
GRCm38/mm1l0 as reference genome) and to produce gene-
barcode matrices for each sample. Quality control and cell
clustering were performed using Seurat (version 3.1.2) (31). To
filter out doublets and cells with low quality, cells expressing
genes more than 2,000, with more than 5,000 counts detected,
or mitochondrial genes with more than 5% of total unique
molecular identifiers (UMIs) were removed from the
downstream analysis. Next, gene expression levels were
normalized via the NormalizeData function, and the top
2,000 variable genes were identified using the
FindVariableFeatures function. To reduce dimensions,
principal component analysis (PCA) was applied to scale
data with PC 1-15 and resolution 0.5. Notably, given that
unhashtaged cells contain cells of the spleen and cells from
other tissues that failed in hashtagging, we further applied
empirical filtering criteria and excluded unhashtaged cells
clustered with other tissues leaving the majority of unhashtag
cells clustered separately from other tissues for the further
analysis. We next combined samples based on their batches
and filtered out contaminating cells, characterized by the
expression of non-T cell makers including Cd19, Ncrl,
Adgrel, Cdl14, Itgax, Ly6g, Pdpn, Ebfl, Ebf2, Ebf3, Iglc3, Iglc2,
Iglcl, Iglc4, Igkv17-127, Cd79b, Cd79a, Jchain, Lyz2, Igkv10-94,
Fcerlg, Tyrobp, Ccl6, Slpi, Trdc, Gpr25, Cxcl10, Bst2, H2-Ebl,
H2-Eb2, H2-Abl, H2-Aa, Hbb-bs, Gm30211, Igkc, and Apoe.
Afterwards, we re-normalized the data and identified the top
2,000 variable genes. Subsequently, we performed the
unsupervised clustering with the same settings (PC1-15,
resolution = 0.5). Furthermore, we zoomed into the data of
each tissue and identified subclusters using the same PC
numbers and resolution. Cell clusters were visualized using
Uniform Manifold Approximation and Projection (UMAP).
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To identify differentially expressed genes (DEGs) for each
treatment group and by taking samples from PBS-treated mice
as control, the FindMarkers function was applied with the
default Wilcoxon rank sum test and P-value adjustment
performed using Bonferroni correction based on the total
number of genes in the tested dataset. Genes were considered
differentially expressed when the logFC > 0.25, expressed in
>10% of cells in the cluster, and the adjusted P-value < 0.05.

scTCR-seq analysis

The Cell Ranger vdj pipeline was applied to assemble the
TCR sequences and identify the CDR3 sequence and TCR genes.
Taking the clean scRNA-seq data, we further removed cells that
failed in detecting both o and B chains for further analysis. A
clonal size was identified by the number of cells expressing the
same o and P chains.

Statistical analysis

Prism software (GraphPad) was utilized for the statistical
analysis of flow cytometry data. For all figures, if not stated
otherwise, each data point represents a single mouse. When
unmatched groups were compared, a One-way ANOVA
Kruskal-Walis test was applied. Data are presented as mean or
mean + SD, and p-values below a threshold of 0.05 were
considered as significant (* p < 0.05; ** p < 0.01; *** p < 0.001;

%%

p < 0.0001; ns = not significant).

Results

Neonatally-tagged Tregs accumulate
with distinct kinetics in SLOs and NLTs

To gain insight into the dynamics of the neonatally-generated
Treg compartment, we employed Treg fate-mapping mice
(Foxp3°CFPEreERTZy R OSA265TOPYFP) (32). In these mice, the
ubiquitously expressed ROSA26 locus contains a loxP site-
flanked STOP cassette followed by a DNA sequence encoding
yellow fluorescent protein (YFP), and the eGFP-CreERT2 fusion
protein is sequestered in the cytosol, wherefore YFP is not
expressed. Upon tamoxifen treatment, eGFP-CreERT2 is
translocated into the nucleus, allowing the excision of the floxed
STOP cassette and subsequently resulting in the constitutive and
heritable expression of YFP in a cohort of cells that expressed
Foxp3 at the time of tamoxifen administration (32). Using these
Treg fate-mapping mice and applying a published protocol for
neonatal tamoxifen administration (33), we selectively labeled the
first wave of Tregs in neonatal mice by repetitive intragastric
tamoxifen injections on days 2, 5, and 8 after birth. Subsequently,
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we determined the distribution and immunophenotype of the
neonatally-tagged Tregs in SLOs and NLTs at 1, 2, 6 and 12 weeks
after birth by flow cytometry (Figure 1A, Supplementary
Figure 1). Consistent with previously published data (24), YFP
labeling efficiency in neonatal mice (1 week) is about 40-50% in
mLN and 30% in the colon (Figures 1B, C). As expected, the pool
of neonatally-tagged Tregs in SLOs was rapidly diluted upon aging
by newly generated, non-labeled Tregs, reflected by a gradual drop
of the percentage of YFP™ Tregs from 40-50% at the 1-week time
point to less than 1% after 12 weeks (Figures 1B, C). However,
neonatally-tagged Tregs showed distinct kinetics in NLTs. At the
1-week time point, the percentage of YFP* Tregs was highest in
the skin with more than 50% YFP" cells among total Tregs,
followed by liver, lung, and colon (Figure 1D). In contrast to SLOs,
the pool of neonatally-tagged Tregs in NLTs was not rapidly

10.3389/fimmu.2022.991671

diluted upon aging by newly generated, non-labeled Tregs, but
rather showed a constant or even higher frequency of YFP* Tregs
in 2-weeks- when compared to 1-week-old mice (Figure 1D),
indicating a further enrichment or migration of neonatally-
generated Tregs into NLTs. Although the dilution effect also
became apparent in NLTs at later time points (6 and 12 weeks),
a generally higher frequency of YFP* Tregs was observed at these
sites when compared to SLOs (Figures 1D, E). This difference was
not due to a conversion of Foxp3™ Tregs into exFoxp3™ cells due to
a loss of Foxp3 expression since a comparable frequency of
Foxp3™ cells among YFP'CD4" T cells was observed in SLOs
and NLTs at 12 weeks after birth, except for a lower Foxp3
stability among YFP' Tregs in liver and spleen (Figure 1F).
Together, our data demonstrated the distinct kinetics of
neonatally-tagged Tregs between SLOs and NLTs.
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Kinetics of neonatally-tagged Tregs in different organs. Foxp3°“FP<eERT2,ROSA26°TOP¢"FP mjce received repetitive intragastric tamoxifen
injections at days 2, 5 and 8 after birth, and were sacrificed at indicated time points (1, 2, 6, and 12 weeks corresponding to days 8, 15, 43, and
85 after birth, respectively). Single-cell suspensions from mLN, pLN, spleen, colon, skin, liver, and lung were analyzed by flow cytometry.

(A) Scheme of experimental design. (B) Exemplary pseudocolor plots display Foxp3 and YFP expression among CD4* T cells isolated from mLN
(top) and colonic lamina propria (bottom) at indicated time points. (C, D) Kinetic accumulation of neonatally-tagged YFP* Tregs in mLN, pLN,
and spleen (C), and in colon, skin, liver, and lung (D). (E) Scatter dot plot shows frequencies of YFP*Foxp3* cells among CD4* T cells in
indicated organs of 12-weeks-old mice. (F) Scatter dot plot shows frequencies of Foxp3™ cells among CD4"YFP* T cells in indicated organs of
12-weeks-old mice. Data in scatter dot plots are depicted as mean + SD, each dot represents a single mouse, and data were pooled from 3 to 6

independent experiments (n = 6-8).
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Neonatally-tagged Tregs display higher
frequencies of activated, tissue-resident
cells compared to adult Tregs

Next, we further characterized the phenotype of the
neonatally-tagged Tregs in SLOs and NLTs of 12-weeks-old
mice. Neonatally-tagged Tregs expressed higher CD44 levels and
displayed a more pronounced effector/memory phenotype when
compared to non-labeled YFP™ Tregs (Figure 2A). The high
activating state indicates that these neonatally-tagged Tregs
continuously received stimulating signals in vivo to maintain
their survival, wherefore we further checked for the expression of
CD25, the high-affinity IL 2 receptor. As reported before (25),
liver-residing Tregs exhibited rather low CD25 expression levels
in both neonatally-tagged and non-labeled Tregs (Figure 2B).
On the contrary, Tregs of pLN, mLN, and skin displayed the
highest CD25 expression, with no difference detected between
YFP" and YFP™ Tregs. Interestingly, differences in CD25
expression were observed in the spleen and colon, with YFP*
Tregs showed a lower and higher expression, respectively, when
compared to YFP™ Tregs (Figure 2B). The preferential

10.3389/fimmu.2022.991671

accumulation of neonatally-tagged Tregs in NLTs prompted us
to assess the expression of tissue residency markers. As expected
(10, 11), increased frequencies of KLRG1" and ST2"CD69" cells
were found among Tregs from NLTs, particularly lung, colon
and skin, when compared to Tregs from SLOs. Interestingly,
significantly larger fractions of KLRG1" and ST2°CD69" cells
were observed among neonatally-tagged Tregs when compared
to non-labeled Tregs (Figures 2C, D), suggesting the higher
frequency of YFP" Tregs in NLTs being a consequence of the
retention of these cells in the tissues.

Neonatal inflammatory perturbations
reduce the abundance of neonatally-
tagged Tregs in SLOs and NLTs during
adulthood

Given that neonates are extremely susceptible to infections,
we sought to investigate the potential impact of neonatal
infections on the first wave of Tregs and their phenotype
during aging. To this end, we first established neonatal
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mice received repetitive intragastric tamoxifen

injections at days 2, 5 and 8 after birth, and were sacrificed for immunophenotyping at 12 weeks (day 85) after birth. (A—D) Representative plots
show CD62L and CD44 expression (A), CD25 expression (B), KLRG1 expression (C), and CD69 and ST2 expression (D) among non-tagged (YFP")
and tagged (YFP*) Foxp3™ Tregs from indicated organs. Scatter dot plots summarize the frequencies among non-tagged (open circle) and
tagged Tregs (black circle) across indicated organs. Data in scatter dot plots are depicted as mean + SD, each dot represents a single mouse,
and data were pooled from 3 to 6 independent experiments (n = 6-8). * p < 0.05, ** p < 0.01, **** p < 0.0001.
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challenge models by intraperitoneal administration of LPS or
poly L:C into newborns to mimic inflammatory perturbations
upon neonatal acute bacterial or viral infections, respectively
(Figure 3A). Dose titration studies revealed that neonates either
succumbed within the first 2 days after treatment or rapidly
recovered (Supplementary Figure 2), confirming the suitability
of these inflammatory perturbation models.

Interestingly, the neonatal inflammatory perturbations had
no immediate impact on the first wave of Tregs since a
comparable frequency of YFP' cells among Tregs was
observed at the 1-week time point in challenged mice when
compared to untreated controls (Figure 3B). However, the
neonatal inflammatory perturbations showed unexpected late
effects as LPS-treated mice started to show significantly lower
frequencies of YFP" cells among Tregs in SLOs and at least a
trend in NLTs at the 6-weeks time point (Figure 3C). These
perturbation-driven effects were further amplified upon aging,

10.3389/fimmu.2022.991671

and both LPS- and poly I:C-treated mice showed significantly
lower frequencies of neonatally-tagged Tregs in SLOs and
NLTs at 12 weeks post inflammatory perturbation
(Figure 3D). Again, we could exclude the possibility that the
reduced fraction of YFP* cells is due to a conversion of Foxp3™
Tregs into exFoxp3" cells due to a loss of Foxp3 expression
since both the control and challenged groups showed
comparable Foxp3 stability and CD25 expression in SLOs
and NLTs (Figures 4A, B). Additionally, transient neonatal
inflammatory perturbations barely generated any long-term
impact on the effector/memory or tissue residency phenotype
of neonatally-tagged Tregs at 12 weeks post inflammatory
perturbation (Figures 4C, D). Taking together, acute neonatal
inflammatory perturbations affect the abundance of
neonatally-generated Tregs in both SLOs and NLTs during
adulthood without gross effects on their effector/memory and
tissue residency phenotype.
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FIGURE 3

Long-term impact of neonatal inflammatory perturbations on neonatally-tagged Tregs. (A) Newborn Foxp3ecfPereERT2xROSA265TOPYFP mjce
were intraperitoneally injected with LPS, poly I:C or PBS as control, received repetitive intragastric injections of tamoxifen at days 2, 5 and 8 after
birth, and were sacrificed at indicated time points after challenge. (B—D) Scatter dot plots summarize frequencies of neonatally-tagged (YFP")
Tregs among Foxp3™* Tregs across indicated organs of LPS- (purple), poly I:C- (turquoise) or PBS-treated mice (black) 1 (B), 6 (C) and 12 (D)
weeks post infammatory perturbation. Data in scatter dot plots are depicted as mean + SD, each dot represents a single mouse, and data were

pooled from 4 to 6 independent experiments (n = 5-11).
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Immunophenotype of neonatally-tagged Tregs 12 weeks post neonatal inflammatory perturbation. Newborn Foxp3¢©FPereERT2 RO A26°TOP-€YFP
mice were intraperitoneally injected with LPS, poly |:C or PBS as control, received repetitive intragastric injections of tamoxifen at days 2, 5 and
8 after birth, and were sacrificed at indicated time points after challenge. Scatter dot plots depict frequencies of Foxp3™ cells among CD4YFP*
T cells (A), and of CD25" cells (B), CD44"CD62L" cells (C), and ST2*CD69* cells (D) among neonatally-tagged YFP*Foxp3* Tregs across
indicated organs. Data in scatter dot plots are depicted as mean + SD, each dot represents a single mouse, and data were pooled from 4 to 6
independent experiments (n = 6-11)

Slightly delayed inflammatory

perturbations less strongly affect the
abundance of neonatally-tagged Tregs in
SLOs and NLTs during adulthood

Recently, common precursors for tissue-resident Tregs were
identified in SLOs with a peak at day 10 after birth before their

Frontiers in Immunology

migration into the peripheral tissues (27). We wondered whether

a perturbation occurring shortly before the peak of the tissue

Treg precurcors would even amplify the perturbation-induced,

impaired residency of neonatally-tagged Tregs in NLTs. To this

end, we shifted the inflammatory perturbation from day 1 to day

8 and determined the phenotype of neonatally-tagged Tregs
when the mice have reached the age of 12 weeks (Figure 5A).
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Although the inflammatory perturbations occurred shortly
before the peak of the tissue Treg precursors, both LPS- and
poly I:.C-treated groups unexpectedly showed an unaltered
abundance of YFP" cells among total Tregs in NLTs and SLOs
when compared to the non-challenged controls (Figure 5B), and
also the frequency of total Foxp3" Tregs was not affected
(Supplementary Figure 3). Together, our data suggest that the
impaired abundance of neonatally generated Tregs in SLOs and
NLTs during adulthood is restricted to inflammatory
perturbations occurring immediately after birth and these
negative effects are unlikely mediated through an impaired
development of tissue Treg precursors.

Neonatal inflammatory perturbations
persistently alter the transcriptome of
neonatally-tagged Tregs

Next, we aimed to further unravel the persistent effects of
transient neonatal inflammatory perturbations on the first wave of
Tregs at the molecular level. At the age of 12 weeks, neonatally-
tagged YFP™ Tregs were sorted from the spleen, colon, and skin of
neonatally LPS-, poly I.C- or PBS-treated mice, and in-depth
transcriptional analysis was performed by scRNA-seq combined
with scTCR-seq. Two independent datasets from distinct donors
were generated for all treatment groups. We first used uniform
manifold approximation and projection (UMAP) for
dimensionality reduction to relate neonatally-tagged Tregs sorted
from distinct organs. Interestingly, major segregation between

10.3389/fimmu.2022.991671

spleen-sorted cells and cells isolated from colon and skin was
observed, regardless of treatment (Figure 6A, Supplementary
Figure 4A), indicative of a transcriptomic reprogramming of the
first wave of Tregs in NLTs to facilitate their adaption and retention.
Next, we determined the perturbation-driven effects on the
transcriptome of neonatally-tagged Tregs across organs.
Remarkably, both spleen and NLT samples showed distinct
segregation between challenged mice and untreated controls
(Figure 6B, Supplementary Figure 4B). Due to the limited cell
number obtained from colon and skin, the further treatment-
pairwise analysis only focused on the spleen samples. More than
150 genes showed differential expression as late as 12 weeks post
neonatal LPS treatment, exemplified by Tigit, Foxp3, and Il2ra
expression (Figures 6C, D, Supplementary Figures 4C, D). Gene
ontology (GO) analysis of these genes revealed an enrichment of
genes involved in ‘tolerance induction’ (Figure 6E), suggesting that
neonatal LPS treatment might persistently affect the functionality of
neonatally-generated Tregs. Similar phenotypes were observed in
poly I:C-treated mice, with the expression of a bunch of genes
including Foxp3 being differentially expressed between challenged
mice and untreated controls as late as 12 weeks post neonatal
treatment (Figures 6F, G, Supplementary Figures 4E, F). GO
analysis indicated an involvement of multiple biologic processes
including ‘adaptive immune response’ (Figure 6H). Furthermore,
we validated the lower expression of CD25 and Foxp3 at the protein
level via flow cytometry (Supplementary Figure 5). Overall,
transient neonatal inflammatory perturbations resulted in
persistently altered transcriptional profiles of neonatally-
generated Tregs.
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FIGURE 5

No long-term impact on neonatally generated Tregs upon later challenge. (A) Foxp?‘wpC'PERTZXROSA26STOP €YFP mice received repetitive
intragastric tamoxifen injections at days 2, 5 and 8 after birth, directly followed by an intraperitoneal injection of LPS, poly I:C or PBS on day 8.
Twelve weeks later, mice were sacrificed for immunophenotyping. (B) Scatter dot plots summarize frequencies of YFP* cells among Foxp3™*
Tregs in secondary lymphoid organs (left) and non-lymphoid tissues (right). Data in scatter dot plots are depicted as mean + SD, each dot
represents a single mouse, and data were pooled from 2 independent experiments (n = 4-7). * p < 0.05.
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Neonatal inflammatory perturbations
diminish the TCR diversity of neonatally-
tagged Tregs

Finally, we investigated the long-lasting consequences of
neonatal inflammatory perturbations on the TCR diversity of
neonatally-generated Tregs. Of the 227, 157 and 116 identified
neonatally-tagged splenic Tregs from the first batch of PBS-, LPS-
and poly I:C-treated mice, for which both TCRo.and TCR chains
could be detected, 169, 27, and 88 clonotypes were identified,
respectively (Figure 7A). The substantially reduced TCR diversity
in neonatally-tagged Tregs upon LPS treatment was also
confirmed in the second batch of samples (Supplementary
Figure 6A), whereas the effect of neonatal poly I:C treatment on
the TCR diversity was less severe (Figure 7A, Supplementary
Figure 6A). In line with a decreased TCR diversity upon LPS
treatment, an enrichment of cells with clonal TCR expansion
(n>5) was observed in neonatally-tagged Tregs of LPS-treated
mice (Figures 7B, C, Supplementary Figures 6B, C). Interestingly,
the majority of these highly amplified cells were of the same TCR
clonotype (Figure 7D, Supplementary Figure 6D). Taking
together, neonatal inflammatory perturbations led to a
decreased TCR diversity among neonatally-generated Tregs with
the amplification of specific TCR clones.

Discussion

Recently, the crucial role of the first wave of Tregs in
preventing autoimmunity and in mediating tolerance towards
commensals has been intensely studied (20, 24, 25). However, a
detailed characterization of these neonatally-generated Tregs is
still lacking. Within this study, we characterized the distribution
and phenotype of the first wave of Tregs in both SLOs and NLT's
during aging. Meanwhile, we investigated the impact of neonatal
inflammatory perturbations on the phenotype of the first wave
of Tregs and could demonstrate that acute neonatal
inflammatory perturbations long-lastingly shifted the
abundance of neonatally-tagged Tregs in SLOs and NLTs.
Remarkably, these long-term effects were restricted to a very
narrow early-life time window as inflammatory perturbations
occurring on day 8 were already too late to instigate the same
sequelae. Combined scRNA/TCR-seq further revealed that a
single inflammatory perturbation in newborns not only
persistently altered the transcriptome of neonatally-tagged
Tregs, but also caused a strong reduction in their TCR
diversity. Taking together, our data demonstrate long-lasting
consequences of a single transient inflammatory perturbation
during the neonatal period for the first wave of Tregs.

By restricting the tamoxifen administration to the first 8 days
of life, we specifically labeled the first wave of Tregs and
determined their kinetical distribution across organs. The
population of neonatally-tagged Tregs could be stably detected
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in both SLOs and NLTs as late as 12 weeks after birth,
demonstrating their remarkable persistence. As reported
recently (34), ‘old’ Tregs exhibited an activated phenotype,
implicating that continuous TCR signal supports their long
life. Yet, also IL-2 signaling might contribute to their long
living as neonatally-tagged Tregs display a universally high
CD25 expression in almost all organs besides the liver.
Subsequent to the withdrawal of tamoxifen treatment, the
fraction of neonatally-tagged YFP™ Tregs among total Tregs
gradually declined over time, most likely due to continuous
thymic output of newly generated YFP™ Treg cells. Yet, during
the first 2 weeks of life neonatally-tagged Tregs continuously
accumulated in NLTs before being diluted in later life. This
persistent accumulation of the first wave of Tregs in NLTs is in
accordance with the physiological accumulation pattern of bulk
Tregs in the skin and liver, for which a peak in the second week
after birth was reported (20, 25).

The first wave of Tregs preferentially resides in NLTs.
Additionally, we demonstrated that a single inflammatory
perturbation in newborns is capable of not only impairing the
residency of the first wave of Tregs in NLTs, but also negatively
affecting the abundance of neonatally-tagged Tregs circulating
through SLOs. Strikingly, this common decrease of the first wave
of Tregs was not observed 1 week after challenge, but appeared
during aging with mild effects after 6 weeks and significant
differences 12 weeks after challenge. So far, the mechanisms
underlying this long-lasting decrease of neonatally-tagged Tregs
remain unclear. One possibility is that the tissue niches might be
modulated by the early-life inflammatory perturbations and that
Tregs are highly sensitive to these changes. Therefore, it is of
interest to investigate whether the long-lasting effects mediated
by neonatal inflammatory perturbations are directly acting on
Tregs or indirectly via accessory, niche-forming cells.

Several studies have described unique tissue-specific
adaptations of Treg, as reflected by distinct chromatin
accessibility, epigenetic modification, and transcriptome in
NLT-Tregs when compared to their counterparts from SLOs
(11, 27, 35, 36). Here, tissue-specific adaptions were also
observed in long-living, neonatally-tagged Tregs, best
exemplified by their unique transcriptional signatures.
Interestingly, a single transient inflammatory perturbation in
neonates was sufficient to further modify this tissue-specific
adaptation process by persistently altering the transcriptome of
neonatally-tagged Tregs not only in NLTs, but also in SLOs. For
instance, Foxp3 and Il2ra expression were persistently down-
regulated as a consequence of the neonatal inflammatory
perturbation. Although downregulation of Foxp3 and high-
affinity IL-2 receptor CD25 expression by Tregs had been
reported before in various infection- or autoimmune diseases-
associated inflammatory milieus (37-39), to the best of our
knowledge we are the first to demonstrate that the
inflammation-driven downregulation of Foxp3 and Il2ra could
persist far beyond the resolution of the inflammation. Foxp3 and
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FIGURE 6
Long-lastingly altered transcriptomic profiles of neonatally-tagged Tregs upon neonatal challenge. Newborn Foxp3cFPereERT2yROSA265TOP-eYFP
mice were intraperitoneally injected with LPS, poly I:C or PBS as control, followed by repetitive intragastric injections of tamoxifen at days 2, 5
and 8 after birth. Twelve weeks later, YFP* cells were FACS-sorted and subjected to combined scRNA/TCR-seq. (A) UMAP plot of merged YFP*
cells from spleen, colon, and skin of the first batch of PBS-, LPS- and poly |:C-treated mice. (B) UMAP plots of merged YFP* cells across organs
of PBS-, LPS- and poly I:C-treated mice. (C) Volcano plot depicts avg_log,(FC) vs. -logsp(padj) of identified DEGs between LPS and PBS
conditions in the spleen. (D) Dot plot shows the expression of selected genes in splenic YFP* cells of PBS- and LPS-treated groups. (E) GO
analysis of all DEGs identified in (C) (F) Volcano plot depicts avg_log,(FC) vs. -logip(padj) of identified DEGs between poly I:C and PBS
conditions in the spleen. (G) Dot plot shows the expression of selected genes in splenic YFP™ cells of PBS- and poly I:C-treated groups. (H) GO
analysis of all DEGs identified in (F) UMAP, uniform manifold approximation, and projection; FC, fold change; DEG, differentially expressed gene;
GO, gene ontology; Reg., regulation; Neg., negative.
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FIGURE 7

Diminished TCR diversity among neonatally-tagged Tregs 12 weeks post neonatal challenge. Newborn Foxp3eSrPereERT2yROSA265TOP-€YFP

mice

were intraperitoneally injected with LPS, poly I:C or PBS as control, followed by repetitive intragastric injections of tamoxifen at days 2, 5 and 8
after birth. Twelve weeks later, YFP* cells were FACS-sorted and subjected to combined scRNA/TCR-seq. (A) Table of total TCR clonotypes
detected among splenic YFP* cells with paired TCRo and TCRp chains detected in PBS-, LPS- and poly I:C-treated mice. (B) UMAP plots depict
the clonal size in splenic YFP* cells. (C) Bar plot summarizes frequencies of cells with unique (n = 1) or clonal TCR (n = 2-4 and n > 5).

(D) Splitted UMAPs depict clonotypes detected in clonal YFP* cells (n > 5). UMAP, uniform manifold approximation and projection.

CD25 are predominant regulators for Treg development,
stability, function, and homeostasis (40-43), yet we could
exclude Treg instability as a potential cause of lower Foxp3
and Il2ra expression as both neonatally challenged and
untreated mice showed comparable Foxp3 stability among
neonatally-tagged Tregs. However, we wonder whether the
downregulation of Foxp3 and Il2ra expression would cause
Treg exhaustion, which might explain the lower abundance of
neonatally-tagged Tregs in SLOs and NLTs. Additionally, both
LPS- and poly I:C-challenged mice showed a long-lasting down-
regulation of II7r expression. Given the critical role of IL-7/IL-7R
signaling for cell survival, it is reasonable to speculate that the
lower abundance of neonatally-tagged Tregs is at least partially
due to an impaired survival.

Recently, Rudensky et al. have generated mice harboring a

loxP-Thy-1.1-STOP-loxP-GFP

reversible Foxp3 reporter-null allele, which
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allowed them to restore Foxp3 expression in settings of established
systemic inflammation by manipulating the time and duration of
4-hydroxytamoxifen treatment (34). Using this novel mouse
model, they demonstrated that Tregs that developed 3 weeks
after birth in a severely inflammatory environment could
maintain a diverse TCR repertoire and confer long-term
containment of autoimmune inflammation. In contrast to that,
we observed a markedly reduced TCR diversity in neonatally-
tagged Tregs generated under transient, TLR-agonist-mediated
inflammatory conditions. One possible explanation for this
discrepancy is that the long-term TCR diversity reduction might
be restricted to inflammatory challenges occurring during a very
narrow early-life time window since a shift of the inflammatory
perturbation from day 1 to day 8 after birth already abrogated the
long-term reduction of neonatally-tagged Tregs in SLOs and
NLTs. It is also important to note that although both LPS and
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poly I:C are TLR agonists, the markedly reduced TCR diversity
was observed only in LPS-and not poly I:C-treated mice. This
might be due to a weaker perturbation strength elicited by the
poly I:C dose applied in this study as we observed a more delayed
and milder phenotype among neonatally-tagged Tregs in poly I:C-
compared to LPS-treated mice. Furthermore, we cannot exclude
the possibility that LPS might even act directly on the first wave of
Tregs since it had been reported that Tregs express TLR4
(recognizing LPS) but not TLR3 (recognizing poly I:C) (44).

A limitation of the present study is that the long-term effect
of neonatal inflammatory perturbations on the functionality of
neonatally-tagged Tregs cannot be easily dissected by in vitro or
in vivo studies due to their extremely small cell numbers.
Generation of TCR transgenic mouse lines, similar to the
strategy used in the visceral adipose tissue Treg study from the
Mathis and Benoist group (28), might help to get a reasonable
number of neonatally-tagged Tregs for subsequent functional
studies. On the other hand, the biological consequence of the
extraordinarily long-term reduction of neonatally-tagged Treg
with lower Foxp3 and Il2ra expression and diminished TCR
diversity in both SLOs and NLTs is of great interest and awaits
further investigation. Considering the crucial role of neonatally-
generated Tregs in preventing autoimmunity and maintaining
tolerance towards commensals, one could speculate that
neonatally infected individuals have a higher risk to develop
autoimmune diseases during adulthood.

Collectively, we reported different accumulation kinetics of
neonatally-tagged Tregs in SLOs and NLTs under steady-state
conditions and showed a decreased abundance of neonatally-
tagged Treg with altered transcriptome and markedly
diminished TCR diversity phenotype in both SLOs and NLTSs
upon neonatal inflammatory perturbations. Together, our data
demonstrate that a single, transient encounter with a pathogen
in neonates can have long-lasting consequences for the first wave
of Tregs, which might affect immunological tolerance,
prevention of autoimmunity, and other non-canonical
functions of tissue-resident Tregs.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: Gene Expression
Omnibus (GEO), accession ID: GSE205466.

Ethics statement

This study was reviewed and approved by Lower Saxony
Committee on the Ethics of Animal Experiments and Lower
Saxony State Office of Consumer Protection and Food Safety
under the permit number 33.19-42502-04-17/2382.

Frontiers in Immunology

13

10.3389/fimmu.2022.991671

Author contributions

Conceptualization: JY, MZ, and JH. Methodology: MZ and
JY. Formal analysis: JY, MZ, XC, YL, and MD. Project
administration: SF. Writing - original draft: JY and MZ.
Writing - review and editing: JY, MZ, MD, and JH. Funding
acquisition: JY, MZ, and JH. Supervision: JH. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the Helmholtz-Gemeinschaft
(Future Theme “Aging and Metabolic Reprogramming”, ZT-
0026), the Ministry for Science and Culture of Lower Saxony
(research consortium COALITION), the Alexander von
Humboldt Foundation through a post-doc fellowship to JY, the
China Scholarship Council (CSC) through the State Scholarship
Fund to MZ, and funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany’s Excellence
Strategy — EXC 2155 - project number 390874280.

Acknowledgments

We thank Dr. Lothar Grobe and Maria Hoxter for cell
sorting, the HZI Genome Analytics facility for sequencing,
HZI Central Animal facility for support in handling animals,
Friederike Kruse, Maria Ebel and Beate Pietzsch for technical
assistance, and Yassin Elfaki, Joern Pezoldt, Lianxu Hao for
scientific discussions.

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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.991671/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.991671/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.991671/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.991671
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

References

1. Henneke P, Kierdorf K, Hall L], Sperandio M, Hornef M. Perinatal
development of innate immune topology. eLife (2021) 10:¢67793. doi: 10.7554/
eLife.67793

2. Zou M, Yang ], Wiechers C, Huehn J. Acute neonatal Listeria monocytogenes
infection causes long-term, organ-specific changes in immune cell subset
composition. Eur J Microbiol Immunol (Bp) (2020) 10:98-106. doi: 10.1556/
1886.2020.00007

3. Chen Y, Blaser MJ. Inverse associations of helicobacter pylori with asthma
and allergy. Arch Intern Med (2007) 167:821-7. doi: 10.1001/archinte.167.8.821

4. Ascherio A, Munger KL. Epstein-Barr virus infection and multiple
sclerosis: a review. J Neuroimmune Pharmacol (2010) 5:271-7. doi: 10.1007/
s11481-010-9201-3

5. Tracy S, Drescher KM, Jackson JD, Kim K, Kono K. Enteroviruses, type 1
diabetes and hygiene: a complex relationship. Rev Med Virol (2010) 20:106-16.
doi: 10.1002/rmv.639

6. Dakhama A, Park JW, Taube C, Joetham A, Balhorn A, Miyahara N, et al.
The enhancement or prevention of airway hyperresponsiveness during reinfection
with respiratory syncytial virus is critically dependent on the age at first infection
and IL-13 production. J Immunol (2005) 175:1876-83. doi: 10.4049/
jimmunol.175.3.1876

7. Yang B, Liu R, Yang T, Jiang X, Zhang L, Wang L, et al. Neonatal
Streptococcus pneumoniae infection may aggravate adulthood allergic airways
disease in association with IL-17A. PloS One (2015) 10:¢0123010. doi: 10.1371/
journal.pone.0123010

8. Bigley TM, Yang L, Kang LI, Saenz JB, Victorino F, Yokoyama WM.
Disruption of thymic central tolerance by infection with murine roseolovirus
induces autoimmune gastritis. /] Exp Med (2022) 219:€20211403. doi: 10.1084/
jem.20211403

9. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and
immune tolerance. Cell (2008) 133:775-87. doi: 10.1016/j.cell.2008.05.009

10. Panduro M, Benoist C, Mathis D. Tissue tregs. Annu Rev Immunol (2016)
34:609-33. doi: 10.1146/annurev-immunol-032712-095948

11. Delacher M, Imbusch CD, Weichenhan D, Breiling A, Hotz-Wagenblatt A,
Trager U, et al. Genome-wide DNA-methylation landscape defines specialization of
regulatory T cells in tissues. Nat Immunol (2017) 18:1160-72. doi: 10.1038/ni.3799

12. Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al. Lean,
but not obese, fat is enriched for a unique population of regulatory T cells that affect
metabolic parameters. Nat Med (2009) 15:930-9. doi: 10.1038/nm.2002

13. Cipolletta D, Feuerer M, Li A, Kamei N, Lee ], Shoelson SE, et al. PPAR-
gamma is a major driver of the accumulation and phenotype of adipose tissue treg
cells. Nature (2012) 486:549-53. doi: 10.1038/nature11132

14. Kolodin D, van Panhuys N, Li C, Magnuson AM, Cipolletta D, Miller CM,
et al. Antigen- and cytokine-driven accumulation of regulatory T cells in visceral
adipose tissue of lean mice. Cell Metab (2015) 21:543-57. doi: 10.1016/
j.cmet.2015.03.005

15. Burzyn D, Kuswanto W, Kolodin D, Shadrach JL, Cerletti M, Jang Y, et al. A
special population of regulatory T cells potentiates muscle repair. Cell (2013)
155:1282-95. doi: 10.1016/j.cell.2013.10.054

16. Arpaia N, Green JA, Moltedo B, Arvey A, Hemmers S, Yuan S, et al. A
distinct function of regulatory T cells in tissue protection. Cell (2015) 162:1078-89.
doi: 10.1016/j.cell.2015.08.021

17. AliN, Zirak B, Rodriguez RS, Pauli ML, Truong HA, Lai K, et al. Regulatory
T cells in skin facilitate epithelial stem cell differentiation. Cell (2017) 169:1119-
29.e11. doi: 10.1016/j.cell.2017.05.002

18. Fontenot JD, Dooley JL, Farr AG, Rudensky AY. Developmental regulation
of Foxp3 expression during ontogeny. ] Exp Med (2005) 202:901-6. doi: 10.1084/
jem. 20050784

19. Cabarrocas J, Cassan C, Magnusson F, Piaggio E, Mars L, Derbinski J, et al.
Foxp3"CD25" regulatory T cells specific for a neo-self-antigen develop at the
double-positive thymic stage. Proc Natl Acad Sci U S A (2006) 103:8453-8.
doi: 10.1073/pnas.0603086103

20. Scharschmidt TC, Vasquez KS, Truong HA, Gearty SV, Pauli ML, Nosbaum A,
et al. A wave of regulatory T cells into neonatal skin mediates tolerance to commensal
microbes. Immunity (2015) 43:1011-21. doi: 10.1016/j.immuni.2015.10.016

21. Arrieta MC, Stiemsma LT, Dimitriu PA, Thorson L, Russell S, Yurist-Doutsch S,
et al. Early infancy microbial and metabolic alterations affect risk of childhood asthma.
Sci Transl Med (2015) 7:307ral52. doi: 10.1126/scitranslmed.aab2271

22. Wang G, Miyahara Y, Guo Z, Khattar M, Stepkowski SM, Chen W. "Default"
generation of neonatal regulatory T cells. J Immunol (2010) 185:71-8. doi: 10.4049/
jimmunol.0903806

Frontiers in Immunology

14

10.3389/fimmu.2022.991671

23. Stadinski BD, Blevins SJ, Spidale NA, Duke BR, Huseby PG, Stern LJ, et al. A
temporal thymic selection switch and ligand binding kinetics constrain neonatal Foxp3*
Treg cell development. Nat Immunol (2019) 20:1046-58. doi: 10.1038/541590-019-0414-1

24. Yang S, Fujikado N, Kolodin D, Benoist C, Mathis D. Immune tolerance.
regulatory T cells generated early in life play a distinct role in maintaining self-
tolerance. Science (2015) 348:589-94. doi: 10.1126/science.aaa7017

25. Li M, Zhao W, Wang Y, Jin L, Jin G, Sun X, et al. A wave of Foxp3*
regulatory T cell accumulation in the neonatal liver plays unique roles in
maintaining self-tolerance. Cell Mol Immunol (2020) 17:507-18. doi: 10.1038/
541423-019-0246-9

26. Sivasami P, Li C. Derivation and differentiation of adipose-tissue regulatory
T cells: a stepwise, multi-site process. Front Immunol (2020) 11:599277.
doi: 10.3389/fimmu.2020.599277

27. Delacher M, Imbusch CD, Hotz-Wagenblatt A, Mallm JP, Bauer K, Simon
M, et al. Precursors for nonlymphoid-tissue treg cells reside in secondary lymphoid
organs and are programmed by the transcription factor BATF. Immunity (2020)
52:295-312. doi: 10.1016/j.immuni.2019.12.002

28. Li C, DiSpirito JR, Zemmour D, Spallanzani RG, Kuswanto W, Benoist C,
et al. TCR transgenic mice reveal stepwise, multi-site acquisition of the distinctive
fat-treg phenotype. Cell (2018) 174:285-99.¢12. doi: 10.1016/j.cell.2018.05.004

29. Li C, Munoz-Rojas AR, Wang G, Mann AO, Benoist C, Mathis D. PPARgamma
marks splenic precursors of multiple nonlymphoid-tissue treg compartments. Proc Natl
Acad Sci USA (2021) 118:¢2025197118. doi: 10.1073/pnas.2025197118

30. Cossarizza A, Chang HD, Radbruch A, Abrignani S, Addo R, Akdis M, et al.
Guidelines for the use of flow cytometry and cell sorting in immunological studies
(third edition). Eur | Immunol (2021) 51:2708-3145. doi: 10.1002/eji.202170126

31. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell
transcriptomic data across different conditions, technologies, and species. Nat
Biotechnol (2018) 36:411-20. doi: 10.1038/nbt.4096

32. Rubtsov YP, Niec RE, Josefowicz S, Li L, Darce J, Mathis D, et al. Stability of
the regulatory T cell lineage in vivo. Science (2010) 329:1667-71. doi: 10.1126/
science.1191996

33. Pitulescu ME, Schmidt I, Benedito R, Adams RH. Inducible gene targeting
in the neonatal vasculature and analysis of retinal angiogenesis in mice. Nat Protoc
(2010) 5:1518-34. doi: 10.1038/nprot.2010.113

34. Hu W, Wang ZM, Feng Y, Schizas M, Hoyos BE, van der Veeken J, et al.
Regulatory T cells function in established systemic inflammation and reverse fatal
autoimmunity. Nat Immunol (2021) 22:1163-74. doi: 10.1038/541590-021-01001-4

35. Miragaia RJ, Gomes T, Chomka A, Jardine L, Riedel A, Hegazy AN, et al.
Single-cell transcriptomics of regulatory T cells reveals trajectories of tissue
adaptation. Immunity (2019) 50:493-504.e7. doi: 10.1016/j.immuni.2019.01.001

36. Delacher M, Simon M, Sanderink L, Hotz-Wagenblatt A, Wuttke M,
Schambeck K, et al. Single-cell chromatin accessibility landscape identifies tissue
repair program in human regulatory T cells. Immunity (2021) 54:702-20.e17.
doi: 10.1016/j.immuni.2021.03.007

37. Ferreira RC, Simons HZ, Thompson WS, Rainbow DB, Yang X, Cutler AJ,
et al. Cells with Treg-specific FOXP3 demethylation but low CD25 are prevalent in
autoimmunity. J Autoimmun (2017) 84:75-86. doi: 10.1016/j.jaut.2017.07.009

38. Gao Y, Tang J, Chen W, Li Q, Nie J, Lin F, et al. Inflammation negatively
regulates FOXP3 and regulatory T-cell function via DBCI. Proc Natl Acad Sci USA
(2015) 112:E3246-54. doi: 10.1073/pnas.1421463112

39. Colamatteo A, Carbone F, Bruzzaniti S, Galgani M, Fusco C, Maniscalco
GT, et al. Molecular mechanisms controlling Foxp3 expression in health and
autoimmunity: from epigenetic to post-translational regulation. Front Immunol
(2019) 10:3136. doi: 10.3389/fimmu.2019.03136

40. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development
and function of CD4"CD25" regulatory T cells. Nat Immunol (2003) 4:330-6.

41. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by
the transcription factor Foxp3. Science (2003) 299:1057-61. doi: 10.1126/
science.1079490

42. Chinen T, Kannan AK, Levine AG, Fan X, Klein U, Zheng Y, et al. An
essential role for the IL-2 receptor in Treg cell function. Nat Immunol (2016)
17:1322-33. doi: 10.1038/ni.3540

43. Zorn E, Nelson EA, Mohseni M, Porcheray F, Kim H, Litsa D, et al. IL-2
regulates FOXP3 expression in human CD4"CD25" regulatory T cells through a
STAT-dependent mechanism and induces the expansion of these cells. Vivo Blood
(2006) 108:1571-9. doi: 10.1182/blood-2006-02-004747

44. Sutmuller R, Garritsen A, Adema GJ. Regulatory T cells and toll-like
receptors: regulating the regulators. Ann Rheum Dis (2007) 66 Suppl 3:iii91-5.
doi: 10.1136/ard.2007.078535

frontiersin.org


https://doi.org/10.7554/eLife.67793
https://doi.org/10.7554/eLife.67793
https://doi.org/10.1556/1886.2020.00007
https://doi.org/10.1556/1886.2020.00007
https://doi.org/10.1001/archinte.167.8.821
https://doi.org/10.1007/s11481-010-9201-3
https://doi.org/10.1007/s11481-010-9201-3
https://doi.org/10.1002/rmv.639
https://doi.org/10.4049/jimmunol.175.3.1876
https://doi.org/10.4049/jimmunol.175.3.1876
https://doi.org/10.1371/journal.pone.0123010
https://doi.org/10.1371/journal.pone.0123010
https://doi.org/10.1084/jem.20211403
https://doi.org/10.1084/jem.20211403
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1146/annurev-immunol-032712-095948
https://doi.org/10.1038/ni.3799
https://doi.org/10.1038/nm.2002
https://doi.org/10.1038/nature11132
https://doi.org/10.1016/j.cmet.2015.03.005
https://doi.org/10.1016/j.cmet.2015.03.005
https://doi.org/10.1016/j.cell.2013.10.054
https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.1016/j.cell.2017.05.002
https://doi.org/10.1084/jem.20050784
https://doi.org/10.1084/jem.20050784
https://doi.org/10.1073/pnas.0603086103
https://doi.org/10.1016/j.immuni.2015.10.016
https://doi.org/10.1126/scitranslmed.aab2271
https://doi.org/10.4049/jimmunol.0903806
https://doi.org/10.4049/jimmunol.0903806
https://doi.org/10.1038/s41590-019-0414-1
https://doi.org/10.1126/science.aaa7017
https://doi.org/10.1038/s41423-019-0246-9
https://doi.org/10.1038/s41423-019-0246-9
https://doi.org/10.3389/fimmu.2020.599277
https://doi.org/10.1016/j.immuni.2019.12.002
https://doi.org/10.1016/j.cell.2018.05.004
https://doi.org/10.1073/pnas.2025197118
https://doi.org/10.1002/eji.202170126
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1126/science.1191996
https://doi.org/10.1126/science.1191996
https://doi.org/10.1038/nprot.2010.113
https://doi.org/10.1038/s41590-021-01001-4
https://doi.org/10.1016/j.immuni.2019.01.001
https://doi.org/10.1016/j.immuni.2021.03.007
https://doi.org/10.1016/j.jaut.2017.07.009
https://doi.org/10.1073/pnas.1421463112
https://doi.org/10.3389/fimmu.2019.03136
https://doi.org/10.1126/science.1079490
https://doi.org/10.1126/science.1079490
https://doi.org/10.1038/ni.3540
https://doi.org/10.1182/blood-2006-02-004747
https://doi.org/10.1136/ard.2007.078535
https://doi.org/10.3389/fimmu.2022.991671
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Inflammatory perturbations in early life long-lastingly shape the transcriptome and TCR repertoire of the first wave of regulatory T cells
	Introduction
	Materials and methods
	Mice
	Neonatal inflammatory perturbations and neonatal tagging of Tregs
	Flow cytometry
	Lymphocytes isolation
	scRNA-seq and scTCR-seq
	scRNA-seq analysis
	scTCR-seq analysis
	Statistical analysis

	Results
	Neonatally-tagged Tregs accumulate with distinct kinetics in SLOs and NLTs
	Neonatally-tagged Tregs display higher frequencies of activated, tissue-resident cells compared to adult Tregs
	Neonatal inflammatory perturbations reduce the abundance of neonatally-tagged Tregs in SLOs and NLTs during adulthood
	Slightly delayed inflammatory perturbations less strongly affect the abundance of neonatally-tagged Tregs in SLOs and NLTs during adulthood
	Neonatal inflammatory perturbations persistently alter the transcriptome of neonatally-tagged Tregs
	Neonatal inflammatory perturbations diminish the TCR diversity of neonatally-tagged Tregs

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


