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Regulatory T lymphocytes (Treg) play a vital role in the protection of the organism against
autoimmune pathology. It is therefore paradoxical that comparatively large numbers of
Treg were found in the thymus of type I diabetes-prone NOD mice. The Treg population in
the thymus is composed of newly developing cells and cells that had recirculated from the
periphery back to the thymus. We here demonstrate that exceptionally large numbers of
Treg develop in the thymus of young, but not adult, NOD mice. Once emigrated from the
thymus, an unusually large proportion of these Treg is activated in the periphery, which
causes a particularly abundant accumulation of recirculating Treg in the thymus. These
cells then rapidly inhibit de novo development of Treg. The proportions of developing
Treg thus reach levels similar to or lower than those found in most other, type 1 diabetes-
resistant, inbred mouse strains. Thus, in adult NOD mice the particularly large Treg-niche
is actually composed of mostly recirculating cells and only few newly developing Treg.
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! Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Regulatory T lymphocytes (Treg) expressing the transcription fac-
tor Foxp3 are major actors in the control of immune-responses to
self- and non-self [1,2] and of tissue integrity [3]. Their absence
in humans and mice carrying mutations in the FOXP3/Foxp3
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locus leads to lethal pathology early in life [4,5], best illus-
trating their central role in immune-tolerance. Whereas Treg
can also differentiate from conventional T cells (Tconv) in the
periphery, the work of several laboratories highlights the impor-
tance of thymus-derived Treg in protecting the organism from
fatal immune-pathology [6]. In the thymus, at least three factors
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govern the development of Treg: high affinity interactions of TCRs
expressed by developing thymocytes with peptide/MHC ligands
expressed by thymic stromal cells [7]; costimulatory [8–10] and
adhesion molecules [11]; and signals downstream of cytokine-
receptors [12]. Combined, these factors establish a thymic niche
dedicated to Treg development.

Using transgenic mice expressing GFP under the control of the
Rag2 promoter [13], others and we recently showed that two
distinct Treg populations occupy the thymic Treg niche: develop-
ing (GFP+) and fully mature (GFP−) cells [14–16]. GFP− thymic
Treg comprise a population of differentiated and suppressive cells
recirculating from the periphery back to the thymus [15]. Mature
thymic Treg can inhibit de novo Treg development by limiting
the bioavailability of IL-2 [15,17], and apparently also favor Treg
development by neutralizing IL-1β [18]. The proportion of recir-
culating effector/memory Treg strongly increases with age. These
cells already represent almost half of the thymic Treg pool in
8-wk-old C57BL/6 mice and fill the entire thymic Treg-niche in
1-year-old mice. In parallel, thymic production of Treg, but not
Tconv, drastically drops, showing an age-dependent regulation of
Treg development [15].

Several studies have shown quantitative differences in the pro-
portion and numbers of thymic Treg in common inbred laboratory
mouse strains leading to the description of quantitative trait loci
(QTL) determining the size of the thymic Treg niche [19–22].
One of the major quantitative differences was observed between
the type I diabetes-prone non-obese diabetic (NOD) mice which,
paradoxically, have a large thymic Treg niche, and C57Bl/6 (B6)
mice, which are resistant to autoimmune-disease and present
a relatively small Treg-niche [19,22]. Results obtained with in
vitro thymus organ cultures suggested that more Treg develop
de novo in NOD than in B6 mice, but in vivo data are still
lacking.

In light of the described heterogeneity of the population of
thymic Treg [14,15] and of the inhibition that recirculating periph-
eral Treg exert on de novo development of Treg [15], we revisited
thymic development of Treg in several inbred mouse strains, with
a particular emphasis on NOD and B6 mice, using approaches
allowing rigorous distinction between developing and recirculat-
ing Treg.

Results

The NOD thymus has a particularly large Treg-niche

In this study, as in our previously published work [15], we defined
Treg as Foxp3+ cells, irrespective of CD25-expression. This is
based on the observation that CD25− Treg with suppressive func-
tions have been reported in the periphery [23,24], and that we
found substantial proportions of CD25−Treg among recent thymic
emigrants (defined as GFP+ cells in Rag2-Gfp transgenic mice) and
among more mature (GFP−) Treg in the spleen (Supporting Infor-
mation Fig. S1A).

Previous work showed that the thymic Treg niche is greater
in NOD than in B6 mice [19,22]. To assess if NOD mice have
a particularly large or B6 mice, a particularly small Treg niche,
we analyzed Treg-development in the thymus of eight inbred
mouse strains at 8 weeks of age. We found the highest pro-
portion of Treg in NOD mice, only rivalled by that found in
the CBA thymus (Fig. 1A; Supporting Information Fig. S1B). B6
mice had the smallest proportion of Treg among mature CD4SP
thymocytes. These results establish that inbred mouse strains
exhibit a range of thymic Treg frequencies, with NOD and B6
mice representing the high and low extremes respectively of this
range.

NOD thymocytes have a high capacity to differentiate
into Treg

To assess if the relatively large Treg niche in NOD mice corre-
lates with a stronger development of these cells, we next analyzed
the proportions of Treg among mature CD4SP cells in the thymus
of three-day old mice, i.e., before newly developing Treg leave
the thymus and therefore before peripheral Treg recirculate back
to the thymus and inhibit Treg-differentiation. The data on eight
inbred mouse strains show that NOD mice have among the high-
est and B6 mice among the lowest levels of newly developing
Treg (Fig. 1B), which corresponds to the sizes of the Treg-niche
observed at 8 weeks (Fig. 1A). However, whereas in some strains
the levels of newly developing Treg at 3 days of age correlated
with the size of the Treg-niche at 8 weeks (B6, BALB/c, DBA/1,
CBA, NOD), in the other strains it did not (SJL, FVB/N, C3H; cf.
Fig. 1A and B; Supporting Information Fig. S1C). This observa-
tion suggested that in the distinct inbred mouse-strains the Treg
niche in adult mice is composed of different proportions of newly
developing versus recirculating Treg.

Differences in the proportions of recirculating Tregs in
the thymi of inbred mouse strains

To analyze the proportions of newly developing and recirculat-
ing Treg in the thymi of adult WT mice, we first searched for
cell-surface markers that allow for their identification. These two
populations can reliably be distinguished using mice carrying the
Rag2-Gfp and Foxp3-Thy1a reporters [15,25]. We found that a
CCR7highCD73−/low phenotype best corresponded to newly devel-
oping (i.e., GFP+) Treg and a CCR7−/lowCD73high phenotype to
recirculating (GFP−) Treg in both B6 and NOD mice (Fig. 1C).
Using this definition, we found substantial differences in the
proportions of recirculating Treg in thymi from adult mice of
the studied inbred strains (Fig. 1D; Supporting Information Fig.
S1D). While some strains (e.g., CBA, C3H, BALB/c) had rela-
tively few recirculating Tregs at 8 weeks of age, others (e.g., NOD,
FVB/N, SJL) had a large proportion of recirculating Tregs at this
time point. Importantly, these differences in the proportions of
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Figure 1. Comparatively large Treg-niche and
strong Treg-development in the NOD thy-
mus. Thymocytes from indicated inbred mouse
strains were analyzed by flow-cytometry using
antibodies to indicated markers. Proportions
of Foxp3+ cells among CD4+CD8−TCRhigh

(CD4SP) thymocytes from (A) 8-week- or (B)
3-day-old mice. (C) Thymocytes from Rag2-
Gfp Foxp3-Thy1a B6 mice were analyzed by
flow-cytometry. Left panel: CCR7 versus CD73
expression by CD4SP Foxp3+ Treg. Right panel:
GFP-levels on cells gated as indicated in the left
panel. Data from a representative experiment
out of more than four performed is shown.
(D) Thymocytes from 8-week-old WT mice of
the indicated inbred strains (n ! 5/strain) were
analyzed by flow-cytometry and proportions
of recirculating CCR7−/lowCD73high Treg and of
newly developing CCR7highCD73−/low Treg were
determined. Five to nine mice were analyzed
for each strain at 8 weeks in two to three inde-
pendent experiments. Five to 13 mice were ana-
lyzed for each strain at 3 days in two indepen-
dent experiments. Mean values ± SD. ns, not
significant; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001 (Mann–Whitney test), as com-
pared to NOD thymocytes.

recirculating Treg at 8 weeks of age did not correlate with those
observed in the proportions of newly developing cells in 3-day-
old mice (Fig. S1E). They therefore apparently were not caused
by the differences in the initial thymic production of Treg. These
data suggest that two distinct factors, the overall size of the thymic
Treg niche, and the propensity for recirculation of mature Tregs
to the thymus, independently contribute to distinct thymic Treg
compartments in different inbred mouse strains.

The development of Treg in NOD thymi evolves
dynamically with age

The observation that newly developing Tregs were found in
greater proportions in NOD than in B6 mice at 3 days, but not
at 8 weeks of life (Fig. 1B and D) suggests a dynamic change in
thymic Treg production in early life. To explore this phenomenon
in further detail, we performed a longitudinal analysis of the pro-
portions of Treg cells among newly developing (GFP+) mature
CD4SP thymocytes from Rag2-Gfp Foxp3-Thy1a mutant B6 and
NOD mice (Fig. 2A and B; Supporting Information Fig. S2A). Sim-
ilar to our observations in 3-day old mice (Fig. 1B), we observed a
substantially greater proportion of newly developing Treg in NOD
than in B6 thymi at 2- and 3-weeks of age. However, later on
the proportions of newly developing Treg cells rapidly declined
in NOD mice and became comparable to those in B6 animals

(Fig. 2B). Analysis of absolute numbers yielded similar results
(Supporting Information Fig. S2B).

Particularly high levels of recirculating Treg
accumulate in the NOD thymus

We next investigated the mechanisms involved in this drop in Treg
development in NOD thymi. We previously showed that mature
Treg that had recirculated to the thymus inhibit de novo Treg-
differentiation [15]. We therefore assessed the levels of recircu-
lating NOD and B6 cells in the thymic medulla, the site of Treg
differentiation, of NOD and B6 mice. We first performed an analy-
sis of the proportion of recirculating (GFP−) mature Foxp3+ Treg
among CD4SP thymocytes in 2- to 8-week-old NOD and B6 mice.
Substantially higher levels of recirculating Treg were observed in
NOD than in B6 thymi all along the studied time-course (Fig. 2C
and D; Supporting Information Fig. S2C). Importantly, the ratio
of recirculating to newly developing Treg was substantially higher
in NOD than in B6 mice (Supporting Information Fig. S2D). This
result demonstrates that the higher level of recirculating Treg in
NOD than in B6 mice is not solely due to the larger Treg-production
by the NOD thymus. It thus consolidates our conclusion that the
differences in recirculation we observed in the eight studied inbred
mouse strains apparently is not due to the initial thymic output
of Treg (Supporting Information Fig. S1E). Also, the proportions
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Figure 2. Dynamic changes in the composition of the Treg niche during the first weeks of age. Thymocytes from Rag2-Gfp Foxp3-Thy1a NOD
and B6 mice were analyzed by flow-cytometry and confocal microscopy using antibodies to indicated markers. (A) Thymocytes were from 3-
and 8-week-old NOD and B6 mice, as indicated. Shown is the expression of Thy1.1 versus CD25 on CD4+CD8−TCRhighGFP+ thymocytes, gated
as in Supporting Information Fig. S2A. Depicted gates were used to quantify newly developing Treg. (B) Quantification of developing Treg. Each
symbol represents the mean of 7–14 individual measurements ± SD, pooled from one to four independent experiments per time-point. See
Supporting Information Fig. S2B for absolute numbers. (C) Thymocytes were from 3- and 8-week-old NOD and B6 mice, as indicated. Shown is
the expression of GFP vs. Thy1.1 on CD4+CD8−TCRhigh thymocytes, gated as in Supporting Information Fig. S2B. Depicted gates were used to
quantify recirculating Treg. (D) Quantification of recirculating Treg. Each symbol represents the mean of 7–14 individual measurements ± SD,
pooled from one to four independent experiments per time-point. See Supporting Information Fig. S2C for absolute numbers. ns, not significant;
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (Mann–Whitney test). (E) Confocal microscopy of medullary sections of thymi of Rag2-Gfp Foxp3-Thy1a
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of recirculating Tconv among CD4SP thymocytes were somewhat
higher in NOD than in B6 thymi up to 6 weeks of age and sub-
stantially higher at 7 and 8 weeks (Supporting Information Fig.
S2E–G). However, we previously showed that fully mature recir-
culating Tconv do not quantitatively alter Treg development [15],
and therefore did not further investigate this issue.

Using confocal microscopy, we found recirculating Treg almost
exclusively in the thymic medulla (Supporting Information Fig.
S2H), suggesting that the proportion of recirculating Treg among
CD4SP cells should reflect the density of these cells within the
thymic medulla. To verify this issue, we analyzed by confocal
microscopy the density of recirculating Treg in the thymic medul-
lae of NOD and B6 mice. Cortical and medullary areas were
distinguished based on expression levels of GFP, high in cor-
tical CD4+CD8+ double positive and lower in medullary CD4
or CD8 single positive thymocytes. In agreement with the flow-
cytometry data (Fig. 2C and D), we observed approximately
twofold higher densities of recirculating GFP− Treg in the medul-
lae of NOD than in those of B6 thymi, at 3 and 8 weeks of age
(Fig. 2E and F).

Combined, these data show that NOD mice have a larger thymic
Treg-niche than B6 mice (Fig. 1A) and that substantially more
recirculating Treg accumulate in the thymus of NOD than of B6
mice (Fig. 2D; Supporting Information Fig. S2H). The size of this
niche in NOD and B6 thymi is quite stable from 2 to 8 weeks of age
(Supporting Information Fig. S2I). By contrast, its composition is
much more dynamic. In agreement with the literature [15], an
increase in recirculating cells and a drop in developing cells are
observed with age, more so in NOD than in B6 mice (Supporting
Information Fig. S2I).

Thymic recirculating Treg in NOD and B6 mice have
similar phenotypes

To identify the reason(s) for the greater levels of recirculating
Treg in the NOD as compared to the B6 thymus, we first ana-
lyzed and compared their phenotypes at 3 weeks of age. In agree-
ment with previous findings [14,15], we found that whereas newly
developing GFP+ Treg had mostly a naive phenotype (Supporting
Information Fig. S3A), many recirculating GFP− Treg displayed a
CD44highCD62Llow activated/memory phenotype (Fig. 3A). Size-
able proportions of recirculating (but not newly developing) Treg
in NOD and B6 thymi also expressed the surface markers CD103,
TIGIT, and ST2, all associated with Treg activation (Fig. 3A; Sup-
porting Information S3A). Most GFP−Treg also expressed CXCR4,
a chemokine receptor implicated in Treg re-entry into the thymus,
whereas GFP+ Treg expressed lower levels (Fig. 3B). Despite their
medullary localization, recirculating GFP− Treg expressed lower
levels of CCR7 than newly developing GFP+ Treg. Interestingly,

whereas most GFP− Treg in B6 mice expressed CCR6, as previ-
ously reported [25], a sizeable proportion of recirculating Treg in
NOD mice did not. The latter observation emphasizes the need
for identification of more reliable markers for newly developing
versus recirculating Treg in WT mice.

mRNA-sequencing analysis of GFP− Treg from NOD and B6
thymi revealed only 491 genes that were differentially expressed in
NOD versus B6 recirculating Treg (Fig. 3C). We found some differ-
ences in the expression of genes differentially expressed between
resting and activated Treg [26] (Fig. 3D). However, examination
of the thus identified genes did not reveal any obvious reason for
the difference in recirculation (Supporting Information Fig. S3B
and Table S1). We did not find a statistically significant differ-
ence in expression of this gene-set as a whole neither (Fig. 3D).
Examination of selected gene-sets involved in T cell-development,
-activation, or -differentiation, in lymphocyte-homing, or in Treg-
effector functions only revealed one with a statistically signifi-
cant difference (p < 0.05, FDR < 0.25) between NOD and B6
recirculating Treg: “regulation of IL-17 production” (Supporting
Information Table S2), which is not obviously linked to Treg-
recirculation. Unsupervised gene-ontology analysis of the 491 dif-
ferentially expressed genes did not reveal any obvious link to Treg-
recirculation neither (Supporting Information Fig. S3C and Table
S3).

Taken together, these phenotype and transcriptome data indi-
cate a great similarity between the recirculating Treg found in the
thymi of NOD versus B6 mice. They thus did not reveal informa-
tion on why we found more recirculating Treg in the NOD than in
the B6 thymus.

Increased activation of Treg in the periphery of NOD
mice promotes their greater recirculation to the
thymus

It was previously shown that mainly activated T cells migrate
back to the thymus [27]. The activated phenotype of recirculat-
ing GFP− Treg in B6 [14,15] and NOD (Fig. 3) mice is consistent
with this observation. The higher levels of recirculating Treg in
the NOD as compared to the B6 thymus may therefore be due to
greater activation of Treg in the periphery of NOD mice. To test this
hypothesis, we compared the phenotype of fully mature (GFP−)
splenic NOD and B6 Treg by flow cytometry. We found substan-
tially higher proportions of CD44highCD62Llow activated/memory
cells among splenic Treg in NOD than in B6 mice (Fig. 4A; Sup-
porting Information Fig. S4A). We also examined the proportion of
differentiated, CD103+ cells within the mature splenic Treg pop-
ulation. Again, we found substantially more CD103+ cells among
GFP− Treg in NOD than in B6 mice (Fig. 4B). Expression of ST2,
a component of the receptor for IL-33, identifies a population

!
NOD and B6 mice. Cortex and medulla were distinguished based on GFP intensity level (green). The white arrow denotes a developing Treg, the
yellow one a recirculating Treg. Three independent samples were analyzed per condition. Recirculating GFP−Foxp3+ Treg were quantified using
Imaris-software. The scale bar in the lower left panel represents 5 µm. (F) Density of recirculating Treg in the medulla of NOD and B6 thymi. Each
symbol represents one individual mouse per experiment with three to five different sections analysed. *p < 0.05; ***p < 0.001 (Student t-test).

C⃝ 2020 Wiley-VCH GmbH www.eji-journal.eu
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Figure 3. Similarity between recirculating thymic Treg in B6 and NOD mice. (A and B) Flow-cytometry analyses of electronically gated
CD4+CD8−GFP−Thy1.1+ recirculating thymic Treg from Rag2-Gfp Foxp3-Thy1a NOD and B6 mice. Antibodies against indicated surface molecules
were used in addition to the ones used for identification of the recirculating Treg. Each symbol indicates a single animal. Data are from one
experiment on mice 3-weeks-of-age, similar results were obtained in an independent experiment with mice 2-weeks-of-age. ns, not significant;
*p < 0.05; **p < 0.01 (Mann–Whitney test). (C and D) Transcriptomic analysis (RNAseq) of FACS-sorted CD4+CD8−TCRhighGFP−Thy1.1+ recirculating
thymic Treg from Rag2-Gfp Foxp3-Thy1a NOD and B6 mice. (C) Volcano plot showing the differentially expressed genes. FC, NOD/B6 fold change;
n, number of differentially expressed genes (adjusted p < 0.05, normalized counts > 100, green FC " 0.5, red FC ! 2). (D) Enrichment plot for the
“Treg activation signature” gene-set [26] is shown. The enrichment score and the gene-ranking correspond to NOD versus B6. FDR, false discovery
rate. Three independent biological replicates (each containing cells from 8 to 17 pooled NOD and B6 thymi) were analyzed.

of highly suppressive Treg preferentially localized in tissues [3].
We found much higher proportions of ST2+ cells among GFP−

splenic Treg in NOD than in B6 mice (Fig. 4C). Taken together,
these data show that the fraction of Treg displaying a highly acti-
vated and differentiated phenotype is substantially higher in the
periphery of NOD than that of B6 mice. A higher level of recircu-
lating Treg in the NOD than in the B6 thymus therefore correlates

with a higher proportion of activated cells among Treg in the
periphery.

To assess if the correlation between the levels of activated
Treg in the periphery and recirculating cells in the thymus is
a general phenomenon, we analyzed the proportions of acti-
vated cells among peripheral CD4+Foxp3+ Treg in eight inbred
mouse-strains and compared it to the proportions of recirculating

C⃝ 2020 Wiley-VCH GmbH www.eji-journal.eu
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Figure 4. Hyperactivation of peripheral NOD Treg explains their greater recirculation back to the thymus. (A–C) Flow-cytometry analyses of
electronically gated CD4+CD8−GFP−Thy1.1+ splenic Treg using antibodies to these and indicated markers. Depicted electronic gates were used for
the quantifications shown in the right panels. Each symbol indicates a single animal. Data are from two independent experiments. (D) Thymocytes
from WT animals of the indicated inbred mouse strains were analyzed by flow-cytometry using antibodies to indicated markers. Shown are the
proportions of activated CD62LlowCD44high cells among CD4+CD8−Foxp3+ Treg in the spleen versus recirculating CCR7−/lowCD73highFoxp3+ Treg
among CD4+CD8−TCRhigh (CD4SP) cells in the thymus. The red line indicates a linear regression curve, R2 = 0.63, p < 0.0001. Five to nine mice
were analyzed for each strain in two to three independent experiments. (E) Treg freshly isolated from spleens of Rag2-Gfp Foxp3-Thy1a NOD and B6
mice were co-injected i.v. into (B6 × NOD)F1 hosts. Twenty-four hours later, injected Thy1.1+ NOD (H-2Kd+) and B6 (H-2Kb+) Treg were identified in
indicated organs by flow-cytometry using antibodies to indicated markers. Numbers near gates indicate the frequency (%) among injected cells. A
representative experiment is shown. Right panel: Efficiency of migration of injected NOD and B6 Treg to the thymus is expressed as ratio of these
cells found in the thymus versus spleen. Each symbol indicates a single animal, results are from three independent experiments. (F) As in (E), but
Treg were activated ex vivo prior to injection. Mean values ± SD. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (Mann–Whitney test).

CCR7−/lowCD73high Treg among CD4SP thymocytes in these mice.
We thus found a direct correlation between the levels of activated
Treg in the spleen and recirculating Treg in the thymus (Fig. 4D).

This observation suggests that the higher proportions of recir-
culating (GFP−) cells we found among Treg in the NOD as com-
pared to the B6 thymus was due to the substantially higher fre-
quencies of activated cells among peripheral Treg in NOD mice. To
directly test this hypothesis, we adoptively transferred Treg and
assessed their migration to the thymus. We purified Treg from
peripheral lymphoid organs of 3-week-old Foxp3-Thy1a mutant
NOD and B6 mice and injected a mix of them i.v. into NK-cell-
depleted (NOD × B6) F1 hosts. The day after, we analyzed the
accumulation of transferred Treg in the spleen and the thymus

(Fig. 4E). The proportion of NOD and B6 cells among transferred
Treg found in the spleen was taken as the proportion of surviv-
ing injected cells. NOD and B6 Treg-migration to the thymus was
expressed as the ratio of the percentages of NOD or B6 cells among
transferred Treg found in the thymus versus spleen. As shown in
Fig. 4E, proportionally more NOD than B6 Treg had migrated to
the thymus. These data may be explained by our observation that
there are more activated cells among NOD than among B6 Treg.
To directly assess this possibility, we ex vivo pre-activated NOD
and B6 Treg, adoptively transferred them into (NOD × B6) F1
hosts, and analyzed their migration to thymus. The results demon-
strate that ex vivo activated NOD and B6 Treg equally efficiently
migrated to the thymus (Fig. 4F).

C⃝ 2020 Wiley-VCH GmbH www.eji-journal.eu
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Figure 5. Recirculating intrathymic Treg protect better from
immunopathology than freshly developing Treg. Treg-depleted spleno-
cytes were injected in NOD Cα° mice alone (w/o Treg cells) or comple-
mented, to original Treg-proportions, with GFP+ or GFP− thymic Treg.
(A) Survival (see Materials and Methods section) and (B) weight of the
mice was monitored over time (mean values ± SD). w/o Treg cells, n
= 8 individuals; +GFP+ Treg cells, n = 6 mice; +GFP− Treg cells, n = 8
mice, data are pooled from two (w/o Treg) to three (+Treg) independent
experiments. Log Rank (Mantel-Cox) test: ns, not significant; *p < 0.05;
***p < 0.001. (C) Camembert-chart indicating the cause of death of exper-
imental animals.

Taken together, these data indicate that the greater proportions
of recirculating Treg we found in the NOD than in the B6 thymus
were not due to an intrinsic difference in the ability of activated
Tregs from NOD mice to home to and accumulate in the thymus,
but rather a reflection of the higher proportion of activated Tregs
in the periphery of NOD mice.

Recirculating NOD Treg protect better against
experimental immunopathology than newly
developing cells

Since (presumably antigen-driven) peripheral activation strongly
favors Treg recirculation back to the thymus, we hypothesized that
recirculating Treg have a more pronounced in vivo function than
newly developing cells. To assess this postulate, we performed
adoptive transfer experiments. Foxp3-Thy1a mutant splenocytes
were depleted of Thy1.1+ Treg and subsequently reconstituted
(or not) with thymic GFP+ or GFP− Treg to original levels of Treg.
These cells were i.v. injected into Cα-mutant NOD mice, which
lack TCRαβ-expressing T cells. The control group receiving only
Treg-depleted splenocytes rapidly died. Co-injection of GFP+ Treg
delayed mortality. Interestingly, co-injection of GFP−Treg delayed
mortality substantially more (Fig. 5A). In contrast to the mice that
had received thymic GFP+ Treg, which lost weight over time,
the weight of the mice that had received GFP− Treg remained
stable during the whole duration of the experiment (24 weeks,
Fig. 5B). Determination of the symptoms of pathology develop-
ing in the mice of the three experimental groups confirmed that
thymic GFP− Treg controlled pathology better than their GFP+

counterparts (Fig. 5C). Taken together, these data show that recir-

culating thymic Treg are particularly capable of protecting against
immunopathology.

Greater accumulation of recirculating Treg in NOD
thymus leads to stronger inhibition of Treg
development

As shown in Fig. 2B, higher levels of Treg developed in the thymi
of 2- and 3-week-old NOD than B6 thymi. However, starting at 4
weeks of age, the levels of Treg development in these two mouse-
strains were indistinguishable. Treg development appears there-
fore more inhibited with age in NOD than in B6 mice. We pre-
viously showed that recirculating Treg inhibit the de novo devel-
opment of Treg in FTOC and in B6 mice [15]. Analysis of the
levels of CCR7−/lowCD73high recirculating and CCR7highCD73−/low

newly developing Treg in the eight inbred mouse strains revealed
an inverse correlation between these two parameters (Fig. 6A),
supporting our conclusion that recirculating Treg inhibit the de
novo development of Treg.

We previously reported that recirculating Treg inhibit develop-
ment of Foxp3+ Treg but not of Foxp3−CD25+ precursors [15].
In agreement with this conclusion, we found that, whereas the
proportions of Foxp3−CD25+ thymocytes dropped both in B6 and
NOD mice, the decline was similar in B6 and NOD mice (Support-
ing Information Fig. S5).

The stronger decline in Treg development in NOD than in B6
mice (Fig. 2B) is therefore likely caused by the higher propor-
tions of recirculating Treg we found in the NOD than in the B6
thymus (Fig. 2D). However, it may also be due to a hypotheti-
cal higher intrinsic capacity of recirculating NOD Treg to inhibit
de novo Treg development. To assess the latter possibility, we
analyzed the correlation between the levels of recirculating and
newly developing Treg in the thymi of B6 and NOD mice. To com-
pare Treg-development in thymi with similar levels of recirculating
Treg in the thymus, we used data from B6 mice of 2–53 weeks of
age and from NOD mice of 2–8 weeks of age. The correlation of
recirculating versus newly developing NOD Treg essentially par-
alleled that of B6 cells (Figs. 6B and C). This result suggests that
the intrinsic capacity of recirculating NOD Treg to inhibit de novo
development of Treg is not different from that of B6 cells, which
is consistent with their quite similar phenotypes (Fig. 3).

If the decline in Treg development we observed in NOD thymi
is caused by recirculating Treg, decreasing the levels of the lat-
ter cells should increase Treg development. To assess this, we
repeatedly i.v. injected anti-CD4 antibody for 3 weeks to deplete
peripheral CD4+ T cells. This treatment substantially reduced the
proportions of conventional and of regulatory CD4+ T cells in the
spleen (Supporting Information Fig. S6A). Whereas thymic cel-
lularities were unaltered (Supporting Information Fig. S6B), we
observed a substantial reduction in the levels or recirculating GFP−

Treg in the thymus (Figs. 6D and E). Whereas the proportions
of the distinct populations of developing thymocytes, including
CD4SP cells, did not change in anti-CD4 treated mice (Supporting
Information Fig. S6C), we observed a significant increase in the
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Figure 6. Recirculating Treg in the thymus inhibit de novo development of Treg. (A) Thymocytes from 8-week-old mice of the indicated inbred
mouse-strains were analyzed by flow-cytometry using antibodies to indicated markers. The proportions of recirculating CCR7−/lowCD73high versus
newly developing CCR7highCD73−/low Foxp3+ Treg among CD4+CD8−TCRhigh (CD4SP) thymocytes are depicted for each individual mouse analyzed.
The red line indicates a one-phase regression curve, R2 = 0.37. Five to nine mice were analyzed for each strain in two to three independent
experiments (B and C) Thymocytes from Rag2-Gfp Foxp3-Thy1a B6 and NOD mice were analyzed by flow-cytometry. The proportions of recirculating
GFP− versus newly developing GFP+ Thy1.1+ Treg among CD4+CD8−TCRhigh (CD4SP) thymocytes are depicted for each individual mouse analyzed.
To compare mice with similar proportions of recirculating Treg in the thymus, B6 mice were of 2–53 weeks of age, NOD mice of 2–8 weeks of
age. Each symbol indicates a single animal. Data are pooled from 29 (B) and 21 (C) independent experiments. Linear regression curves and their
equations are shown. (D) Three-week-old Rag2-Gfp Foxp3-Thy1a NOD mice were injected with anti-CD4 (or control) antibody every 3 days during
3 weeks. Their thymocytes were analyzed by flow cytometry at day 21 after the first injection. GFP versus Thy1.1 expression by electronically
gated CD4SP thymocytes. (E) Indicated are the proportions of recirculating GFP− Treg among CD4SP thymocytes (upper-left quadrant in D) as
percentages of the mean values found in the mice of the control group, for each performed experiment (n = 11 control and 13 treated mice from
three independent experiments). (F) As in (E), but indicated are the proportions of newly developing GFP+ Treg. Bars indicate mean values ± SD.
***p < 0.001; ****p < 0.0001 (Mann–Whitney test).

proportions of developing Treg (Fig. 6D and F). These data thus
consolidate our conclusion that, as we previously showed for B6
mice [15], in NOD mice recirculating Treg inhibit intrathymic de
novo Treg-development.

Discussion

Here, we show that in the type I diabetes-prone NOD mouse-
strain the thymic niche for Treg is, paradoxically, exceptionally
large. Consistently, the capacity of thymic precursors to develop
into Treg is greater in NOD mice than in most other inbred mouse-
strains we studied. However, relatively large proportions of Treg
are activated in the NOD periphery and these cells migrate back to

the thymus. This leads to a relatively strong inhibition of de novo
Treg development in the NOD thymus. As a consequence, Treg
development in adult NOD mice is quantitatively quite similar to
that in adults of several other inbred mouse strains. Thus, very
dynamic mechanisms quantitatively control Treg development in
the thymus and link this process to activation of Treg in peripheral
tissues and organs.

Our results are in apparent opposition with reports document-
ing enhanced thymic development of Treg in NOD mice through
life [19,22]. However, previous work did not take into account
the heterogeneity of the thymic Treg population, composed of
developing cells and, with age, ever larger proportions of periph-
eral Treg that had recirculated back to the thymus [15]. In the
current study, the use of Rag2-Gfp mice allowed us to perform a
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longitudinal analysis and comparison of the amount of de novo
generated thymic Treg in NOD and B6 mice. While enhanced Treg
development was observed in NOD thymi during the first 3 weeks
of life, consistent with previous reports [19,22], comparable pro-
portions of developing Treg were seen in the two strains from 4
weeks-of-age on. These results emphasize the importance of dis-
tinguishing differentiating and recirculating cells when studying
Treg development in the thymus.

If and how these findings affect the peripheral repertoire and
function of NOD Treg remains to be determined. Recent work
underlined the key role of neonatal Treg in protection of the
organism from fatal immune diseases [28]. Since recirculating
Treg inhibit the development of new Treg from 3 to 4 weeks of
age on, this mechanism should not affect the generation of neona-
tal Treg. However, it may be linked to the observation that Treg
developing later on inefficiently protect from lethal autoimmune
pathology in the experimental system used by these authors. A
strong decline in Treg production early in life may contribute to
the generation of a more restricted repertoire of TCR expressed
by NOD than B6 Treg, as suggested by the work of Ferreira [29],
which could impair peripheral Treg responses.

Several groups reported that mostly activated T cells migrate
back to the thymus (reviewed in [27]). Our results indicate
that heightened activation of peripheral NOD Treg explains their
increased recirculation back to the thymus early in life. We indeed
observed exceptionally high amounts of effector and differenti-
ated Treg in the periphery of young NOD as compared to seven
other inbred mouse strains, directly correlating with the levels of
recirculating cells in the thymus. Moreover, in adoptive transfer
experiments of ex vivo activated NOD and B6 Treg, these cells dis-
played comparable capabilities to recirculate back to the thymus.
At least two hypotheses can explain the hyper-activation of periph-
eral neonatal NOD Treg. (I) It has been previously suggested that
NOD mice are lymphopenic [30]. Since the repertoire of Treg (but
not Tconv) is enriched in self-reactive cells [31], these cells could
expand more in NOD than B6 mice. However, adoptive transfer
experiments in lymphopenic hosts have actually shown that NOD
Treg proliferate less than their B6 counterparts [32]. (II) Alterna-
tively, the repertoire of NOD Treg may be more auto-reactive than
the one of B6 mice, resulting in a greater activation of NOD than B6
peripheral Treg. This hypothesis is supported by a study showing
an enrichment in self-reactive CD4+ T cells in NOD (as compared
to B6) mice [33]. It is tempting to speculate that thymic selection
of high affinity/avidity Treg leads to their peripheral activation
and expansion [34] and, as a consequence, to their recirculation
back to the thymus where they suppress de novo development of
Treg.

It was previously shown that autospecific Treg are activated in
the periphery [34]. Given that mainly activated T cells re-enter the
thymus [27], the recirculating Treg therefore presumably are, at
least in part, autospecific. In support of this hypothesis, we found
that recirculating Treg protect better against immunopathology
than newly developing cells, which have not undergone this
“selection-process” in the periphery. This observation suggests that
recirculating Treg in the thymus reflect (auto-)immune-responses

going on in the periphery. They may therefore contribute to a
hypothetical modulation of T cell-selection by peripheral immune
responses, as previously hypothesized for cytotoxic T cells [35].
This hypothesis would merit further investigation.

Interestingly, in seven and 8-week-old thymi from NOD but
not B6 mice, we also observed substantially greater proportions
of Tconv that had recirculated from the periphery back to the thy-
mus. This observation probably correlates with increasing periph-
eral activation of NOD T cells with age, insulitis starting in 3-
week-old animals and progressing over time [36]. It was recently
shown that recirculating Tconv, via RANK signaling, boost mTEC
differentiation ultimately leading to exhaustion of TEC precur-
sors [37]. Increased recirculation of regulatory and conventional
T cells, both expressing high levels of RANKL [15,37], could there-
fore contribute to the accelerated thymic involution and medulla
disorganization observed in NOD mice [38].

In conclusion, enhanced peripheral activation of Treg in young
NOD mice results in their increased migration back to the thy-
mus where they inhibit the development of new Treg. It will be
important in the future to determine if and how recirculating Treg,
for example, by interacting with thymic stromal cells, modify the
specificity-based selection of developing thymocytes. This process
could contribute to the reported age-related change in the devel-
opment of autoreactive T cells observed in NOD mice [39].

Materials and methods

Mice

Rag2-Gfp B6 mice [13] were kindly provided by Pamela Fink and
Foxp3-Thy1a B6 mice [40] by Adrian Liston. Rag2-Gfp B6 mice
and Foxp3-Thy1a B6 mice were speed-backcrossed to NOD/LtJ
as previously reported [41]. After reaching NOD homozygosity
for all the Idd-loci tested (5–6 generations), additional back-
cross to NOD/LtJ was performed for 10 generations. Glycosuria
was routinely tested. Animals were considered diabetic when
their glycosuria was !0.5 g/dL. Positive mice were excluded
from the analysis. NOD/LtJ and CD45.1 B6 mice were used
to generate (NOD×B6) F1 animals. NOD/Cα° (NOD.129P2(C)-
Tcratm1Mjo/DoiJ) mice were kindly provided by Dr. Sylvie Guerder
and originally obtained from JAX laboratories. BALB/cJ, CBA,
C3H/HE, DBA/1, and FVB/N mice were obtained from Janvier;
SJL mice were from Charles River. All experiments involving ani-
mals were performed in compliance with governmental and insti-
tutional guidelines (ethical approval APAFIS#4151-201602171
0481496.v6).

Antibodies

The following monoclonal antibodies (mAbs) and secondary
reagents were used: Pacific Blue-labeled anti-CD4 (GK1.5),
Biotin-labeled anti-CD4 (RM4.4), PE-CF594-labeled anti-CD8α
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(53.6.7), PE-Cy7- and PE-labeled anti-CD25 (PC61), Biotin-
labeled anti-TCRβ (H57-597), APC-labeled anti-Thy1.1 (OX-7),
AF647-labeled CCR6 (140706) (all from BD Bioscience); Biotin-
labeled anti-Thy1.1 (HIS51), PE-labeled anti-TCRβ (H57-597),
PE-Cy7-labeled or PerCpCy5.5-labeled or APC-EF780-labeled anti-
CD44 (IM7), APC or PE-labeled anti-CD62L (MEL-14), PE-Cy7- or
PE-labeled streptavidin, Biotin-labeled anti-CD103 (2E7), PerCp-
ef710-labeled anti-TIGIT (GIGD7), PE-labeled anti-H-2Kd (SF1-
1.1), Biotin-labeled anti-H-2Kb (AF6-88.5), Biotin-labeled anti-
ST2 (RMST2-2), Biotin-labeled anti-CXCR4 (2B11), PE-labeled
anti-CCR7 (4B12), EF660-labeled anti-Foxp3 (FJK16S) (all from
eBioscience); and BV605-labeled anti-CD73 (TY/11.8) (from
Biolegend).

Flow cytometry

Sample preparation and staining were essentially performed as
previously described [42]. FACS data were acquired using an
LSRII or a Fortessa flow cytometer (BD Biosciences, San Jose,
CA) and analyzed using FlowJo software (Tree Star, Ashland,
OR). Doublets and dead cells were excluded from the analysis by
using appropriate FSC/SSC gates. For CCR7 and CXCR4 staining,
cells were incubated in complete medium with CCR7- or CXCR4-
specific antibodies during 45 min at 37°C, and 45 min at RT for
CCR6.

Purification of Treg

Splenocytes and LN cells from 3-week-old NOD and B6 Rag2-Gfp
Foxp3-Thy1a mice were depleted of erythrocytes and incubated
with a mixture of anti-FcγRIII/FcγRII (2.4G2), anti-CD8α (H59),
anti-MHC-II (M5/114), and anti-B220 (RA3-6B2) antibodies (all
purified from hybridoma culture supernatants). Labeled cells were
eliminated with anti-rat IgG antibody-coated Dynabeads (Invit-
rogen). The resulting population was stained with APC-labeled
anti-Thy1.1 and then incubated with anti-APC microbeads (Mil-
tenyi Biotec) and positively selected using MS columns (Miltenyi
Biotec). Purity (>95%) and activation status were assessed by
flow cytometry. Thus purified Treg cells were transferred into
recipient mice, either directly after purification or after ex vivo
activation.

Ex vivo activation of Treg cells

Purified B6 and NOD Rag2-Gfp Foxp3-Thy1a+ Treg cells were
cultured in 96-well round-bottom plates coated with anti-CD3ε

(2C11, 5 µg/mL) and anti-CD28 (37.51, 1 µg/mL) (BioXcell)
mAbs in the presence of IL-2 (500 U/mL) (Roche). After 2 days,
cells were transferred to uncoated 96-well flat-bottom plates
and cultured for five additional days in the presence of IL-2
(500 U/mL). At day 7, Treg cells were harvested and adoptively
transferred.

Treg cell adoptive transfer

Freshly purified or ex vivo activated B6 and NOD Treg cells
were mixed at a 1:1 ratio. (NODxB6) F1 recipient mice were
injected i.p. with 100 µg of anti-NK-1.1 mAb (PK136, BioXcell)
to deplete NK cells and, 24 h later, i.v. injected with Treg cells
(4 × 106 cells/mouse). Twenty-four hours after adoptive trans-
fer, the spleen and thymus of the recipient mice were collected
and thymocytes were depleted of CD8+ cells using an anti-CD8α

hybridoma (31M) supernatant and rabbit complement. Cells were
then labeled with indicated antibodies and analyzed by flow
cytometry. Injected cells were identified as CD4+Thy1.1+; NOD
and B6 cells were identified as expressing H-2Kd and H-2Kb,
respectively.

Confocal microscopy

Thymi from 3- and 8-week-old Rag2-Gfp Foxp3-Thy1a B6 and NOD
mice were fixed overnight in a 2% paraformaldehyde solution at
4°C. Thymi were then washed in PBS and dehydrated in suc-
cessive sucrose baths (10, 20, and 30% in PBS). Organs were
then embedded in TissueTek OCT compound (Sakura, Japan)
and frozen. Blocks were mounted into a cryostat (Leica, Ger-
many) and 6 µm-thick sections were collected. Sections were
rehydrated in PBS, permeabilized with 0.1% Triton X-100 in PBS
and stained with directly labeled antibodies overnight at 4°C,
followed, if applicable, by streptavidin staining for 4 h at 4°C.
Sections were mounted in Mowiol mounting medium (Sigma–
Aldrich) and images acquired with a Leica SP8 confocal micro-
scope with a 63× objective. Images were analyzed with Imaris
scientific software (Bitplane, USA). The GFP intensity of cortical
and medullary thymocytes was calculated for a spot 4 µm in diam-
eter for every Foxp3+ CD4+ cell. For determination of background
values of GFP intensity, spots 4 µm in diameter were analyzed in
interstitial regions of the thymus. Cortical and medullary regions
were distinguished based on the GFP intensity of the thymocytes
(cortex ! 80 > medulla).

The following antibodies were used: Pacific Blue-labeled
anti-CD4 (RM4-5) (BD Bioscience); EF660-labeled anti-Foxp3
(FJK-16S), EF570-labeled anti-Foxp3 (FJK-16S)(both from eBio-
science), and AF488 labeled anti-GFP (A-21311) (Invitrogen).

RNA sequencing and data analysis

After complement or magnetic bead-mediated depletion of CD8+

cells, GFP− CD4+ Thy1.1+ Treg were FACS-sorted from thymi
of 3-week-old Rag2-Gfp Foxp3-Thy1a male B6 and NOD mice.
Total RNA was extracted with miRNeasy micro kit (Qiagen, USA)
and its quality was controlled using an Agilent 2100 BioAnalyzer
(Agilent technologies, USA). Three independent biological repli-
cates (each containing cells from 8 to 17 pooled NOD and B6
thymi) were analyzed. Libraries for RNA-sequencing (RNA-seq)
were prepared using the TruSeq Standard Total RNA LT protocol
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(Illumina, USA), using 50–100 ng of high-quality RNA
(RIN > 8.5). The quality of each library was checked using an
Agilent 2100 BioAnalyzer. Samples were indexed and sequenced
on Illumina HiSeq3000.

The reads were trimmed with the Trimmomatic tool [43],
after which they were aligned to the mouse reference genome
mm10 (GRCm38.95) plus the alternative patch of this genome
(GRCm38.dna.alt.fa), and quantified, using STAR (v.2.6) [44].
Differential expression analysis and normalization of the counts
were performed using DESeq2 (v.1.16.1) [45]. Genes with an
adjusted p-value < 0.05 (Benjamini & Hochberg), fold change
> 2, and mean normalized counts > 100 in at least one strain
were selected (depicted in Fig. 3D). For Fig. 3C and Support-
ing Information Table S3, the Gene set enrichment analysis
was performed with the normalized counts of the three repli-
cates of NOD and B6 mice, the enrichment score is NOD/B6.
The gene sets were selected from the GO terms knowledgebase
(biological process), or from published data: “Treg canonical sig-
nature” and “Treg activation signature” [26], “Recirculating Treg
signature” [15], “Treg perinatal signature” [28], and “Th1-Th2-
Th17 signature” [46]. In Supporting Information Fig. S3B, the
heatmaps were generated normalizing the mean to zero and
a variance of log2(1.2) per gene and graphed with the pack-
age “heatmap.2.” An unsupervised Gene ontology analysis was
performed using the web tool GOrilla [47], and the enriched
terms (shown in Supporting Information Table S2) were then
treated with the web tool REVIGO [48] to group the redundant
terms. The RNAseq data are available in the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds)
under the accession number GSE145713, the R scripts are
available in https://github.com/arielgalindoalbarran/NOD_Treg_
recirculation.

Adoptive transfer into NOD Cα° mice

Splenocytes of 10–13-week-old prediabetic Rag2-Gfp Foxp3-Thy1a
NOD mice were depleted of erythrocytes and then incubated with
APC-labeled anti-Thy1.1 mAb (OX7) and anti-APC microbeads
(Miltenyi Biotec). Treg cells were then depleted using a sensi-
tive depletion program (depl025) on the Automacs Pro Separa-
tor (Miltenyi Biotec). Eleven- to 16-week-old NOD Cα° mice were
injected with 106 Treg-depleted splenocytes alone (control group)
or reconstituted (to original proportions) with GFP+ (developing)
or GFP− (recirculating) Treg (CD4+ Thy1.1+) cells, FACS-sorted
from thymi of 2–3-week-old Rag2-Gfp Foxp3-Thy1a NOD mice.
Weekly, glycosuria and weight loss were monitored. Mice tested
positive for glycosuria, that lost 20% of their maximal body weight,
or that showed signs of suffering (e.g., hunched body), were euth-
anized. Remaining mice were euthanized 24 weeks after adop-
tive transfer, and necropsy was performed. Mice that had devel-
oped macroscopically visible lymphomas (i.e., thymoma, severe
spleno-, or lymphadeno-megaly), a pathology previously described
in lymphopenic NOD mice [49,50], were excluded from the
analysis.

In vivo CD4 T-cell-depletion

Three-week-old NOD mice were injected i.p. with anti-CD4
(GK1.5, BioXCell) or isotype matched control (ratIgG2b/κ, BioX-
Cell) antibodies. Mice were first injected with 0.2 mg of antibody
and then received 0.1 mg of antibody every 3 days during the next
3 weeks. Their splenocytes and thymocytes were analyzed by flow
cytometry at day 21 after the first injection.
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Bienvenu, B., Martin, B. et al., Lymphopenia-induced spontaneous T-
cell proliferation as a cofactor for autoimmune disease development
Lymphopenia-induced spontaneous T-cell proliferation as a cofactor for
autoimmune disease development. Blood 2013. 114: 1784–1793.
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