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In brief

Regulatory T (Treg) cells found in
peripheral tissues were considered tissue
restricted. Here, Burton et al.
demonstrate that tissue Treg cells share a
common phenotype and T cell receptor
(TCR) repertoire, which confers multi-
tissue migration. Thus, tissue Treg cells
only maintain transient tissue residency
and are tissue agnostic in rehoming
assays.
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SUMMARY

The tissues are the site of many important immunological reactions, yet how the immune system is controlled
at these sites remains opaque. Recent studies have identified Foxp3* regulatory T (Treg) cells in non-
lymphoid tissues with unique characteristics compared with lymphoid Treg cells. However, tissue Treg cells
have not been considered holistically across tissues. Here, we performed a systematic analysis of the Treg
cell population residing in non-lymphoid organs throughout the body, revealing shared phenotypes, transient
residency, and common molecular dependencies. Tissue Treg cells from different non-lymphoid organs
shared T cell receptor (TCR) sequences, with functional capacity to drive multi-tissue Treg cell entry and
were tissue-agnostic on tissue homing. Together, these results demonstrate that the tissue-resident Treg
cell pool in most non-lymphoid organs, other than the gut, is largely constituted by broadly self-reactive
Treg cells, characterized by transient multi-tissue migration. This work suggests common regulatory mech-

anisms may allow pan-tissue Treg cells to safeguard homeostasis across the body.

INTRODUCTION

The tissues are the key site for pathological reactions across a
range of immunological challenges. Our understanding of the im-
mune component of (non-lymphoid) tissues is, however, rela-
tively limited and often extrapolated from the lymphoid tissues.
An early paradigm for tissue immunology emerged from the
biology of tissue macrophages, where generic precursor cells
seed tissues at early developmental stages and undergo exten-
sive specialization during indefinite residency.' Fetal y& T cells
provide a lymphocyte counterpart to the tissue residency of
myeloid cells?; however, af T cells were largely exempt from
the seeding and specialization model, being defined by their cir-
cular migration through the lymphatic system.

Tissue-resident memory (Trm) CD8* T cells and, more recently,
CD4* T cells have broken the circular migration paradigm for o

T cells. Trm cells are antigen-experienced memory T cells with pro-
longed or even indefinite residency within the tissue of original an-
tigen experience.® In infectious models, long-lasting pathogen-
reactive clonal populations of T cells are found in the tissue
following resolution and contribute to protection during re-infec-
tion.*"" In the human context, Trm cells accumulate at barrier
sites,'? and undergo site-specific clonal expansion. ' In liver trans-
plantation and recovery experiments, Trm cells from the original
transplant can even be recovered in the transplanted organ 10
years later.”* Murine Trm cells express distinct phenotypic
markers, including CD69, CD103, C-X-C motif chemokine recep-
tor 6 (CXCR6), CD11a, and programmed cell death protein 1
(PD-1),"® driven by the transcription factors Hobit, Blimp1, and
Runx3.'71?

Tissue regulatory T (Treg) cells, isolated from multiple non-
lymphoid tissues, are an attractive analog to the conventional
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Figure 1. A common phenotypic program unites tissue-resident Treg cells across all major organs

Foxp3™"-" mice, aged 12-20 weeks, were injected with intravenous anti-CD45 antibody label. Tissues were dissected for flow cytometric analysis of Treg cells,
gating out cells positive for intravenous anti-CD45 antibody.

(A and B) (A) Frequency of Treg cells among CD4*TCRB* T cells (n = 9-10), with (B) absolute numbers.

(C) Cumulative absolute number within major tissues sources.

(D) Treg cell phenotype from 48 organs was assessed by t-distributed stochastic neighbor embedding (tSNE) based on marker expression, with the median value

(from n = 9-10 replicates) organically clustered into five tissue groups. Data in F and | are presented as mean + SE with p values derived from two-way ANOVA
with Dunnett’s multiple comparisons.

(legend continued on next page)
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Trm cell populations. Tissue Treg cell express at high rates the
canonical Trm markers of CD69, CD103, CD11a, and PD-1, in
addition to markers more commonly associated with circulating
memory CD8* T cells, such as killer cell lectin-like receptor G1
(KLRG1).2° These local Treg cells contribute to immunological
tolerance in the tissues; more intriguingly, they have additional
roles in physiological homeostasis. Adipose Treg cells aid insulin
sensitivity’’ and lipolysis,?®> muscle Treg cells can aid injury
repair,”® brain Treg cells drive oligodendrocyte differentiation,”
skin Treg cells prevent fibrosis,”>® uterine Treg cells support
fetal growth,?” and diverse physiological responses have been
described across other tissues.”’ The parallels between Trm
cells and tissue Treg cells have supported the conceptualization
of tissue Treg cells under the seeding and specialization model of
leukocyte tissue residency, although the generation of direct
data for tissue Treg cells has lagged behind.

Here, we tested the seeding and specialization model of tissue
Treg cells through a systematic analysis of the Treg cell popula-
tion throughout the body. Using high-parameter flow cytometry,
we found unified phenotypes for tissue Treg cells in the non-
lymphoid non-gut tissues, coupled with common molecular de-
pendencies and shared T cell receptor (TCR) clonality. Our data
further showed that tissue residency was generally short, on the
order of ~3 weeks, and extracted tissue Treg cells were tissue-
agnostic on re-entry. Together, these results suggest that tissue
Treg cells operate under a different residency paradigm from
Trm cells or tissue-resident macrophages, being characterized
by slow percolation through multiple tissues in a pan-tissue
adapted state.

RESULTS

Tissue Treg cells share common phenotypes across the
non-lymphoid tissues
To assess the uniqueness of Treg cells residing within organs,
we profiled the infiltrating population in 48 murine tissues,
covering a comprehensive set of lymphoid, non-lymphoid, and
gut-associated tissues (Figure S1A). Looking at the 28 major tis-
sue sources, Treg cells were largely represented as 10%-20%
of CD4* T cells across each tissue, with frequencies elevated to
~50% in the bone marrow, skin, and tongue (Figure 1A). In
absolute numbers, ~10*-10” Treg cells were found in each
lymphoid tissue type, ~103-10° Treg cells found in each gut-asso-
ciated tissue type, and ~10-10* Treg cells found in each non-
lymphoid tissue type (Figure 1B). Cumulatively, lymphoid tissues
contained >98% of Treg cells identified across the body, with
another 0.3% of Treg cells found in the blood, 0.8% of Treg cells
in the gut-associated tissues, and 0.3% of Treg cells in the com-
bined set of all non-lymphoid non-gut tissues (Figure 1C).

We next compared the phenotype of Treg cells across each of
48 source tissues using a high-dimensional flow cytometry panel
allowing gating of Treg cells and assessment of markers associ-
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ated with Treg cell activation and residency (Figures S1A and
S1B). Organic clustering of Treg cell phenotypes across the
source tissues identified five tissue type clusters, corresponding
to blood-like Treg cells, bone marrow, lymphoid tissue Treg cells,
non-lymphoid tissues, and gut-associated tissues (Figure 1D).
These organic clusters largely correspond to anatomical tissue
types, with a few notable exceptions, such as stomach Treg cells
lying phenotypically closer to tissue Treg cells than to their intes-
tinal counterparts. Grouping individual tissues into these larger tis-
sue types provided resolution of Treg cell phenotypes into clusters
(Figure 1E), with non-lymphoid tissues populated by activated and
CD69* Treg cells, including enriched ST2* and KLRG1" popula-
tions (Figure 1F). None of these markers or populations were
unique to a particular tissue type, with each tissue class including
a diverse mixture of phenotypes, with only the relative intensity of
markers (Figure 1G) and cluster frequency (Figure 1F) changing.
Looking at antigen exposure through the Nur77 reporter of TCR
engagement, antigen exposure was highest among CD69* Treg
cells (Figures 1H and 1l). Together, these results demonstrate
that Treg cells are found in nearly all tissues, with a high pheno-
typic similarity across non-lymphoid non-gut tissues.

A key requirement for comparative tissue phenotyping is the
ability to discriminate between cells dwelling in the tissue and
those captured due to vascular contamination. Here, we used
perfusion or anti-CD45 antibody vascular labeling to identify
and gate out the vascular-exposed Treg cell population
(Figures S2A and S2B). Although the residual (post-perfusion)
i.v. anti-CD45" cells are generally interpreted as blood contami-
nation, and here, they were removed from the tissue Treg cell
population, the residual vascular component of Treg cells in
these tissue preparations was phenotypically intermediate be-
tween thei.v. CD45™ tissue Treg cell compartment and the blood
(Figures S2C-S2E). Further, an i.v. CD45™ Treg cell population
was observed, with phenotypes intermediate between the
residual vascular and tissue-based populations, consistent
with a perivascular or trans-vascular Treg cell population with
partial vascular shielding (Figures S2C-S2E). This result was un-
likely to be driven by isolation effects, as the optimized tissue
preparation approach used changed yield but not phenotype
(Figures S2F-S2L). The residual vascular and peri/trans-vascular
Treg cell populations are therefore more likely to represent tran-
sitional cells in the process of in situ differentiation than random
vascular contamination.

Tissue Treg cells are shaped by age and microbiome

We next sought to determine the degree to which sex, age, and
microbiome influence the tissue Treg cell niche and phenotype.
For both tissue Treg cell frequency and phenotype, there were
few differences between male and female mice, other than
increased numbers of Treg cells in the salivary glands of female
mice and a trend toward increased Treg cells in the white adi-
pose tissue of male mice (Figures S3A-S3D). To assess the

(E and F) (E) tSNE representation with FlowSOM cluster overlay of high-parameter flow cytometry data on Treg cells grouped into the five tissue group categories,

with (F) FlowSOM cluster frequency.

(G) Flow cytometry histograms showing key features from each Treg cell category.
(H and 1) (H) Flow cytometry histograms of Nur77 expression within naive, activated, and CD69* Treg cells from the major tissue classes, with (l) quantification
across multiple tissues. Data in F and | are presented as mean + SE with p values derived from two-way ANOVA with Tukey’s multiple comparisons.

See also Figures S1 and S2.

Immunity 57, 1-17, July 9, 2024 3




Please cite this article in press as: Burton et al., The tissue-resident regulatory T cell pool is shaped by transient multi-tissue migration and a conserved
residency program, Immunity (2024), https://doi.org/10.1016/j.immuni.2024.05.023

¢? CellPress

OPEN ACCESS

>

Immunity

B Blood Bone marrow Lymphoid
40+ Blood P=001 60-, 60 e B0 001 60, ES8%0] P<0.0001 FlowSOM cluster
Bone marrow P=0.001 " s ® ° . Ty & 3 * Activated Nrp1*
30 - Lymphoid P=09 3 . 3 e 3 s 3 « Naive
% i : 240 e o D404 e P<00001  © 40 P=0.007 2 o0y Lt
g Tissues  P<0.0001 o & p<oooot & . bl &  CDB9*Nrp1-CD103°CD25"
= * £ . = . P <0.0001 =
5207 AT P<0.0001 5 | . % ] P<0000t B " s s #0600 Np1 OD10s
o 2 . 2 S = [ : 2 4 « KLRG1*ST2*CD103*
g, SN + o b, . §201, 6" 8 g « CDB9*KLRG1*ST2*
5 o\ /& 5 . g R=0.005 5 L] . 5 o Central Memory
—5 Loe o e pcooonr® (g e e s o o3 o o & CD69'CD103*
— 3 ® e dor ¢ - H ®
of ol E——F = olewds e L& 8 -8 18§ - 0- — - Nrp1*PD-1-
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
weeks weeks weeks weeks weeks weeks
C Blood Bone marrow Lymphoid
[ 1 8-week
— 52-week D [ 8-week B 30-week P<0.0001
3 12-week . 52-week
P<0.0001 p_ p=002 P=002
, 100 mm 20-week = 100-week FE0.002 -
< ‘ P=002 P<0.0001 P=0.008 I .
5 80— P<0.0001, 0 000q P=0.0002 |
o ‘ P <0.0001 i P=0.001 Bt P =0.0001 ‘ .
2 g ‘ 9% b <0.0001
o
_ g i [
Tissue GALT S 40 4
N |
_P<0.0001
S 20
# I Ll
0 miars . Py
o & @ N = > N N N N &) @ 2 & 3 N N
o o N 2 N O & @ < & S o 2 A \a Q € L
A & & A& & X < & S > & @ =) N %
F & - v»b& < & S & ¢ N
o <
00
cbe — >
E F G Gnotobiotic SPF Cohoused
i >
o~ : <0 Blood-| @ Blood
o - | P<0.0001 e . & n
Bone marrow. B | poo0001 Bone marrow s |P<0,0001 S
sonowgi E e -
- ko, o
Th Thymus @<
M - W Gnotobiotic vs SPF, adj-pv < 0.0001
H s A e SPF vs cohoused, adj-pv = 0.01
Spleen ’_3 Spleen - jotic vs cohoused, adj-pv < 0.00001
N -0- | P=0.0008 LN~ —ocx e Bone marrow
i i omes- B Gnotobiotic
: -  mE SPF
MLN .:. LN @ = Cohoused
-
Adrenals o i | P<0.0001 fdrenals) _SME=e Gnotobiotic vs SPF, adj-pv < 0.0001
SPF vs cohoused, adj-pv < 0.00001
Brain -— Brain-| ce—emmm cohoused, adj-pv > 0.01
P2 °
- Lymphoid FlowSOM cluster
FRT | P=0.0004 ERT i
o  Naive
Py . © CD69*Nrp1*
Kidney e Koy o Activated Nrp1*
8 i © CD69*Nrp1-CD103*
oo g Liver- CD69*Nrp1-KLRG1*ST2*
: oy Alladj-pv>001 © Central Memory
e T | 7008 = COROKLRG 16T
—-— Tissue e i 1+8T2"
Muscle — | P=0.02 Muscle| oamm—— Nrp1*PD1-
2 -———
o =0.0006 * KLRG1*ST2*CD103*
Pancreas e | P00001 Pancreas. | g | 21 0003
—
S - | P=0.0003 Skin-| e | P=0.004 Gnotobiotic vs SPF, adj-pv < 0.00001
[ : - SPF vs cohoused, adj-pv < 0.00001
-— o ic vs cohoused, adj-pv < 0.00001
— WAT] | P=0.006
WAT- e | P=0.004 — | P<0.0001
|| P=0.0004 GALT
PP — PP = |00
amE— — = =0
S o
— P=0.01
IEL g, | P<0-0001 EL e | O 0002
H o Gnotobiotic vs SPF, adj-pv > 0.01
LPL ¢ | 50,0001 LPL o | | P<0.0001 SPF vs cohoused, adj-pv > 0.01
AR j— S Gnotobiotic vs cohoused, adj-pv < 0.00001
5 » & S 2 X D . N S
i 9%Foxp3* among CD4*
H Infold change in number) & ¢ | Blood Bone marrow Lymphoid
100 = Gnotobiotic mm SPF mm Cohoused o000t
Pmbnm_‘PiD‘WE m‘?:nw?z P=00060 1 P<0.0001 T
E2%%0001  paocor” 20000t P=00001 =
80 p-oosez o000 N . | p<0000t
emoust oo et I sl
" Pe0.000t 001 ot aors ol =
© 60 | Peooor i
@]
g w0 ‘
g
& Tissue GALT
20
Gnotobiotic
0 — SPF
) % . = Cohoused
oob 6°$ @oe’ & S QOA (@\% & QQ« & ® S & ,%;P(\ {\‘?‘-\ R g
& & {_\b VOV W
& & & 03
@ v <
9
2

ICOs

Figure 2. The tissue-resident Treg cell niche is shaped by aging and microbiome
Mice were perfused and assessed by flow cytometry for tissue Treg cell number and phenotype at 8, 12, 20, 30, 52, and 100 weeks of age (n = 5-12).

(A and B) (A) Fold-change in Treg cell number in the blood, bone marrow, lymphoid tissues, non-lymphoid tissues, and gut-associated tissues, and (B) quantitative
change in phenotypic clusters, based on annotated tSNE clusters. p values refer to effect of age.

(C and D) (C) Histogram of CD69 expression at 8 and 100 weeks of age and (D) frequency of CD69* Treg cells over age and tissue. p values refer to effect of age.
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effect of age, we typed the tissue Treg cell population from aging
mice. Tissue Treg cells increased 5- to 20-fold across the non-
lymphoid organs (Figure 2A), with the largest increases observed
in white adipose tissue and liver (Figure S4A). The largest
average increase was in gut-associated tissues, although this
was driven almost exclusively by the lamina propria leukocyte
(LPL) Treg cell population (Figure S4A). The frequency of Treg
cells within the tissue CD4* T cell population was largely stable
with age, with the exception of muscle and white adipose tissue,
indicating that the fold-increase was driven by an (inflammatory)
expansion in the total CD4* T cell niche (Figure S4B). At a pheno-
typic level, phenotypic adaptation intensified with age (Fig-
ure S4C), with relative enrichment of the CD69* resident popula-
tions over time (Figures 2B-2D). This result is consistent with
both models of gradual accumulation of residential Treg cells
and with age-dependent expansion of the cellular niche for res-
idential Treg cells within the tissue.

Finally, we measured the impact of the microbiome on tissue
Treg cells by comparing the standard SPF-housed mice to
both gnotobiotic (germ-free) and microbial “re-wilded” mice.
Although effect sizes were lower than observed in CD8*
T cells,”® a moderate increase in Treg cell number was associ-
ated with increased microbial complexity across the body, with
the exception of the bone marrow and the LPL population of
the gut, where the opposite occurred (Figure 2E). These effects
were largely driven by changes in the total CD4* T cell infiltrate,
as the frequency of Treg cells within the CD4* T cell compart-
ment was stable with microbiome changes. The exception to
this was the bone marrow and LPL compartments, where both
the frequency of Treg cells within CD4* T cells and the absolute
number of Treg cells fell markedly in re-wilded mice (Figures 2E
and 2F), potentially reflecting displacement by effector CD8*
T cells. Unlike that of CD8" T cells,?® Treg cell phenotype
was relatively stable with the changing microbial complexity
(Figures 2G and S4D), other than ICOS elevation (Figures 2H
and 2l). Together, these results suggest that the tissue Treg
cell niche is numerically expanded but phenotypically preserved
by both age and microbial challenge.

Overlapping molecular determinants of tissue Treg cell
residency

To take a detailed, unbiased analysis of the tissue Treg cell
transcriptome, we performed a high-depth bulk transcriptom-
ics analysis of purified Treg cells from the blood, lymphoid
tissues (spleen, lymph nodes, Peyer’s patches), gut tissues
(intraepithelial leukocyte [IEL] and LPL), and a representative
selection of non-lymphoid non-gut tissues (liver, lung,
pancreas, and kidney). Global analysis of the Treg cell popu-
lations found similar transcriptional profiles for the gut tissue
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and non-lymphoid tissue Treg cell populations (Figure 3A).
Using pairwise comparisons, the Treg cell populations purified
from non-lymphoid tissues (liver, lung, pancreas, and kidney)
demonstrated highly similar transcriptional profiles, with
~95% transcriptional correlation (Figure 3B). IEL and LPL
Treg cells showed similar transcriptional similarities to each
other. The largest differences observed between the blood
Treg cells and LPL Treg cells still demonstrated >85% tran-
scriptional correlation (Figure 3B). The small transcriptional
differences observed in pairwise comparisons of the selected
tissue Treg cell populations were largely non-significant,
with the largest set of transcriptional differences being genes
with reduced expression in blood Treg cells (Figures 3C and
3D), including migration-associated genes and effector cyto-
kines (Figure 3E). Pathway analysis of differential expression
across tissue classes identified the strongest differences
clustered within cytokine-cytokine receptor interactions,
extracellular matrix-receptor interaction, and cell adhesion
molecules (Figure 3F). Integrins and chemokine receptors
were prominent among these changes, although the only
class of tissue Treg cells with a unique signature were gut
Treg cells, with elevated Ccr9 and Ccr5 and lower Iltgh1 and
Sell. An interactive analysis resource based on these data,
providing cross-tissue comparisons and pathway analysis,
is available at https://www.bioinformatics.babraham.ac.uk/
shiny/expressionViewer/.

We sought to functionally test selected tissue-residency can-
didates, including those canonically elevated in tissue Treg cells
(CD69, ST2, KLRG1, CD103%°), factors proposed as require-
ments for tissue Treg cell function (Blimp1?° and basic leucine
zipper transcription factor, ATF-like [BATF]*°), genes involved
in tissue lymphocyte migration (CD11a and sphingosine-1-phos-
phate receptor 2 [S1PR2]*"), amphiregulin (Areg) as a candidate
for tissue-specific function,?® and Hif1a proposed to function in
lymphocyte adaptation to tissue oxygen levels.>” These candi-
dates are expressed across a broad set of non-lymphoid non-
gut tissues, at both the protein and RNA level (Figures 4A
and 4B). We assessed mixed bone marrow chimeras with
50%:50% reconstitution of bone marrow from wild-type and
mice deficient for Cd69, ll1rl1 (ST2), Itgal (CD11a), KLRG1,
S1pr2, Batf, or Hifla (HIF1a), or with conditional deficiency in
Prdm1 (Blimp1) (Data S1). We also generated and assessed
Areg-deficient mice, ltgae-deficient (CD103) mice, and Foxp3-
CreERT2 CDE9™™* mice (Data S1). We used a summary matrix to
assess the change in tissue Treg cell frequency across each of
15 different tissues in each of these 10 genetic deficiency mouse
strains, considering both Treg cell as a proportion of CD4* T cells
(Figure 4C) and the absolute number of Treg cells within each tis-
sue (Figure 4D). Despite their signature status, we found most of

(E and F) (E) Specific-pathogen-free (SPF)-housed mice, gnotobiotic (germ-free) mice, and wild-exposed co-housed mice (n = 9, 6, 12) assessed by flow cy-
tometry for tissue Treg cell number and phenotype. Fold-change in tissue Treg cell number per tissue, and (F) frequency of Treg cells within CD4* T cell population

per tissue.

(G) Phenotype of tissue Treg cells in blood, bone marrow, lymphoid tissues, non-lymphoid tissues, and gut-associated tissues displayed as tSNE of flow cy-

tometry markers.

(Hand I) (H) Inducible T cell costimulator (ICOS) expression over microbial exposure and tissues, within the Treg cell population, with (I) amalgamated histograms

in tissue classes.

Datain A, B, D, and H are presented as mean with SE. For A, B, and D, p values derive from linear regression, testing for non-zero slope. For E, F, and H, a two-way

ANOVA with Tukey’s multiple comparisons was used.
See also Figures S3 and S4.
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Figure 3. Transcriptional unity among tissue Treg cells

Treg cells were purified from the tissues of perfused Foxp3™"-" mice for RNA sequencing (RNA-seq) analysis.

(A) Principal-component analysis (PCA) of the Treg cell tissue mean expressions illustrating the broad clustering of the tissues in their respective tissue groups
(n = 3, median value for each tissue shown. PCA with individual values is available through the online resource).

(B) Pearson correlation heatmap showing the similarity of the different Treg cell tissue mean expressions as well as the overall means of the four organically
clustered tissue groups. Additionally, the magnitude of the respective Pearson correlations for Tconv cells between tissues and tissue groups are contrasted with
the magnitude of Treg cell correlations for the same comparisons, to visualize the similarity of the transcriptional change.

(C) The number of genes persistently increased or decreased in expression in the respective tissue group when contrasted with each remaining tissue group
pairwise.

(D) PCA of the Treg cell tissue mean expression using only the 109 genes persistently decreased in expression in blood Treg cells in (C).

(E) Volcano plots of the differential expression analyses. Blood Treg cells are contrasted with the means of all other Treg cell samples, followed by pairwise
contrasts of the remaining three tissue groups.

(F) Dot plot showing the comparative overview of some of the various Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the gene set
enrichment analysis.

these residency genes had little impact on Treg cell number.  gut and non-gut), CD11a-deficiency reduced Treg cells entering
CD69-deficiency resulted in only a mild decrease in Treg cell all tissues surveyed, and Blimp1-deficiency enhanced tissue
numbers across the tissues. KLRG1-deficiency and BATF-defi- Treg cell numbers in the gut tissues (Data S1). Few unique
ciency drove an elevation and a reduction, respectively, in the  gene-tissue associations were observed to control tissue Treg
number of Treg cells across most non-lymphoid tissues (both  cell numbers, other than an increase in Treg cells in the skin of
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Areg-deficient mice, which could be due to local inflammation
from Treg cell-extrinsic functions, and an increase of S1PR2-
deficient Treg cells in the kidney (Data S1). We further assessed
the effect of genetic deficiency on Treg cell phenotype in each
genetic deficiency. Measuring global phenotypic difference
only minor shifts were observed in Treg cell phenotype across
the matrix of tissue types and genetic deficiencies (Figure 4E),
with most phenotypic difference shifts being on the order of nat-
ural variation across mice. The exceptions were genetic defi-
ciency in BATF and Blimp1. Mixed chimerism of BATF resulted
in a loss of the CD69*KLRG1*ST2* Treg cell population in every
tissue. This had the largest numerical impact on Treg cell
numbers in non-lymphoid organs, while the Treg cell population
in lymphoid tissues was substituted by elevated frequencies of
naive/resting Treg cells (Data S1). Mixed chimerism of CD4-
Cre Blimp1™* bone marrow demonstrated a strong loss of the
CD69*Nrp1-CD103* Treg cell population within the gut and a

LOYM
24dls

maximum changes, and reference values are
based on the median distances between wild-type
Treg cells of different tissue sources. Gray in-
dicates insufficient events for phenotypic assess-
ment.

See also Data S1.

zls

partial loss of the CD69*ST2"KLRG1*
Treg cell population across the non-
lymphoid tissues (Data S1). Thus, while
tissue-resident Treg cells express this
signature gene set, expression of most
members, other than BATF and Blimp1,
is largely independent of the other
members, and observed changes were
pan-tissue rather than tissue-specific.
Together, these results suggest that not only do tissue Treg cells
show a unified phenotype, but they also appear to share the
same key molecular determinants for residency.

Tissue Treg cells are short-term residents

The similarity in phenotypes and molecular dependency ex-
hibited by tissue-resident Treg cells suggests that either the
phenotypic plasticity of Treg cells is sharply curtailed, preventing
niche-driven specialization, or that the dwell time for residency is
of a limited duration, limiting divergence. To directly test the ho-
meostatic population flows for tissue Treg cells, we performed
a large multi-time point parabiotic experiment, consisting
of CD45.1 mice parabiosed to CD45.2 mice, providing a
common circulatory system, and assessed for displacement of
tissue-resident cells. The use of multiple time points in this
experimental design allowed for the estimate of dwell times
rather than a simple assignation of residency at a single time
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CD45.1 mice were parabiosed to CD45.2 mice, perfused and sacrificed at weeks 1, 2, 4, 8, and 12 (n = 11, 12, 18, 16, 14).
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point. Using the division of tissue Treg cells into the states of
resting CD44 CD62L" cells, activated CD44*CD62L" cells,
and CD69* cells, the CD69* population showed the slowest
displacement kinetics, consistent with the “resident” status of
these cells (Figure 5A). To calculate the residency dwell time of
tissue Treg cells, we developed a probabilistic Markov chain
model using Bayesian analysis. The best-fit Markov models ex-
hibited large differences in entry rates, with non-lymphoid tis-
sues having 1,000-fold lower entry than lymphoid tissues
(Figures 5B-5D). There was, however, diversity within the tis-
sues, with some tissues (gut, liver, pancreas) having 100-fold
higher entry than others (adrenals, brain). Tissue entry rates
modeled for CD69" Treg cells (Figure 5D) were ~10-fold higher
than those modeled for resting or activated Treg cells
(Figures 5B and 5C), across all tissue types. Modeled dwell times
for resting Treg cells and activated Treg cells were short across
all tested tissues, on the order of ~5 days, with most of the res-
idency exhibited by the CD69* population (Figure 5E). Within
lymphoid tissues, even the residency of the CD69" fraction
was short: 3 days for lymph nodes, 17 days for spleen, and
4 weeks for mesenteric lymph nodes (Figure 5E). The average
dwell time for CD69" Treg cells within non-lymphoid tissues
was around 3 weeks, with white adipose tissue extending out
to 8 weeks (Figure 5E). Gut-tissue CD69* Treg cell dwell time
was at the upper end of this range, with 7-8 weeks for |IELs
and LPLs (Figure 5E). Building a cellular population model
featuring the blood, median lymphoid tissue, and median non-
lymphoid tissues (Figure 5F), lymphoid tissue kinetics were
driven by the greatly elevated entry rates, with non-lymphoid tis-
sues being seeded through direct entry of CD69* Treg cells from
the blood and by indirect seeding through highly transient
resting/activated Treg cells, of which a small fraction increased
CD69 (Figure 5F). After the median dwell time of 3 weeks, the
majority of these CD69* Treg cells were modeled to leave the tis-
sue (Figure 5F). Consistent with this model of reversible resi-
dency, KLRG1°"® RosaA14 mice, with fate-mapped KLRG1
Treg cells, had substantial populations of ex-KLRG1-expressing
Treg cells across the tissues, with activated but not naive/resting
phenotypes (Data S1). Together, these data formally demon-
strate a short dwell time for tissue-resident Treg cells and sup-
port a circular migration model where activated Treg cells enter,
differentiate, transiently reside, and leave.

A common pool of tissue Treg cells seed multiple tissues

Our data demonstrate that tissue Treg cells, across a large range
of tissues, initiate a common molecular program upon seeding
tissues, with transient residency. Although incompatible with a
long-term residency model, these data are compatible with
two distinct models: clonally restricted circular trafficking or
pan-tissue trafficking. Under the first model, Treg cells from
each tissue would show circular migration between one non-
lymphoid tissue and the lymphoid tissues, providing for clonal re-
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striction while giving short dwell times. Under the second model,
Treg cells would show the capacity to seed multiple non-
lymphoid tissues, with circular flow resulting in the distribution
of tissue Treg cell clones across multiple tissues. To distinguish
between these two models, we assessed both the clonality of tis-
sue Treg cells in a subset of non-lymphoid tissues and the ca-
pacity for tissue Treg cells to cross-seed alternative tissues.

We first investigated clonal sharing between non-lymphoid tis-
sues, using the recombined TCR as a clonal barcode. We per-
formed single-cell sequencing of purified tissue-resident Treg
cells from four independent mice, focusing on the blood as a
reference population and the kidney, pancreas, liver, and LPL
as representative non-lymphoid tissue populations. TCRa pro-
tein-level sequences were used as markers of clonality. Despite
being unmanipulated mice, with fully polyclonal repertoires, tis-
sue-resident Treg cells showed a high degree of clonal sharing
within mice (Figure 6A). TCR clones from Treg cells purified
from the liver, pancreas, and kidney were highly represented
within the blood and alternative non-gut tissues tested (Fig-
ure 6A). By contrast, the TCR clones identified in Treg cells puri-
fied from the LPL population were only rarely observed in the
non-gut tissues, despite high levels of sharing within mice
(Figures 6A-6C). To quantify the relative degree of sharing be-
tween tissues, we used an extracted half-sample as the compar-
ator. Between liver, pancreas, and kidney comparisons, an
average of 7.5% of TCR clones were shared, while LPL Treg cells
only shared, on average, 1.3% of TCR clones with these non-gut
tissues (Figure 6B). Normalized to the sharing rate observable
within a single tissue, the relative sharing rate was ~66% be-
tween non-gut tissues and 12% between the LPL samples and
the non-gut tissues (Figure 6D). These data suggest that while
the gut Treg cell population may largely follow the clonally
restricted circular trafficking model, the preponderance of
common clones in the non-gut, non-lymphoid tissues is of a
pan-tissue clonality. Reanalysis of a multi-tissue major histo-
compatibility complex (MHC) class | immunopeptidome data-
set®® suggested that only 1.4% of peptides are tissue-restricted
(Figure S5). Although Treg cells recognize antigen presented on
MHC class Il, these data demonstrate the potential shared pep-
tidome available for pan-tissue clonal Treg cells.

To formally test the functional outcome conferred upon tissue
Treg cells by these clonotypic TCRs, we sought to biologically
challenge the identified pan-tissue Treg cell TCRs via a retro-
genic system. In order to multiplex the retrogenic assay and
create a more representative perspective on tissue Treg cell
TCRs, we adapted the Pro-Code epitope-based barcoding sys-
tem,®%® which enables cell barcode detection at the protein
level using a triplet combination of linear epitopes. Membrane-
bound Pro-Codes were incompatible with in vivo lymphocyte-
tracing, so we generated a Pro-Code variant, flow cytometry-
optimized Pro-Codes (named here FlowCodes). Epitope fusion
with histone 2B provided a long half-life and fixation-resistant

(A) Frequency of resting, activated, and resident Treg cells within the blood and tissues, for host cells and donor cells.
(B-D) (B) Markov chain results for entry rates for resting Treg cells, (C) activated Treg cells, and (D) CD69" Treg cells.
(E) Markov chain modeling was used on the parabiotic data to estimate Treg cell dwell times among the CD44~CD62L", CD44*CD62L'", and CD69* Treg cell

subsets. Model estimates with 80% credibility interval.

(F) Based on the Markov chain models for Treg cells, the primary population flows between blood and tissues, indicating population size and the frequency of key
events. *For tissue-dwelling resting Treg cells, the model does not distinguish between cell death and return to the blood.
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Pro-Code (Figures S6A and S6B). Into each of 21 FlowCode
retrovirus backbones, we inserted a paired TCRa/TCR chain
from 20 tissue Treg cell TCR clones and the OTII TCR. 10 clones
were selected from highly distributed tissue Treg cells (Fig-
ure S6C) and 10 clones based on the highest detection in individ-
ual tissues (Figure S6D), creating a repertoire representative
of the public clone repertoire (Figures S6E and S6F). The co-
expression of a retrogenic TCR with a unique FlowCode allowed
cells expressing a specific TCR to be tracked by flow cytometry
in a polyclonal environment. 10 weeks after transplantation,
differentiated CD4™ T cells expressing the different TCRs were
assessed for tissue representation and Treg cell fate. Although
control retrogenic clones, bearing the OTIl TCR only, remained
conventional Foxp3™ cells, an average of 60% of retrogenic cells
bearing tissue Treg cell TCRs spontaneously entered the Treg
cell lineage (Figures 6E and 6F), comparable to other in vivo
TCR transgenic Treg cell induction rates.**™' Analysis of retro-
genic clones at the tissue level revealed broad ability to
enter lymphoid, non-lymphoid, and gut-associated tissues
(Figures 6G and S6G). Of the ten retrogenics cloned from Treg
cells found in widely dispersed tissues, nine were found as tissue
Treg cells in multiple non-lymphoid tissues, with the exception
(TCRO04) found only in the pancreas (Figures 6G and S6G). Of
the ten retrogenics cloned from Treg cells based on high-fre-
quency detection within a single tissue, all were found as
tissue Treg cells in multiple non-lymphoid tissues (Figures 6G
and S6G). Five clones (TCR13/14/15/17/19) showed broadly
balanced tissue representation, indicating that the initial detec-
tion as tissue-restricted may have been driven by stochastic
sampling. By contrast, 5 clones showed a strong, but not exclu-
sive, tissue bias, aligning with the source of initial identification:
TCR12 in the kidney, TCR20/TCR21 in the pancreas, and
TCR16 and TCR18 in the LPL of the gut (Figures 6G and S6G).
No correlation was observed between single-tissue/multi-tissue
status and CD69 expression (Figure S7), indicating residency
program initiation can occur in multiple organs for a single clone.
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Together, these results demonstrate that a representative set of
tissue Treg cell TCRs confer upon CD4* T cells a Treg cell fate,
with the majority of TCRs driving a pan-tissue migration and res-
idency profile and only a minority of TCRs driving a tissue-biased
distribution.

As an independent test of the pan-tissue Treg cell model, we
assessed the capacity of tissue Treg cells to migrate into
different organs. First, we returned to the parabiosis system.
The equilibration of tissue Treg cell frequency following parabi-
osis (Figure 5) is consistent with both single-tissue or multi-tissue
recirculation patterns. We posited that Treg cells entering the
system containing a novel tissue from a donor mouse lacking
that tissue would be at a competitive disadvantage in repopula-
tion under the single-tissue recirculation model, but would show
a similar capacity to populate under a multi-tissue recirculation
model. To create this unexperienced organ competitive test,
we compared the repopulation of the female reproductive tract
in female:female parabionts (donor-experienced) to male:female
parabionts (donor-naive). Comparing the frequency of host cell
replacement by donor cells, the female reproductive tract was
equally populated by donor cells from male mice as by donor
cells from female mice (Figure 7A). The male donor and female
donor Treg cells were not only able to repopulate the female
reproductive tract with equal efficiency, but they were also
phenotypically indistinguishable (Figure 7B).

Second, to assess the speed at which the tissue Treg cell
compartment could be reconstituted, we transferred whole sple-
nocytes into Rag-deficient mice. By measuring the quantitative
(Figure 7C) and qualitative (Figure 7D) reconstitution of the
compartment within different tissues, we observed that the tis-
sue Treg cell population could be rapidly reconstituted from
lymphoid Treg cells. Within 2-4 weeks, the population of tissue
Treg cells was at 10%-100% of the homeostatic level, across
the non-lymphoid tissues (Figure 7C), and even at the 2-week
time point, those Treg cells that had reentered the tissues had
increased expression of CD69 to levels similar to that of

Figure 6. Extensive clonal sharing among tissue Treg cells imparts pan-tissue functionality

(A) Foxp3™™-" mice at 16 weeks of age were injected with intravenous anti-CD45 antibody label prior to fluorescence-activated cell sorting (FACS) of Treg cells
from blood, kidney, liver, pancreas, and LPL (n = 4) for analysis by single-cell TCR sequencing. Cells stained as positive for intravenous anti-CD45 antibody were
excluded during sorting. Chord diagrams illustrate, for each tissue origin, the Treg cell TCR found to be shared between different tissues. For each tissue (main
sector) of each mouse (sub-sector), the frequency-ranked TCR repertoire is shown as a bar plot. Lines joining 2 repertoires indicate a clonotype sharing between 2
tissues of the same mouse (green), the same tissue type between different mice (pink), or different tissue types in different mice (black).

(B) Heatmaps showing for each mouse the percentage of cells from x-tissue having a TCR also observed in y-tissue. Since sharing between small, diverse
repertoires is not expected to result in high sharing percentage even if the same sample would be compared with itself, for each x-tissue, the sharing half-sample
subpool compared with the other half of x-tissue sample in indicated on the right (average value of 100 sub-pools).

(C) Percentage of TCR sharing between tissue within each mouse, averaged for the 4 analyzed mice, illustrated the length of an arrow pointing toward the tissue.
(D) Percentage of TCR sharing between non-gut tissue pairs (kidney, pancreas, lung) and gut-non-gut tissue pairs (LPL with kidney, pancreas, or lung), relative to
the split sample TCR sharing rates. Box-and-whisker plots with mean and quartiles.

(E) 20 tissue Treg cell TCRs were selected from single-cell sequencing data, comprising 10 TCRs selected on the basis of distribution width and 10 TCRs selected
on the basis of tissue frequency. The selected TCR panel was cloned into FlowCode retroviruses, transduced into Rag-deficient bone marrow stem cells, and
used to reconstitute irradiated mice. After 10 weeks, mice were injected with anti-CD45 antibody, gating out vascular cells, and tissue samples were prepared for
analysis by flow cytometry.

(F) Quantification of Tconv cells and Treg cell T cells from each retrogenic TCR clone, as a percentage of total CD4™* T cell frequency within the spleen, with (F) an
average (and standard deviation) frequency of Treg cell fate within each clone.

(G) Individual results from T cells derived from each of the FlowCode retrogenic TCRs, across the assessed tissues. Top, absolute cell count of detected CD4*
T cells for each clone (size) together with the frequency of Treg cells within the population (color; percentage listed on each sample). Frequencies are calculated
from the aggregate of lymphoid (spleen, lymph node [LN]), non-lymphoid (kidney, lung, liver, pancreas), and gut (LPL) samples. Middle, for each retrogenic TCR
clone, a pie chart visualizing the distribution of cells within the lymphoid, non-lymphoid, and gut compartments. Bottom, for non-lymphoid tissue Treg cells from
each retrogenic TCR clone, a pie chart visualizing the distribution of cells within the non-lymphoid tissues.

See also Figures S5-S7 and Data S2.
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Figure 7. Tissue Treg cells retain multi-tissue homing capacity and phenotypic plasticity

(A) Proportion of incoming (donor-derived) Treg cells in perfused female mice when parabiotically paired to female vs. male mice (n = 18, 8). All male:female
comparisons, p > 0.05 by Sidak’s multiple comparison test.

(B) tSNE plots and quantification of phenotype on Treg cells from male:female parabiotic pairs. No statistically significant differences for tSNE crossentropy.
Statistical testing on cluster distributions by two-way ANOVA with Tukey’s multiple comparisons.

(C) Splenocytes were transferred into Rag-deficient mice, with the Treg cell compartment measured quantitatively after 1, 2, or 4 weeks of reconstitution, in
reference to unmanipulated numbers (n = 6, 6, 3, 9). Mice were injected with intravenous anti-CD45 label, and positive cells excluded.

(D) Expression of CD69 on Treg cells within each organ post-reconstitution. p values in C and D derive from linear regression, testing for non-zero slope.

(E) Eight congenic-labeled pools of mixed tissue lymphocytes were generated, containing only one tissue from each mouse strain, to allow congenic tracing of
tissue origin, and injected into Rag-deficient mice. Intravenous anti-CD45-labeled cells excluded.

(F) 4 weeks after the transfer of donor-tracked tissue pools, recipient mice were assessed for tissue Treg cell infiltration. Rehoming migration index was calculated
for each donor tissue type (n = 7-11), normalized to no preference for rehoming. One-way ANOVA with Dunnett’s post-test.

(G) Expression of Nur77 in Treg cells recovered post-transfer (n = 6-10). p > 0.05 by Sidak’s multiple comparison test.

(H) tSNE plots showing phenotypic profiles of Treg cells recovered from the liver and gut, sub-divided based on origin.

(1) Neuropilin histogram of liver and gut origin Treg cells, recovered in the liver or gut.

All barcharts are shown as mean with SE.

12 Immunity 57, 1-17, July 9, 2024



Please cite this article in press as: Burton et al., The tissue-resident regulatory T cell pool is shaped by transient multi-tissue migration and a conserved
residency program, Immunity (2024), https://doi.org/10.1016/j.immuni.2024.05.023

Immunity

homeostasis (Figure 7D). These data are consistent with a tissue
Treg cell niche, with high capacity for rapid entry from the
periphery.

Third, we performed a direct recirculation experiment. By ex-
tracting tissue-resident lymphocytes from 7 tissues from each of
8 antigenically marked strains, we could make mixed ex-tissue-
resident lymphocyte pools, where the tissue-resident Treg cells
extracted from each tissue had a unique antigenic marker combi-
nation (Figure 7E). These mixed pools were then injected into Rag-
deficient hosts, and a migration index was calculated for re-entry
of tissue-resident Treg cells into original tissue types. Although
gut-purified Treg cells were biased toward re-entry into the gut,
Treg cells originally isolated from the kidney, liver, lung, and
pancreas showed no preference for re-entry (Figure 7F). Using
Nur77 as a marker for TCR engagement, similar levels of antigen
recognition were observed in the Treg cells regardless of whether
they had rehomed from the original source tissue or had cross-
populated (Figure 7G). Comparing gut-associated Treg cells to
liver Treg cells, the cross-populating Treg cells exhibited a pheno-
type closer to the new host tissue than the originating host tissue
(Figures 7H and 71). Together, the parabiosis and tissue-transfer
experiments strongly support a pan-tissue model for tissue Treg
cell residency, whereby the same population of Treg cells is
capable of repopulating multiple tissues, with only slight prefer-
ences for target tissues other than the gut.

DISCUSSION

The shared phenotype of tissue Treg cells and the evidence for a
circular migration capacity leads to a parsimonious model of a
pan-tissue Treg cell population. Under the pan-tissue model,
activated Treg cells have the capacity to enter tissues at a low
rate and be retained if antigen recognition occurs. This would
lead to initiation of the generic tissue residency program for
weeks to months before death or egress. Treg cells bearing a
TCR capable of recognizing antigen within multiple tissues
would percolate throughout multiple tissues over the lifetime of
the cell. Rare clones with tissue-restricted antigen recognition
would have a more specialized circular pattern, where dwell
time is largely restricted to a single tissue, as observed with ad-
ipose tissue TCR clone (clone 53).“? Both theoretical consider-
ations (the small fraction of presented peptides that are tissue-
restricted) and empirical data (agnostic rehoming capacity and
shared TCR clones) necessitate such tissue-restricted clones
being among the minority of tissue Treg cells. As Treg cell prolif-
eration is driven by antigen recognition, multi-tissue Treg cells
may bear a competitive advantage over mono-tissue Treg cells
and, over time, grow to dominate the tissue repertoire. Although
prior work used the seeding and specialization model, the data of
those studies is consistent with the pan-tissue Treg cell model.
For adipose Treg cells, which are at the more distinct end of
our multi-tissue analysis, phenotypic*®* and TCR clonality**
distinctiveness were originally identified in comparison to Treg
cells from lymphoid organs. Likewise, the indefinite residency
of adipose Treg cells was derived from parabiosis experiments
at 4-6 weeks™ (a parabiosis study at 12 weeks found no main-
tained residency,”® consistent with our calculated dwell time).
The pan-tissue model also allows us to reinterpret the complex
data on tissue Treg cell “precursors.”*® Peroxisome prolifera-
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tor-activated receptor y (PPARY), originally identified as an adi-
pose-specific Treg cell signature gene*® but here observed more
broadly, is also expressed in a smaller number of Treg cells in
lymphoid tissues. These cells are less diverse at the TCR level
than other Treg cells and share clonality with Treg cells from
the liver, skin, and adipose Treg cells.*® Further, sorted PPARy*
cells could “seed” all three non-lymphoid tissues tested.*®
Similar findings are reported for KLRG1*NFIL3* splenic Treg
cells.®° Under the seeding and specialization model, this data
required the postulation of tissue Treg cell precursors prior to
permanent seeding, which problematically requires TCR speci-
ficity assortment preceding tissue entry. Under the pan-tissue
Treg cell model, the lymphoid PPARy* Treg cells can be reinter-
preted as recirculating tissue Treg cells. Although this idea had
been considered and discarded in prior studies,° this dismissal
was based on KLRG1 being considered an irreversible marker,
while our fate-mapper data demonstrate KLRG1 expression is
reversible in Treg cells. The pan-tissue Treg cell model is there-
fore more consistent with the existing literature.

These data point to both conserved and disparate features be-
tween tissue Treg cells and the conventional Trm cell popula-
tions. Beyond tissue residency, the striking feature conserved
between tissue Treg cells and Trm cells is the phenotypic resi-
dency program, with markers such as CD69 and CD103
conserved across both populations. In the case of tissue Treg
cells, signature genes were initially identified in single tissue
and were labeled as unique in comparison to lymphoid Treg
cells. Thus, markers such as KLRG1, ST2, and PPARYy were
labeled as adipose Treg cell-specific*®>*” and Areg as muscle
Treg ca—‘:ll-specific.23 The same markers, when assessed in a
pan-tissue manner, as here, are near-ubiquitous. The tissue res-
idency program in Treg cells thus appears, like Trm cells, to be
unified across tissues. We do not exclude “tilting” of the generic
tissue-residency program by factors enriched in particular tis-
sues, as observed in Trm cells,*® although this potential is
reduced by the limited dwell time of Treg cells in most tissue.
Further enrichment of these same genes in particular tissues,
or sex-based comparisons,*® is more consistent with a relative
enrichment of the generic tissue subset rather than the presence
of a unique population. This also holds true for DNA methylation
studies and chromatin accessibility studies, where differences
between tissues are smaller than lymphoid-non-lymphoid com-
parisons.****°° The conservation of this signature, both across
tissues and between tissue Treg cells and Trm cells, suggests
the importance of the constituent genes for the adaptation of
lymphocytes to tissues.

The key difference between tissue Treg cells and Trm cells is
likely to be the nature of antigenic stimulation that turns on
the residency module. As conventional T cells, primed by infec-
tions, the antigen exposure of Trm cells is temporally and
spatially restricted. Of necessity this requires the residency
signature to be “locked in” without continual antigenic stimuli,
a program that may utilize Hobit, Runx, and Blimp."*'® By
contrast, homeostatic tissue Treg cells recognize antigens
without temporal restriction and with broader spatial distribution,
enabling re-initiation on a continual basis. Indeed, in tissue Treg
cells, the absence of such a transcriptional lock and the conse-
quent sequential circulation-residency cycles would enable opti-
mization of tissue distribution. The tissue phenotype may, in the
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case of Treg cells, be controlled by the same regulators as the
traditional activation pathway, with the phenotypic signature
driven by chronic signaling rather than by expression of distinct
transcription factors. Under this model, tissue Treg cells would
not require a self-sustaining transcriptional lock; however, mo-
lecular mediators required for activation, such as BATF, would
have even stronger phenotypic effects on tissue-residency phe-
notypes across a range of tissues, as observed here and
elsewhere.®*"

A shared residency program initiated in pan-tissue Treg cells is
not mutually exclusive with tissue-specific functional endpoints.
From an evolutionary perspective, repurposing of homeostasis-
restoring effector molecules on a tissue-by-tissue basis would
enable a single regulatory module in tissue Treg cells to drive
disparate physiological responses. Thus, effector molecules for
tissue homeostasis, such as Notch ligand expression by skin
Treg cells,?® could allow a single mediator to feed into diverse re-
sponses across multiple tissues. A clear example of this pleiotropy
is Areg. First proposed as a muscle Treg cell-specific effector of
enhancing injury repair,”® Areg is widely produced by Treg cells
and capable of suppressing neurotoxic astrogliosis in the brain,*?
driving alveolar regeneration in the lung,**°* regulating angiogen-
esis in the limbs,” suppressing renal and hepatic inflamma-
tion,”®°” and driving corneal healing in the eye.’® In each case,
source and effector molecule are conserved, while the response
cell and initiated reparative program differ markedly.

Limitations of the study

The work here concentrated on the homeostatic state, and it is
likely that aspects of tissue Treg cell biology are altered during
tissue inflammation. Here, we found Treg cell nhumber and
phenotype were independent of the IL-33/ST2 pathway, while
in the inflamed muscle,*®°° heart,®" and kidney,®” IL-33 alarmin
is released and ST2 is a potent regulator. This effect may also ac-
count for the less striking sexual dimorphism of adipose Treg
cells observed in our study (a colony-dependent effect has pre-
viously been noted®®), with the intense adipose tissue residency
phenotype in other colonies linked to sex-associated inflamma-
tion.*>®* Inflammation may also change the clonality rules
described here, with both muscle®® and heart®" inflammation
altering tissue Treg cell TCR repertoires. Finally, this study has
been performed exclusively in mice, and further tissue-based
analysis of human Treg cells is needed to determine whether fea-
tures differ in humans.
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FlowdJo versions 10.8.1 - 10.10 BD https://www.flowjo.com/

GraphPad Prism versions 9-10 GraphPad https://www.graphpad.com/

R versions 4.1 - 4.3 CRAN https://cran.rstudio.com/

Rstudio Posit.co https://posit.co/download/rstudio-desktop/

digest CRAN https://cran.r-project.org/web/packages/
digest/index.html

dunn.test CRAN Dunn®®

flowCore CRAN https://www.bioconductor.org/packages/release/
bioc/html/flowCore.html

ggridges CRAN https://cran.r-project.org/web/packages/
ggridges/index.html

RANN CRAN https://github.com/jefferislab/RANN

RColorBrewer CRAN https://cran.r-project.org/web/packages/
RColorBrewer/index.html

reshape2 CRAN https://cran.r-project.org/package=reshape2

EmbedSOM CRAN https://github.com/exaexa/EmbedSOM

Rtsne CRAN https://cran.r-project.org/package=Rtsne

umap CRAN https://cran.r-project.org/package=umap

uwot CRAN https://cran.r-project.org/package=Rtsne

ConsensusClusterPlus

FlowSOM

Cross Entropy test

FlowCytoScript

rstan version 2.26

Bioconductor

Bioconductor

GitHub

GitHub

CRAN

https://academic.oup.com/bioinformatics/
article/26/12/1572/281699
https://onlinelibrary.wiley.com/doi/full/
10.1002/cyto.a.22625
https://www.sciencedirect.com/science/
article/pii/S2667237522002958;
https://github.com/AdrianListon/
Cross-Entropy-test
https://github.com/DrCytometer/
Advanced-flowcytoscript;
https://github.com/DrCytometer/
Simplified-flowcytoscript
https://cran.r-project.org/package=rstan

FlowcodeDecoder This paper, GitHub https://github.com/obricard/
FlowcodeDecoder

AutoSpill GitHub https://www.nature.com/articles/
s41467-021-23126-8

Other

ExpressionViewer This paper https://www.bioinformatics.babraham.ac.uk/

Markov chain models

This paper, Figure 5

shiny/expressionViewer/

Mendeley Data: https://data.mendeley.com/
datasets/czhfj4g6vb/1

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Adrian

Liston (al989@cam.ac.uk).

Materials availability

Plasmids generated in this study are available upon request. Requests for mouse lines generated in this study should be directed to

the lead contact.
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Data and code availability
Flow cytometry data have been deposited in Flow Repository and are publicly available as of the date of publication. Reference
numbers are listed in the key resources table. Single-cell RNA-seq data have been deposited at GEO and are publicly available
as of the date of publication. Accession numbers are listed in the key resources table.

All original code has been deposited in GitHub and is publicly available as of the date of publication. DOls are listed in the key re-
sources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains and strain generation

All mice were housed in SPF conditions unless otherwise stated. All mice used were on the C57BL/6 background. Mice were used at
between 7 and 20 weeks of age unless otherwise indicated. Both male and female mice were used for experiments. Equal numbers of
male and female mice were used for the tissue screening experiment. For higher success rates, exclusively female mice were used for
parabiosis (unless otherwise indicated), and for consistency with these experiments, several other studies were also comprised of
female mice. Mouse experimental protocols were approved either by the University of Leuven ethics committee and carried out in
accordance with the recommendations of the European Union (EU) concerning the welfare of laboratory animals (Directive 2010/
63/EU), or they were approved by the UK Home Office and the Babraham Institute AWERB.

Foxp3™ " and CD45.1 Foxp3™"-" mice,®” Kirg1°™ RosaAi14 mice,®® CD69™ mice,®® Rag1™ mice,’® CD11a”" (ltgal™®") mice,”"
CD4Cre Hif1a™" mice,”? Ubiquitin-GFP mice,”® Kirg1”™ mice,”* S1pr2”" mice (S1proim?aEUCOMMHmayy  GHACre Blimp1™""® and
ST27 (I11r11™m47m) mice’® are as previously described. BATF”~ bone-marrow (013758) was obtained from JAX for bone-marrow
reconstitution.

CD69™" mice were generated using C57BL/6N ES cells, through Cyagen. Briefly, exons 2-4 were targeted for flox site insertion,
using homologous arms generated using BAC clones RP23-11N22 and RP23-39909 as templates. The targeting vector included a
self-deleting Neo cassette site, leaving the CD69™" mice. Cre activity on this allele results in the deletion of 2382bp spanning exons
2-4, resulting in a frameshift after exon 1 (residue 21) and a stop codon after residue 24. Mice were then crossed to the Foxp3CreERT2
strain.””

CD103”" mice were generated using direct microinjection of Cas9 protein (IDT, 1ug/ul) and CD703 gRNA (5ul of 1uM, 5’
GTTGAGGCTGCGGAACTTCC-3’ targeting exon 5) into C57BL/6 zygotes, followed by transfer into CD1 surrogates. Offspring
were screened, and mice bearing a 10bp deletion (aagttccgca) resulting in a frameshift at residue 118 were bred to homozygosity
and confirmed for lack of expression by flow cytometry.

Areg'/' mice were generated using direct microinjection of Cas9 protein (IDT, 1ug/ul) and Areg gRNA (5ul of 20puM mixed gRNA
5-TCTGGGGACCACAGTGCCGGTGG-3’ and 5’-ATAATATAGCCGGATATTTGTGG-3’ targeting exon 2, plus 5ul of 20uM trRNA)
into C57BL/6 zygotes, followed by transfer into CD1 surrogates. Offspring were screened by sequencing, and mice bearing a
118bp deletion in exon 2 resulting in a frameshift and early truncation were bred to homozygosity and confirmed for lack of expression
by flow cytometry.

METHOD DETAILS

Mouse procedures

Gnotobiotic C57BL/6J mice were housed at the VIB gnotobiotic facility, Ghent. For microbiome enrichment, pet store female mice
were wild-exposed prior to cohousing with SPF C57BL/6J mice (KUL L2 animal facility, Leuven). After 12 weeks of cohousing, a sub-
set of mice was tested for 47 pathogens by serology and screened for microbiome diversity by fecal microbiome sequencing, as pre-
viously reported.’®

For parabiosis, Foxp3™'" " and CD45.1 Foxp3™ "' mice were intercrossed for at least 5 generations prior to starting parabiosis
experiments. The congenic mice were then cohoused for one week prior to surgery. Parabiosis surgery was performed as previously
described.”® Mice in which the blood lymphocyte population was not between 40-60% of donor origin after 1 week were excluded
from the study. For male:female parabiosis, the two mice were matched in weight rather than age.

Foxp3ERiT2¢re cp69™ mice were treated with tamoxifen (0.2mg/g) by oral gavage weekly for three weeks.

Competitive mixed bone marrow chimeras were created using equal mixtures of bone marrow. A total of 2x1 06 cells were injected
i.v.into 11 Gy-irradiated CD45.1/CD45.2 heterozygous mice or 5.5Gy-irradiated Rag-deficient mice. Mice were given water contain-
ing Baytril (50mg/ml) after irradiation. Chimeras were analyzed 8-12 weeks post-reconstitution.

For retrogenic TCR mice, hematopoietic stem cells (HSC) were isolated as lineage-depleted bone marrow cells using the EasySep
Mouse Hematopoietic Progenitor Cell Isolation kit (Stem Cell Technologies), and transduced with retrovirus in the presence of Lenti-
blast (Oz Biosciences). HSC were cultured in TPO (R&D Systems), IL-3, IL-6, SCF and FLT3L (BioLegend) for 24hr in StemSpan SFEM
Il medium (Stem Cell Technologies). The transduced cells (5x10° per mouse) were transplanted into lethally irradiated C57BL/6 mice
along with unmanipulated Rag7™~ bone marrow (1x10° cells). Mice were assessed 10 weeks post-transplant.

To test tissue re-homing, leukocytes were isolated from the tissues of congenic strains (CD45.1, CD45.2, CD45.1/CD45.2,
Foxp3™"1 CD45.1 Foxp3™"' UbGFP, CD45.1 UbGFP, RosaRFP) and combined such that each pool contained uniquely
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identifiable Treg cells from each tissue source. The pools were injected i.p. into individual Rag-deficient mice. Cells were recovered
and analyzed four weeks post-transfer.

Tissue preparation

Prior to isolating tissue leukocytes, mice were either injected intravenously with anti-CD45 antibody to label vascular leukocytes or
they were lethally anesthetized with ketamine/xylazine and perfused with PBS containing 2.5% FCS. Tissues were harvested into
HBSS with 2.5% FCS and 2mM EDTA, and stored on ice until further processing. The thymus, lymph nodes, Peyer’s patches, spleen,
adrenal glands were dispersed with frosted glass microscope slides, filtered through 100um mesh. Where necessary, erythrocytes
were lysed prior to counting using a Countess Automated Cell Counter (ThermoFisher). The liver was prepared similarly, except the
resulting cell suspension was washed extensively and centrifuged (600g, 10min) through a 40% Percoll (Sigma Aldrich) solution prior
to erythrocyte lysis. Bone marrow was extracted from a single femur by crushing with a mortar and pestle. Blood was treated to lyse
red cells prior to staining.

The salivary glands, lungs, pancreas, kidney, adipose tissue, reproductive tissues, eyes, back skin, tongue, hind limb muscle,
heart, bladder and brain were digested as follows to extract tissue leukocytes: Tissues were chopped finely with razor blades and
washed by centrifugation to remove debris. They were then resuspended in digest buffer (IMDM supplemented with 20% FCS,
10mM HEPES, 1mM sodium pyruvate, 10ug/ml gentamicin, 1mM CaCl, and 1mM MgCl,) with enzymes (400ug/ml collagenase
D, 100ug/ml hyaluronidase and 40nug/ml DNase |, Sigma Aldrich). In some experiments 2mg/ml collagenase IV was used in place
of collagenase D. Tissues were shaken in an agitating mixer at 37°C for 15min, dispersed with a pipette, and shaken for another
15min. The solution was then filtered through 100um mesh and any remaining chunks were forced through the mesh. The cells
were washed and passed through 40% Percoll to enrich for the leukocyte fraction. The various parts of the gastrointestinal tract
were separated into intraepithelial and lamina proprial compartments using a pre-digest step of agitation at 37°C in HBSS with
10mM HEPES, 10mM EDTA and 2.5% FCS. The released cells were collected and passed through 40% Percoll to isolate the intra-
epithelial leukocytes (IELs). The remaining tissue was diced finely, digested enzymatically and passed through Percoll to isolate the
lamina propria leukocytes (LPLs).

Murine tissue flow cytometry

For murine samples, Fc receptor interactions were blocked using 2.4G2 hybridoma supernatant. Viability staining was performed in
HBSS, using either ViaKrome 808 (Beckman Coulter) or Fixable Viability Dye eFluor780 (ThermoFisher). In vivo intravenous labeling of
leukocytes with anti-CD45-biotin was developed using fluorescent streptavidin. Any epitopes requiring pre-fixation staining were
stained for 1 hour at 4°C in the dark in FACS buffer (PBS with 2.5% FCS and 2mM EDTA). Cells were washed with FACS buffer
and then fixed. For fluorescent protein retention, cells were fixed at room temperature for 45 minutes in the dark with neutral buffered
formalin (VWR). For all other purposes, cells were fixed and permeabilized for 30 minutes using the Foxp3/Transcription Factor Stain-
ing Buffer Set (eBioscience). Following two washes with the eBioscience permeabilization buffer, cells were stained overnight
(~16hrs) with all remaining antibodies in permeabilization buffer supplemented with 20% 2.4G2 supernatant, as described.®® Cells
were washed and acquired with 10,000 Precision Count beads (BioLegend) added per sample. The antibody cocktails used for the
main flow cytometry panels can be found in Data S3. For ageing and cohousing data, the Symphony parabiosis panel was used, with
the exception of including Alexa Fluor 488 anti-TCRp (clone H57-597, BioLegend, 109215; RRID:AB_493344, 1:2500) in place
of CD45.1.

Where indicated, antibodies were conjugated to fluorophores according to the manufacturer’s instructions. Where possible, free
fluorophore was removed using centrifugal filters with a 50kDa cut-off. The following antibody conjugation kits were used in this
research: PE/Cy5.5® Conjugation Kit - Lightning-Link®, APC/Cy5.5® Conjugation Kit - Lightning-Link® (AbCam), Alexa Fluor™
350 Antibody Labeling Kit, Alexa Fluor™ 532 Antibody Labeling Kit, and Alexa Fluor™ 790 Antibody Labeling Kit (ThermoFisher).

Cohousing, gnotobiotic, parabiosis, ageing and CD103”~ chimera data were acquired on a BD FACSymphony A5 flow cytometer
(BD Biosciences). The remaining murine data were acquired on an Aurora Spectral Analyzer (Cytek).

FlowCode cloning

TCR coding sequences from murine TCR OTII-2A.pMIG I1®" (Addgene plasmid # 52112; http://n2t.net/addgene:52112; RRID:Addg-
ene_52112) were removed using EcoRI and Xhol and replaced by TCR of interest coding sequences using NEBuilder Hifi DNA as-
sembly and IDT eblocks gene fragments encoding Travj, Trac_P2A, Trbvdj, Trbc1 or Trbc2. EGFP was removed using Ncol and Notl
and replaced by H2bc3_AU1_Flag_HA coding sequence using NEBuilder Hifi DNA assembly and an IDT eblocks gene fragment.
AU1_Flag_HA was removed using BamHI and Notl and replaced by other Procode tags using NEBuilder Hifi DNA assembly and
PCR amplicons generated from NLS-mCherry Pro-Code vector library.>**° Plasmid sequences can be found in Data S2.

RNAseq

For bulk RNA sequencing, 2000 CD4* Foxp3Thy1.1* Treg cells and Foxp3Thy1.1” Tconv cells were sorted on a BD FACSAria from
each source from perfused mice. RNA was isolated using RNeasy Mini kit (Qiagen). RNA concentration and purity were determined
using the Nanodrop ND-1000 (Nanodrop Technologies) and RNA integrity with a Bioanalyser 2100 (Agilent). 3mRNA-seq library
preparation and transcriptome analysis was performed by Lexogen (Austria) using the QuantSeq 3'mRNA-Seq Library Prep Kit
for lllumina and QuantSeq data analysis workflow. scRNA-Seq was performed using 10x Genomics 5’ VDJ Single Cell Immune
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Profiling. Treg cells were flow sorted on a BD Influx, Aria, Jazz or Fusion on the basis of CD4*Foxp3Thy1.1* i.v.CD45"
CD19°CD11b"CD8°F4/80°. Cells were labeled with Hashtag TotalSeq regents and loaded onto the 10x Chromium Controller.
Sequencing was performed on an lllumina HiSeq. Data was processed in R using scripts as detailed below.

Following sequencing of purified tissue Treg cell and Tconv cells populations, the RNAseq data was processed using FastQC®? for
assessing read quality pre-and post-trimming, Trim Galore!®® for trimming adapter sequences, and STAR aligner®* for aligning to
GENCODE®® mouse primary assembly vM23, with the raw counts being generated by featureCounts.®® A combined report was
generated using MultiQC.%” Raw counts were isualizat using DESeq2,® and global analysis using PCA, t-SNE®*° (perplexity param-
eter at ‘3’) and UMAP®"-°2 was performed on the genes post minimum transcript per cell filtering of 0.01 transcripts per cell. Heat-
maps were produced using Pearson correlation. Differential expression analysis was performed using the default DESeq2 analysis
pipeline, but without using zero-centered Normal priors, log, fold change shrinkage, outlier replacement using Cook’s distance or
independent filtering. The selection criteria was absolute DESeq log, beta > 2 and adjusted p.value < 0.01. Gene set enrichment
analysis was performed using GAGE®® with the pathway isualization done by Pathview.® The script for the RNAseq analysis is avail-
able at https://github.com/AdrianListon/TissueTregs. The enriched profiles were compared using the clusterProfiler package.’®
A publicly accessible webtool was developed in R Shiny°® which provides an interactive bulk RNA-seq data analysis module allowing
users to perform custom contrasts to explore the data further for additional results and/or verification. In addition to this module, other
modules are also available, such as the TCR module which explores the T cell repertoire in the data. The script for generating the
webtool is available at https://github.com/AdrianListon/ExpressionViewer. The webtool is available at https://www.bioinformatics.
babraham.ac.uk/shiny/expressionViewer/.

For comparative analysis of most highly expressed genes, the 50 highest expressed genes per tissue are displayed. For compar-
ative analysis of most highly differentially-expressed genes, the gene list was first generated based on statistical difference of sam-
ples from blood Treg cells, then up to 50 differentially-expressed genes per tissue were displayed (fewer if less than 50 genes with
differential expression within that tissue reached statistical significance). For this analysis 33 genes were removed from the dataset,
based on contamination from pancreatic acinar cells in the pancreatic samples (2270070C04Rik, Amy2al, Amy2a2, Amy2a3,
Amy2a4, Amy2a5, Amy2b, Cel, Celal, Cela2a, Cela3b, Clps, Cpal, Cpa2, Cpb1, Ctrb1, Ctrl, Gp2, Kilk1, Pdia2, Pla2g1b, Pnlip,
Pnliprp1, Pnliprp2, Prss2, Reg1, Rnase1, Spink1, Sycn, Tff2, Try4, Try5, Zg16). The list of acinar contaminants was independently
generated by Julie Stockis and Tim Halim (CRUK Cambridge) on an independent dataset of KLRG1* and KLRG1™ Treg cells. The
list was generated by cross-referencing the genes driving the first principle component of the PCA of KLRG1* and KLRG1™ pancreatic
Treg cells to their pancreatic lymph node counterparts with a gene list of very highly expressed genes from a 10x scRNAseq dataset
of acinar cells (manuscript in preparation). The list of probable contaminants was validated here through scRNA data, where the gene
signatures present in the pancreatic bulk RNAseq samples (both Treg cell and Tconv cell) were absent in scRNA of Treg cell sorted
from the pancreas.

For TCR sequence analysis, scRNA data was used to allow for paired TCRaf3 chain identification. Row sequencing data was pro-
cessed with CellRanger 5.0.0 without barcode mismatches allowed and with multi-features analysis (gene expression, vdj-t, totalseq
hashtags). Features were linked based on cell barcodes and tissue origin was retrieved based on hashtags signals when highest
hashtag count was at least 30 times higher than the others using a custom R script. Gene expression and TCR repertoire analysis
were generated in R using circlize, dplyr, ggplot2, ggsci, Matrix, pheatmap,scales, scater, Seurat, SingleCellExperiment, tidyr, viridis
packages. For repertoire analysis, a TCR clonotype is associated to a unique set of Trav, tra_cdr3, trbv, trb_cdr3. The custom script is
available at: https://github.com/AdrianListon/TissueTregTCR.

QUANTIFICATION AND STATISTICAL ANALYSIS

FlowJo version 10.8.1 (BD), GraphPad Prism 9, R version 4.1.2, RStudio, and CellRanger (10X Genomics) were used for analysis.
Within the R environment, the following packages were employed: digest, dunn.test, flowCore, ggplot2, ggridges, RANN,
RcolorBrewer, reshape2, EmbedSOM, Rtsne, umap, ConsensusClusterPlus, FlowSOM, Seurat and dplyr. Flow cytometry spillover
compensation was calculated using AutoSpill.”” Major tissue groups (blood-like, bone-marrow, lymphoid, tissue, gut) were organ-
ically derived through assessment of marker positivity on tissue Treg cells from 48 organs, using FlowSOM consensus clustering on a
tSNE dimensionality reduction. To assess phenotypic divergence in tissue Treg cells following genetic disruption of key genes, we
measured the Euclidean distance between wildtype and deficient samples from a given tissue on a PCA based on FlowSOM cluster
distributions. For a given wildtype to deficient comparison, FlowSOM clustering was performed on flow cytometry measurements of
Treg cell markers. A PCA was performed to remove any co-linearity. Within each tissue pairwise distances between wildtype and
deficient samples were calculated, and the median distance was used. To create an interpretable scale, we also measured the me-
dian distance between wildtype samples of blood and wildtypesamples from each other category (BM, Lymphoid, Tissue, GALT). On
the heatmap, each column (genetic perturbation) is re-scaled from 0 - 100. Samples with a high or variable pairwise distance within a
tissue from a single genotype were flagged for manual inspection. Statistical tests used are indicated in the figure legends, typically a
two-way ANOVA with Tukey’s or Sidak’s multiple comparisons. Statistical comparisons of tSNE plots were performed with the Cross
Entropy test, using Kolmogorov-Smirnov tests with Holm correction.®®

The scripts used for flow cytometry data analysis and tSNE Cross Entropy comparisons are available on GitHub: https://github.
com/AdrianListon/Cross-Entropy-test. An updated, faster version is available at https://github.com/DrCytometer/Advanced-
flowcytoscript, and a simplified version can be found at https://github.com/DrCytometer/Simplified-flowcytoscript. Individual
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parameter files for these analyses are uploaded with the individual data sets on FlowRepository. Immunopeptidome reanalysis was
based on the published H2D® immunopeptidome of 19 normal tissues from C57BL/6 mice.>*

Parabiosis data (proportions of cell states (resting, activated, CD69* Treg cells) in each of 17 tissues and blood measured at weeks
0,1, 2,4, 8,12 in each parabiont) was modelled by continuous time Markov Chains using a Bayesian approach. The aim was to
describe the observed data (flow cytometry data of T cell types and state proportions evolving in time), while directly estimating
the biological flow/transition rates including their distributions, i.e., the biological process governing the observed data. Indepen-
dently for each tissue, the Markov Chain models the whole body Treg cell dynamics using 9 model states (3 body compartments
(blood, selected tissue, all other tissues pooled) x 3 cell states (resting, activated, CD69+)) and possible flows between them. The
assumed prior distributions of flow rates were selected as uniform on the support 2-3 orders of magnitude larger than the final pos-
terior estimates in order to provide the least information and robustness. The models were fitted using Markov Chain Monte Carlo
(MCMC) algorithm, specifically Hamiltonian Monte Carlo (HMC) in the Stan programming language, while using the rstan 2.26 pack-
age, interface for R language. Each Markov Chain model was estimated by four Monte Carlo chains with 5,000 samples. The fits of the
aggregate models were assessed against the empirical data collected, and used to calculate probabilistic dwell times.® The flow rate
estimates were provided as mode posterior together with 80% highest density (credible) interval (HDI). The full pipeline is available at
https://github.com/gergelits/markov_chain_tissue_treg.

Retrogenic TCR analysis via FlowCodes was assessed using FlowJo v10.8.1 to extract CD4* T cell-related events and then
analyzed with the custom FlowCode Decoder shiny app to obtain count and expression levels per TCR clone. The FlowCode
Decoder script is available on GitHub: https://github.com/obricard/FlowcodeDecoder. Graphs were generated in R 4.1.2 using

ggplot2.

ADDITIONAL RESOURCES

In order to aid the reader in exploring and visualizing the complex datasets in this publication, we have created ExpressionViewer, a
Shiny web interface accessible at https://www.bioinformatics.babraham.ac.uk/shiny/expressionViewer/. The Markov chain models
of the tissue Treg cell circulation from parabiosis experiments are available at Mendeley Data: https://data.mendeley.com/datasets/
czhfjdgbvb/1.
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Supplementary Material

Supplementary Figure 1. Phenotypic unity for tissue-resident Treg cells across multiple
organs. Wildtype mice, aged 12-20 weeks, were injected with intravenous anti-CD45 antibody
label and assessed for flow cytometry. Treg cells were purified from 48 organs: blood, thymus,
spleen, bone marrow, cervical LN, submandibular LN, axillary LN, inguinal LN, popliteal LN,
pancreatic LN, mediastinal LN, renal LN, aortic LN, jejunal LN, colonic LN, skin, lung,
pancreas, salivary gland, liver, kidney, tongue, heart, muscle, white fat, brown fat, brain, female
reproductive tract, urethra, testes, prostate, bladder, peritoneum, duodenal Peyer’s Patches,
jejunal Peyer’s Patches, ileal Peyer’s Patches, stomach IEL, duodenal IEL, Jejunal IEL, ileal
IEL, cecal IEL, colonic IEL, stomach LPL, duodenal LPL, jejunal LPL, ileal LPL, cecal LPL,
and colonic LPL. Cells stained as positive for intravenous anti-CD45 antibody were gated out
prior to downstream analysis. A) UMAP plots of high parameter flow analysis of gated tissue
Treg cells, built upon expression of GITR, TIM3, CCR3, TIGIT, Ly-6C, CCR9, CCR6, CXCR3,
CCR2, KLRG1, ST2, CD62L, Neuropilin, CD69, CD44, CD25, CD95, TNFRII, ICOS, PD-1.
B) Heatmap of phenotypic marker expression in Treg cells from each tissue, clustered by
similarity, for each marker. Relates to Figure 1.
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Supplementary Figure 2. Phenotypic identification of tissue-residency. A) Wildtype mice,
aged 16 weeks, were injected with intravenous anti-CD45-PE antibody label and perfused prior
to tissue Treg cell isolation for flow cytometry analysis. Representative gating of Treg cell and
i.v. CD25 antibody labelling. B) Fraction of Treg cells labeled by i.v. injection of anti-CD45-PE
(n=4). C) Tissue Treg cell phenotypes were compared by tSNE and FlowSOM cluster overlay
for blood vs kidney Treg cells, with kidney Treg cells separated into the vascular (CD45-PE™)
population, a potentially perivascular CD45-PE™ population and the tissue-embedded CD45-
PE" populations. D) Heat map and E) UMAP for tissue Treg cell phenotypes were compared by
tSNE and FlowSOM cluster overlay for blood vs combined lymphoid, non-lymphoid and gut-
associated Treg cells, with these Treg cells separated into the vascular (CD45-PE™) population, a
potentially perivascular CD45-PE'®" population and the tissue-embedded CD45-PE" populations.
F) Blood, LN, skin and spleen were isolated for tissue Treg cell phenotyping by flow cytometry.
Spleen samples were either given the standard (lymphoid tissue) mechanical disruption or (the
non-lymphoid protocol of) enzymatic tissue digestion. Total leukocyte and G) Treg cell numbers
for spleen samples prepared by mechanical or enzymatic digestion of the spleen. H) Frequency
of Treg cells among the isolated CD4* T cell population, for spleen samples prepared by
mechanical or enzymatic digestion of the spleen. Statistical analysis by Sidak's multiple
comparison test on 2-way ANOVA. 1) Phenotypic comparison of mechanical and enzymatic
splenic Treg cells, using blood, lymphoid (cervical LN) and non-lymphoid (skin) out-groups.
Displayed by PCA or J) UMAP, with K) quantified FlowSOM clusters. Statistical analysis by
Tukey’s multiple comparison test on 2-way ANOVA, showing only p values for significant
differences between spleen mechanical and spleen enzymatic populations. L) Heat map of the
Treg cell expression of the markers used for PCA and UMAP analysis, GITR, TIM3, CCR3,
TIGIT, Ly-6C, CCR9, CCR6, CXCR3, CCR2, KLRG1, ST2, CD62L, Neuropilin, CD69, CD44,
CD25, CD95, TNFRII, ICOS, PD-1. Relates to Figure 1.
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Supplementary Figure 3. Minor effects of sex on tissue Treg cell number and phenotype
across multiple tissues. Wildtype mice, aged 12-20 weeks, were injected with intravenous anti-
CD45 antibody label. Major tissues were dissected and lymphocytes purified for flow cytometric
analysis of Treg cell populations. A) Frequency of Treg cells among CD4* TCRB" T cells, per
organ, for female and male mice (n=5/group, representative of two independent experiments).
No statistically significant differences by Sidak's multiple comparisons test on 2-way ANOVA.
B) Absolute number of Treg cells recorded per tissue, box-and-whisker plots showing 2.5-97.5%
interval. Statistical analysis by by Sidak's multiple comparisons test on 2-way ANOVA. C)
tSNE plots showing Treg cell phenotype in male or female Treg cells, gated as viable
CD45"CD3*CD4*Foxp3*intravenously labeled CD45" and built on CCR2, CCR3, CCR6,
CCR9, CD25, CD44, CD62L, CD69, CD95, CD103, CXCR3, GITR, ICOS, KLRG1, Ly-6c,
Neuropilin, PD-1, ST2, TIGIT, Tim-3 and TNFRII for major tissue groups. D) tSNE plots
showing comparisons of the most numerically sexually dimorphic non-lymphoid tissues:
reproductive tissue, white adipose tissue, salivary gland, with kidney as a reference tissue. P-
values by KS test on crossentropy (tSNE-diff) for each pair. Relates to Figure 2.
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Supplementary Figure 4. Impact of age and microbiome on tissue-resident Treg cells. Mice
were perfused and assessed by flow cytometry for tissue Treg cell number and phenotype at 8,
12, 20, 30, 52 and 100 weeks of age (n=5-8). A) Fold change in Treg cell number in the blood,
bone-marrow, lymphoid tissues (thymus, spleen, LN, mLN), non-lymphoid tissues (skin,
muscle, female reproductive tract, lungs, pancreas, brain, white adipose tissue, liver, kidney,
adrenals) and gut-associated tissues (Peyer’s patches and small intestine IEL and LPL). Tissues
displayed on multiple graphs according to the scale of the fold-change. B) Frequency of Treg
cells within CD4" T cell population per tissue and age group, n.d. = not done. P values refer to
effect of age, through linear regression testing. C) tSNE of Treg cell phenotype among blood,
bone-marrow, lymphoid tissues, non-lymphoid tissues and gut-associated tissues at each age,
gated on viable CD45"CD3*CD4*Foxp3* and built on CD103, CD62L, CTLA-4, CD25, CD44,
ICOS, PD-1, KLRG1, Neuropilin, T-bet, Helios, CD69, ST2 and Ki67. D) SPF-housed mice,
gnotobiotic (germ-free) mice and wild-exposed co-housed mice (n=9, 6, 12) perfused and
assessed by flow cytometry for tissue Treg cell phenotype at 8-12 weeks of age, displayed as
PCA plots of expression for the same markers as in C. Graphs separated into blood, bone-
marrow, lymphoid tissues (thymus, spleen, LN, mLN), non-lymphoid tissues (skin, muscle,
female reproductive tract, lungs, pancreas, brain, white adipose tissue, liver, kidney, adrenals)
and gut-associated tissues (Peyer’s patches and small intestine IEL and LPL). Relates to Figure
2.
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Supplementary Figure 5. Immunopeptidome overlap between tissues. Reanalysis of a
published H2DY immunopeptidome of 19 normal tissues from C57BL/6 mice mass spectrometry
dataset *°. A) The fraction of spectral count that correspond to peptides detected only in a single
tissue (Unique), in 2-9 tissues (Some), in 10-18 tissue (Most) or in all tissues (All). B)
Distribution of the spectral count frequency of each peptide depending on their sharing group.
Relates to Figure 6.
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Supplementary Figure 6. Selection of multiplexed tissue Treg cell TCR retrogenics to
reflect the common properties of tissue Treg cell TCRs. A) The selected TCR panel,
representative of the TCRs cloned from the tissue Treg cell population as a whole, were cloned
into FlowCode retroviruses, combining the TCRa and TCRp sequences with a unique triplicate
ProCode epitope combination. B) Rag-deficient bone-marrow stem cells were individually
transduced with the 20 retroviruses and pooled for reconstitution of irradiated mice. After 10
weeks, mice were injected with anti-CD45 antibody and tissue samples were prepared for
analysis by flow cytometry. Cells stained as positive for intravenous anti-CD45 antibody were
gated out prior to downstream analysis. FlowCodeDecoder was used to assign each T cell to the
appropriate TCR clone, based on expression of the 7 epitopes. C) Foxp3™*! male mice at 16
weeks of age were injected with intravenous anti-CD45 antibody label prior to FACS sorting of
Treg cells from blood, kidney, liver, pancreas and LPL (n=4) for analysis by scTCRseq. Cells
stained as positive for intravenous anti-CD45 antibody were gated out prior to downstream
analysis. Top 20 TCRs from the scSeq database, ranked based on the total number of samples
the clonotype was detected in. Heatmaps represent the frequency of detection of each clone,
across the 5 tested tissues and 4 replicate mice. TCR clones 01-10, selected for retrogenic
analysis, are marked. C) Top 10 TCRs from the scSeq database, ranked based on the frequency
with which the clonotypes were detected in mouse 1 kidney, liver, pancreas and LPL samples.
Heatmaps represent the frequency of detection of each clone, across the 5 tested tissues and 4
replicate mice. D) TCR clones 11-21, constituting the top three clones from each tissue, were
selected for retrogenic analysis. E) Plot showing tissue Treg cell TCRs, based on the total
number of cells in which the clone was detected and the number of samples it was detected in
(including both replicate mice and different tissue samples, not including the blood). Selected
clones are indicated and named. F) Bar graph based on public tissue Treg cell clones (identified
in at least two mice, with at least one count per mouse), indicating the fraction that were
observed in only a single tissue across multiple mice (“tissue-restricted”), a single tissue plus
blood (“tissue/blood-restricted”) or across multiple tissues (“multi-tissue). Parallel analysis made
on the 20 selected TCRs. G) Rag-deficient bone-marrow stem cells were individually transduced
with the 20 retroviruses and pooled for reconstitution of irradiated mice. After 10 weeks, tissue
samples were prepared for analysis by flow cytometry. FlowCodeDecoder was used to assign
each T cell to the appropriate TCR clone, based on expression of the 7 epitopes. Individual
results from T cells derived from each of the FlowCode retrogenic TCRs, across the assessed
tissues of spleen, LN, kidney, lung, liver, pancreas and LPLs. For each clone and tissue is shown
the absolute cell count of detected CD4™ T cells (size) together with the frequency of Treg cells
within the population (indicate by colour, with percentage listed on each sample). Relates to
Figure 6.
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Supplementary Figure 7. No correlation between CD69 expression and single-tissue vs
multi-tissue clonality status among tissue Treg cell TCRs. A) Foxp3™*! male mice at 16
weeks of age were injected with intravenous anti-CD45 antibody label prior to FACS sorting of
Treg cells from blood, kidney, liver, pancreas and LPL (n=4) for analysis by scTCRseq. Cells
stained as positive for intravenous anti-CD45 antibody were gated out prior to downstream
analysis. TCR clones, were categorised as single-tissue or multi-tissue based on the detected
samples. Analysis limited to clones detected at least three times. CD69 mRNA expression and
B) CD69 protein expression is displayed per mouse, and average across biological samples. C)
Reciprocal analysis, with Treg cells classified as CD69" at the mRNA or D) protein feature
level, and assessed for the percentage of clones with a multi-tissue detection. E) Rag-deficient
bone-marrow stem cells were individually transduced with 20 FlowCode-barcoded retroviruses,
containing the tissue TCR clones, and pooled for reconstitution of irradiated mice. After 10
weeks, mice were injected intravenously with anti-CD45 antibody and tissue samples were
prepared for analysis by flow cytometry. Cells stained as positive for intravenous anti-CD45
antibody were gated out prior to downstream analysis. FlowCodeDecoder was used to assign
each T cell to the appropriate TCR clone, based on expression of the 7 epitopes. Individual
results from T cells derived from each of the FlowCode retrogenic TCRs, across the assessed
tissues of spleen, LN, kidney, lung, liver, pancreas and LPLs. For each clone and tissue is shown
the absolute cell count of detected CD4" T cells (size) together with the frequency of CD69*
cells within the population (indicate by colour, with percentage listed on each sample). Relates
to Figure 6.
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