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Abstract
The fate of Foxp3+ regulatory T cells (Treg) responding during autoimmunity is not well defined.
We observed a marked elevation in KLRG1+ CNS-infiltrating Treg in experimental autoimmune
encephalomyelitis (EAE), and assessed their origin and properties. KLRG1+ Treg showed
increased activation marker expression, Foxp3 and CD25 levels, and more rapid cell cycling than
KLRG1− cells. KLRG1− Treg converted into KLRG1+ cells and this was increased in the context
of autoimmune inflammation. Conversion was unidirectional; KLRG1+ Treg did not revert to a
KLRG1− state. KLRG1+ but not KLRG1− Treg survived poorly, indicative of terminal
differentiation. This was associated with diminished BCL2 and increased apoptosis of isolated
cells. KLRG1 was not upregulated on iTreg in culture, but was after transfer and EAE induction or
on iTreg developing spontaneously during EAE. KLRG1+ Treg produced more IL10 and had
altered effector cytokine production compared with KLRG1− Treg. Despite their differences,
KLRG1+ and KLRG1− Treg proved similarly potent in suppressing EAE. KLRG1+ and KLRG1−

populations were phenotypically heterogeneous, with the extent and pattern of activation marker
expression dependent both on cellular location and inflammation. Our results support an extensive
diversification of Treg during EAE, and associate KLRG1 with altered Treg function and
senescence during autoimmunity.
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Introduction
Foxp3 expression identifies an essential population of immunoregulatory CD4+ T
lymphocytes that restrain autoimmune and inflammatory responses[1–3]. Foxp3 deficiency
leads to fulminant multi-organ autoimmunity. CD4+Foxp3+ T cells (Treg) are stimulated in
an antigen-specific manner, and may suppress target cells either directly or by locally
modulating the cellular milieu.

In experimental allergic encephalomyelitis (EAE), an animal model of Multiple Sclerosis,
Treg rapidly expand in the inflamed CNS[4]. As the disease peaks and then regresses the
proportion of CNS-infiltrating Treg increases, often reaching 20–40% of total CD4+ T
cells[5]. Depletion of Treg exacerbates EAE immunopathology, whereas supplementation
through adoptive immunotherapy is protective[6–9].
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KLRG1 is a low affinity, ITIM-bearing receptor for cadherin-family proteins[10]. It is
expressed on NK cells and a minority of CD4 and CD8 T cells. KLRG1 has been more
thoroughly studied on CD8 than CD4 T cells, though on both cell types is associated with T
cell activation and senescence[11–15]. Terminally differentiated effector T cells express
high levels of KLRG1, while long-lived memory cells express low levels. Though KLRG1
serves as a marker for senescence, signaling through KLRG1 has not been causally
associated with this. Indeed, KLRG1−/− mice demonstrate unaltered T cell function[16] and
a recent study associated KLRG1 with initial priming conditions rather than ultimate cell
fate[17].

In addition to Foxp3− T cells, KLRG1 is also expressed on a small population of Foxp3+

Treg[18;19]. One recent study identified increased KLRG1 expression among Treg that
displayed properties of memory T cells, though whether the memory population was
confined to the KLRG1+ subset was not determined[20]. Analysis of KLRG1+ Treg
indicated that they are somewhat more potent than KLRG1− cells in suppressing naïve T cell
proliferation in vitro, but display other properties characteristic of Treg, including diversity
in TCR usage and decreased responsiveness to TCR stimulation[18]. KLRG1+ cells were
increased among Treg in draining lymph nodes after s.c. LPS injection, indicating that they
are induced or selectively recruited with inflammation, and increased KLRG1 message was
identified in Treg during chronic helminth infection[19;21]. KLRG1 was also upregulated
on CD4+Foxp3− T cells that convert into Foxp3+ Treg after transfer into lymphopenic
Rag−/− hosts[22]. These data associate KLRG1 expression on Treg with activating
conditions.

To better establish the origin and function of KLRG1+ Treg in the context of autoimmunity,
we examined this population in mice with EAE. We demonstrate that KLRG1+ Treg
comprise a functionally distinct Treg maturation subset. They show rapid proliferation, an
altered cytokine production profile, and limited in vivo survival, though are as potent as
KLRG1− Treg in suppressing disease. We further demonstrate that KLRG1 can be
upregulated during EAE independently of other markers associated with Treg activation,
including CD103, PD-1, and LAG3. Our results are consistent with a broad phenotypic
diversification of Treg responding during autoimmunity, and indicate that KLRG1 identifies
a functionally active though senescent Treg population.

Results
Expansion and localization of KLRG1+ Treg during EAE

KLRG1 is only expressed on a minority of Treg. Fewer than 1% and 4% of
CD4+CD8−Foxp3+ thymocytes in mice ≤4 and 52 wk old respectively expressed KLRG1
(Fig. 1a). KLRG1 was expressed on a larger though still small proportion of Treg in the
spleen, ~4% of cells at 1 wk increasing to ~6–10% in older mice.

After the induction of EAE with myelin oligodendrocyte glycoprotein (MOG)35–55, the
proportion of Treg expressing KLRG1 increased on average 4.4 fold and 3.2 fold
respectively in the draining (inguinal) lymph nodes (DLN) and spleen (Fig. 1b). KLRG1+

Treg were more dramatically increased in the CNS, comprising >38% of Foxp3+ cells.
Because Treg expand more rapidly than conventional CD4+ T cells during EAE, KLRG1+

Treg showed an even greater fractional rise as a proportion of the total CD4+ T cell
population that they regulate than as a proportion of Treg (Fig. 1c). KLRG1 expression
among CNS Treg was positively correlated with disease severity, increasing from
23.4±5.3% to 47.5±3.3% as disease score advanced from 1 to 4 (p<0.001) (Fig. 1d).
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The fraction of KLRG1+ cells was substantially greater among CD4+Foxp3+ than Foxp3− T
cells. Fewer than 1% of CD4+Foxp3− T cells expressed KLRG1 in the thymus, spleens, and
LN of mice without disease (Suppl. Fig. 1a and not shown). In mice with EAE, the
proportion of non-Treg expressing KLRG1 was on average 7.1, 9.2, and 2.9-fold lower than
that of Treg in the DLN, spleen, and CNS respectively. Further, the mean fluorescence
intensity (MFI) of KLRG1 stained on KLRG1+Foxp3− cells was ~1log10 less than on
KLRG1+Foxp3+ cells (Suppl. Fig. 1b, c). Therefore, KLRG1 expression is markedly and
selectively increased among Treg during EAE.

KLRG1+ Treg in EAE are Foxp3hi, CD25hi, and demonstrate an activated phenotype
Treg have been divided into functionally distinct subsets based on Foxp3 and CD25
expression, and loss of Foxp3 may be associated with degeneration into effector
populations[23–28]. Foxp3 and CD25 expression was, however, stable or modestly
increased on KLRG1+ compared with KLRG1− Treg from the spleen or LN of mice with or
without EAE, indicating retention of a regulatory phenotype (Fig. 2). CD25 was more
markedly elevated on CNS Treg of diseased mice. KLRG1+ Treg also showed decreased
expression of CD62L, and increased CD44, Helios, and GITR compared with paired
KLRG1− Treg from the same mice and organs (Fig. 2). Therefore KLRG1 is associated with
an activated Treg phenotype[29;30]. However, KLRG1 is not obligately induced on
activated Treg, as decreased CD62L and increased CD44, Helios, GITR, and CD25 was also
seen on KLRG1− Treg from mice with EAE compared with control mice, though to a lesser
extent.

KLRG1 upregulation on iTreg during EAE
We previously showed that there is little induced Treg (iTreg) formation during MOG-EAE,
indicating that the KLRG1 upregulation we observed is occurring on natural Treg[31;32].
To determine whether iTreg also express KLRG1, we generated these by stimulating
CD4+Foxp3− T cells in the presence of IL-2 and TGF-β. KLRG1 was not expressed by the
iTreg or residual Foxp3− cells in the cultures (Fig. 3a). Sorted CD4+Foxp3+ iTreg
transferred into either Rag1−/− or lymphoreplete CD45-congenic recipients similarly failed
to upregulate KLRG1 (Fig. 3b, c, e and Suppl. Fig. 2a). Consistent with our and others’
reports, the transferred iTreg poorly retained Foxp3 [33;34]. KLRG1 was also not detected
on these Foxp3− revertants.

To determine if iTreg would upregulate KLRG1 in the context of EAE, we transferred
Foxp3+ cells to lymphoreplete mice prior to EAE induction. Seven days after immunization,
KLRG1 was readily detected on a subset of iTreg (Fig. 3d, e). iTreg may also form from
conventional T cells in vivo, though phenotypic markers definitively distinguishing them
from nTreg are lacking. To examine such iTreg, we bred MOG-specific 2D2 TCR Tg mice
onto a Rag1−/− background. These mice lack Foxp3+ Treg due to their monoclonal TCR.
After disease induction, Foxp3 was upregulated on a small fraction of CNS T cells (<1%),
indicative of iTreg formation (Fig. 3f). A subset of these expressed KLRG1. A small
proportion of 2D2/Rag1−/− mice additionally develop spontaneous EAE (<5%). iTreg
formed in these mice too, and a subset also upregulated KLRG1 (Fig. 3g). Therefore,
KLRG1 can be induced on iTreg, and this requires an inflammatory context that may be
provided by induced or spontaneous autoimmunity.

Increased in situ proliferation of KLRG1+ Treg
Considering the limited iTreg formation during MOG-EAE[31], the increase in KLRG1+

Treg number could not be explained by Foxp3 induction on KLRG1+ Foxp3− T cells. This
population’s expansion may have been due to KLRG1 induction on KLRG1− Treg, or
decreased death or increased expansion rates of pre-existing KLRG1+ cells.
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To assess the cell cycle rate among the different populations, we pulsed unimmunized
controls or mice with EAE with BrdU for 16 h, and measured the nucleotide analog’s
incorporation into KLRG1+ or KLRG1− Treg. Splenic and LN Treg from mice with EAE,
whether KLRG1+ or KLRG1−, showed significantly increased BrdU uptake compared with
control mice. However, KLRG1+ Treg also showed significantly more BrdU incorporation
than paired KLRG1− Treg populations from the same mice and organs, indicating an
increased expansion rate (Fig. 4a, b). We confirmed this finding by staining for Ki67, a
marker excluded from resting (G0) cells (Fig. 4c, d). Therefore, KLRG1 positivity is
associated with increased cell cycling in situ regardless of the presence of disease, though
the proliferation rate is globally augmented in Treg during autoimmune inflammation.

KLRG1 is unidirectionally induced on KLRG1− Treg and marks a senescent population
As an additional explanation for the increased representation of KLRG1+ Treg in EAE, we
examined the stability and interconversion of the KLRG1+ and KLRG1− populations.
KLRG1+ and KLRG1− Treg were flow cytometrically purified from GFP-Foxp3 donor mice
with or without EAE, and equal quantities transferred into Rag1−/− recipients. Alternatively,
in competition experiments, CD45 congenic KLRG1+ and KLRG1− Treg isolated from mice
with EAE were co-transferred into Rag1−/− hosts. Seven days after transfer, the cells were
analyzed. For both experimental formats, Foxp3 expression was stable in both the KLRG1+

and KLRG1− populations. A population of CD4+TCR+ cells downmodulating Foxp3 could
not be resolved (Fig. 5a, left panel, Suppl. Fig. 2b, and not shown).

Virtually all transferred KLRG1+ cells retained KLRG1 expression at d 7 after transfer,
regardless of whether they were co-transferred with KLRG1− cells and whether they were
derived from mice with EAE (Fig. 5a, b, d). In contrast, transferred KLRG1− Treg did not
remain KLRG1−. They upregulated KLRG1 in association with homeostatic expansion in
the lymphopenic hosts. This result differed from that obtained with iTreg, which remained
uniformly KLRG1− after transfer into lymphopenic recipients (Fig. 3b, e). The extent of
KLRG1 upregulation was independent of whether the KLRG1− cells were co-transferred
with KLRG1+ cells, indicating that the presence of KLRG1+ Treg does not alter the
conversion rate. However, more KLRG1− Treg from mice with EAE than from control
unimmunized mice upregulated KLRG1 (Fig. 5c, 49.4±7.3% and 26.0±7.9% for KLRG1−

transfer from mice with or without EAE; Fig. 5d, 50.3±4.4% for transferred KLRG1− cells
from mice with EAE co-transferred with KLRG1+ cells). Therefore, KLRG1− Treg
unidirectionally mature into KLRG1+ progeny. The magnitude of this is influenced by the
cells’ prior exposure to inflammatory stimuli.

In experiments where KLRG1+ and KLRG1− Treg were co-transferred, it was also possible
to assess the relative fitness of the two populations. Approximately equal numbers of
KLRG1+ and KLRG1− Treg were co-transferred into the Rag1−/− mice. However, at the end
of 7 days, cells derived from the transferred KLRG1− Treg outcompete the transferred
congenic KLRG1+ cells, indicating an increased fitness of the KLRG1− population (Fig. 5e).

To better define the relationship between the Treg subsets we also performed transfers into
lymphoreplete mice. We co-transferred CD45-congenic Thy1.2+ KLRG1+ and KLRG1−

Treg isolated from mice with EAE into Thy1.1+ C57BL/6 recipients. Alternatively,
CD45.2+ KLRG1+ or KLRG1− Treg were independently transferred into CD45.1 congenic
mice. EAE was induced 1 d after transfer and mice were analyzed 7 d later. Although
equivalent numbers of KLRG1+ and KLRG1− Treg were transferred, 7 d after EAE
induction, few of the transferred KLRG1+ cells were detected in either the DLN or spleen
(Suppl. Table I and Suppl. Fig. 3). Indeed, in 3 of 4 mice receiving co-transferred KLRG1+

and KLRG1− Treg, no KLRG1+ cells were identified in the spleen. In the DLN, the mean
ratio of Treg derived from co-transferred KLRG1− to KLRG1+ cells was >2log10 (range
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15.8 – 363.5). Although small numbers of the transferred KLRG1− Treg were found in the
lung and liver, the transferred KLRG1+ cells were not detected there or in the CNS,
indicating that the loss of the KLRG1+ Treg did not result from altered migration to these
locations (not shown). Therefore KLRG1+ Treg survive poorly in vivo. The transferred
KLRG1− Treg were better maintained. As with transfers into Rag1−/− mice, a significant
fraction upregulated KLRG1 (Suppl. Table I and Suppl. Fig. 3).

Increased cell death among KLRG1+ Treg
The senescent state of transferred KLRG1+ Treg implied an increased cell death rate. To
further assess this, we examined directly isolated cell populations for phosphatidylserine
inversion and membrane permeability by Annexin V (AnnV) and propidium iodide (PI)
staining (Fig. 6a, b). KLRG1+ Treg from the LN, spleen, and CNS of mice with or without
EAE showed substantially increased proportions of total non-viable (AnnV+ and/or PI+),
late apoptotic (AnnV+PI+), and dead (AnnV−PI+) cells compared with the KLRG1− Treg in
the same samples. An increase in early apoptotic cells (AnnV+PI−) was also observed in the
spleen and DLN of mice with EAE, and spleen of control mice, and a non-significant trend
was observed in control LN and CNS of mice with EAE. This indicates an increased
apoptotic susceptibility of KLRG1+ compared with KLRG1− Treg.

Cells were additionally stained for the antiapoptic protein BCL2, as well as FAS and FASL
(Suppl. Fig. 4). BCL2 levels were diminished in KLRG1+ compared with the KLRG1− Treg
from all sites tested, consistent with the diminished KLRG1+ Treg survival. FAS levels were
modestly diminished on the KLRG1− Treg from all sites except the CNS. However,
susceptibility to FAS induced death is increased with T cell activation, and the functional
significance of this finding is uncertain. Accompanying the enhanced expression of other
activation markers, FASL levels were also increased in KLRG1+ Treg, suggesting that these
cells also have a greater potential to mediate cell death through the FAS pathway.

Distinct cytokine profiles of KLRG1+ and KLRG1− Treg
Treg demonstrate variable cytokine production profiles. A subset of Treg express IL10,
which we and others have previously demonstrated to be important for EAE
suppression[6;8;35]. Other Treg express effector cytokines, including IFNγ and IL17, which
have not been evaluated in EAE for Treg-specific impact[1]. We used intracellular staining
(ICS) to compare IL10, IL17 and IFNγ production by KLRG1+ and KLRG1− Treg from the
LN, spleen, and CNS of mice with EAE or controls.

KLRG1+ and KLRG1− Treg demonstrated different cytokine profiles. IL10 expression was
elevated among KLRG1+ Treg (Fig. 7a, b). This proved significant among the DLN and
splenocytes of mice with EAE. A trend toward increased IL10 was also seen among CNS-
infiltrating Treg (p=0.09). This implies that KLRG1+ Treg are an important source of Treg-
derived IL10. IFNγ production showed a similar pattern, with KLRG1+ cells showing
elevated production compared with KLRG1− cells, and this proved significant in all tissues
from mice with EAE. The role of IFNγ in EAE is not fully established. IFNγ−/− mice
develop more severe EAE than wild type controls, and the timing and location of IFNγ
expression appears important in determining its role[36;37]. In contrast, IL17 expression
was uniformly diminished in the KLRG1+ population. These cytokine expression patterns
were paralleled in analyses of gene expression by qRT-PCR, with sorted splenic KLRG1+

Treg demonstrating increased IL10 and IFNγ, and diminished IL17 relative to KLRG1−

cells (Fig. 7c). Therefore KLRG1+ and KLRG1− Treg in mice with EAE possess distinct
functional capacities.
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KLRG1+ and KLRG1− Treg are similarly potent inhibitors of EAE
In a prior study, KLRG1+ Treg demonstrated increased in vitro potency when compared
with KLRG1− cells in suppressing naïve T cell proliferation [18]. CNS-infiltrating Treg
have been shown to suppress EAE development after adoptive transfer[38]. To test the
relative potency of CNS-infiltrating KLRG1+ and KLRG1− Treg populations in vivo, we
flow cytometrically isolated them from diseased GFP-Foxp3 mice. 5×104 cells were then
transferred into recipients prior to disease induction. Mice treated with saline, or with a 20-
fold greater number (106) of culture-derived iTreg were compared as controls. Both
KLRG1+ and KLRG1− Treg efficiently suppressed EAE (Fig. 8 and Suppl. Table II). In one
of two experiments, the KLRG1+ Treg showed greater potency than KLRG1− Treg as
determined by integrated disease score (AUC analysis, Suppl. Table II). However, this
increase was modest. Therefore, KLRG1+ and KLRG1− Treg demonstrate similar disease
suppressive capacities despite the decreased lifespan of the KLRG1+ cells.

Phenotypic diversification of the Treg response during EAE
We next examined the phenotypic diversity of the KLRG1+ Treg subset. CD103, PD-1, and
LAG3 bear binary expression patterns on Treg and have been associated with Treg
functional capacity[39–41]. We examined co-expression of these individual markers on Treg
from the LN, spleen, and CNS from mice with or without EAE (Fig. 9 and Suppl. Fig. 5).
Varying patterns of co-expression with KLRG1 were seen. KLRG1+ Treg expressed high
and fairly consistent levels of PD-1 in organs from unimmunized controls and mice with
EAE whereas elevated expression of PD-1 was only seen among KLRG1− Treg in the CNS
of mice with EAE (Fig. 9a). CD103 co-expression with KLRG1 was common on Treg from
non-immune LN, 89±1%, though less frequent in other groups or among KLRG1− Treg. In
contrast, LAG3 expression was most commonly seen on CNS-infiltrating KLRG1+ Treg,
55±9%. Increased LAG3 expression was also seen in KLRG1− Treg in the CNS, but to a
lower extent. Therefore each marker demonstrates variability in expression that is dependent
on location and disease status. Though in any individual location PD-1, CD103, and LAG3
are more often expressed on KLRG1+ than KLRG1− Treg, expression is not obligately
linked to KLRG1 per se.

Correlation of the co-expression of all 4 markers showed that the majority of Treg in control
mice were negative for KLRG1, CD103, PD-1, and LAG3 (Fig. 9b). In the spleen and LN of
mice with EAE, an increased percent of Treg expressed at least one marker, though
differences from unimmunized mice were modest. More notably, <15% of CNS Treg were
negative for all markers, and nearly 60% were positive for 2 or more markers. Specific co-
expression patterns were apparent among the markers and these were dependent on both
location and disease status (Fig. 9c). For example, in the CNS, PD-1 was most commonly
present when only a single additional marker was expressed on either the KLRG1+ or
KLRG1− Treg subsets. When a second additional marker was expressed, LAG3 was more
commonly associated with PD-1 than CD103 for both the KLRG1+ and KLRG1−

populations. Co-expression of LAG3 and CD103 in the absence of PD-1 was uncommon.
These data are consistent with an extensive and context-dependent phenotypic
diversification of the Treg during EAE, and indicate that KLRG1+ and KLRG1− Treg may
be further dissected into phenotypically discrete subpopulations.

Discussion
During EAE, Treg infiltrate the CNS where they rapidly expand and limit autoinflammatory
damage[5;42]. As a prelude to these studies, we explored differences in CNS-infiltrating or
non-infiltrating Treg using expression arrays and flow cytometry. This prompted us to
further evaluate Treg expression of KLRG1.
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We demonstrate an increase in KLRG1 expression among Treg in mice with EAE,
particularly in the CNS. The prevalence of KLRG1+ Treg in the CNS positively correlated
with disease severity, associating these cells with the response to tissue inflammation.
KLRG1+ Treg showed a predominantly memory/activated phenotype as determined by
CD44, CD62L, Helios, and GITR expression, whereas KLRG1− Treg demonstrated more
variability in this regards. KLRG1+ Treg were also uniformly CD25hi and Foxp3hi,
indicating that they maintain a regulatory phenotype. Indeed, CD25 was prominently
upregulated on CNS-infiltrating KLRG1+ Treg. However, CD25 and other activation
markers were also increased on KLRG1− cells, indicating that both subsets are activated
during EAE, and that KLRG1 upregulation is not a necessary outcome of Treg activation in
the CNS.

nTreg dominate the Treg response in mice with EAE[31;32], though smaller numbers of
iTreg are identifiable. TCR Tg/Rag−/− mice fail to develop nTreg, though under specific
conditions, such as with provision of low dose or oral Ag, iTreg may form[43;44]. Using
MOG-specific TCR Tg/Rag−/− mice, we could visualize iTreg induction during both
induced and spontaneous EAE. A proportion of these upregulated KLRG1, indicating that in
an appropriate environment both nTreg and iTreg can express KLRG1. Considering the
clonality of these TCR Tg/Rag−/− cells, it would seem that specificity does not alone dictate
KLRG1 expression. However, further studies will be needed to determine whether and how
TCR specificity impacts Treg cell fate decisions.

We further mapped the fate and origin of KLRG1+ and KLRG1− Treg. Both BrdU
incorporation and Ki67 staining indicated an increased rate of cell cycling among KLRG1+

cells, regardless of the presence of EAE, though it is not possible to establish whether the
KLRG1+ population is homogeneous in this regards or contains subsets with variable
proliferation rates. In one study, conventional CD8 T cells expressing KLRG1 displayed a
modestly increased fraction in cell cycle, suggesting that the cellular program inducing
KLRG1 on Treg may have some commonalities with that in other T cell types[45]. EAE
further enhanced the proliferation rate above that seen in unmanipulated mice, though this
was observed for both KLRG1+ and KLRG1− Treg. Indeed, there was a greater fold increase
in the proliferation rate of KLRG1− than KLRG1+ Treg in either the LN or spleen from mice
with EAE when compared with unimmunized mice. Therefore, though KLRG1+ Treg
appear to be overall proliferating more rapidly than KLRG1− Treg, it would seem unlikely
that this alone is responsible for their increased representation in mice with EAE.

Fate mapping studies provided an alternative explanation for the increased prevalence of
KLRG1+ Treg during EAE. These demonstrated a unidirectional conversion of KLRG1−

into KLRG1+ Treg. We found few KLRG1+ Treg in the thymus, suggesting that the larger
peripheral population of KLRG1+ Treg is formed extrathymically. This was directly
apparent in transfers into either lymphopenic or lymphoreplete mice.

Though KLRG1 was upregulated on both iTreg and nTreg in the setting of EAE, only nTreg
upregulated KLRG1 after transfer into lymphopenic recipients. We are currently uncertain
of the significance of this discrepancy, but suspect that the different cellular programming of
culture-derived iTreg and nTreg influences KLRG1 expression in lymphopenic conditions.
In a similar regard, it is interesting that KLRG1 has been identified on a subset of iTreg that
forms in vivo after CD4+Foxp3− T cell transfer into lymphopenic hosts[22]. This indicates
that KLRG1+ iTreg can form with homeostatic proliferation, though it is possible that after
CD4+Foxp3− T cell transfer KLRG1 is upregulated on conventional T cells prior to Foxp3
upregulation rather than on the Foxp3+ iTreg themselves. iTreg used in our transfers were
formed in vitro through stimulation with IL-2, TGF-β, and TCR agonists and not in vivo. It
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is thus also possible that the different types of iTreg have distinct programming and
potential to mature into the KLRG1+ subset.

KLRG1+ Treg had a brief lifespan, with few remaining 1 wk after transfer to C57BL/6 mice.
In the context of lymphopenia, the loss of KLRG1+ T cells was less substantial, implying
that homeostatic signals there help maintain the KLRG1+ population. Identifying signaling
pathways preserving KLRG1+ Treg will be important, and may identify approaches to
support these cells during immunopathologic conditions.

As this manuscript was being finalized, Cheng and colleagues similarly reported that
KLRG1− Treg, transferred into lymphopenic mice in conjunction with non-regulatory T
cells, can upregulate KLRG1 and that transferred KLRG1+ cells demonstrate a diminished
lifespan[46]. Our analyses in the context of autoimmunity are fully consistent with these
findings, which cumulatively indicate that KLRG1 is induced on Treg in the setting of EAE,
and that these KLRG1+ cells are destined to die. Notably, in non-regulatory T cells, KLRG1
is a marker for cell fate but not responsible for this fate, and studies of KLRG1-deficient
mice will be important to further evaluate KLRG1’s impact on Treg.

Although relatively few Treg can be identified that produce cytokines in situ, IL10 is
particularly important for Treg function, and we and others have shown that Treg-produced
IL10 is a critical regulator of EAE severity[6;8]. KLRG1+ Treg demonstrated enhanced
IL10 production when compared with KLRG1− Treg in mice with EAE. IL10 may be
expressed by virtually all T cell types, though this is usually a late event and associated with
a high level of inflammation. These results may imply that inflammatory signaling during
EAE induces Treg to enter a terminally differentiated state where they possess increased
regulatory potency. It is however noteworthy that a larger proportion of KLRG1+ than
KLRG1− Treg also express IFNγ, which is often viewed as a pathologic cytokine associated
with Th1 development. In EAE, IFNγ has mixed roles, both promoting the Th1
differentiation and inhibiting the autoimmune response[37;47]. The impact of Treg produced
IFNγ is uncertain. The decreased percentage of KLRG1+ Treg expressing IL17, which is
pro-inflammatory in EAE[48], and their increased expression of Foxp3 would further argue
against these Treg being pro-inflammatory or comprising a population de-differentiating
into Foxp3− effectors[1].

Despite their decreased lifespan and altered functional status, KLRG1+ Treg from the CNS
are as, or potentially slightly more, effective than KLRG1− cells in inhibiting EAE.
Therefore KLRG1+ Treg do form a bona fide, highly active, though terminal population of
suppressive T cells. Considering that within a week few transferred KLRG1+ Treg can be
detected in mice immunized to induce EAE in either lymphoid or non-lymphoid organs, it
would seem most likely that the KLRG1+ cells are acting at the site of priming and not in
the CNS.

The magnitude of the diversification of Treg during autoimmunity has not been resolved. To
better understand this, we focused on 3 additional markers, PD-1, LAG3, and CD103, each
of which is associated with Treg function, and, like KLRG1, demonstrate a binary
expression pattern on Treg. Multi-color flow cytometry of CD4+TCR+Foxp3+ T cells using
these markers allowed us to correlate their expression with KLRG1. All 16 of the possible
combinations of the 4 markers were detected on Treg, however the size of each population
varied. Further, location and environment altered the prominence of individual populations.
Not surprisingly, our data identified the greatest level of phenotypic diversity in the CNS of
mice with EAE. Overall, these results indicate a phenotypic radiation of Treg during active
autoimmunity. Defining the fates and origins, deciphering the functional capacities, and
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identifying the environmental cues leading to the formation of these different Treg
populations will be important.

Materials and Methods
Mice and EAE induction

C57BL/6J and B6.129S7-Rag1tm1Mom/J (Rag1−/−) mice were purchased from The Jackson
Laboratories. GFP-Foxp3 knock in mice were obtained from Dr. A. Rudensky, and back-
crossed onto C57BL/6J or congenic B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) and B6.PL-Thy1a/
CyJ (Thy1.1) strains. 2D2 TCR transgenic (Tg) mice were obtained from Dr. V. Kuchroo
and crossed with Rag1−/− and GFP-Foxp3 mice. Animal studies were approved by the St.
Jude Institutional Animal Care and Use Committee. EAE was induced with MOG35–55
peptide and scored as described[6].

Flow cytometry
CNS, inguinal lymph node (LN) or corresponding draining LN (DLN), and splenic cells
were isolated as described[6]. T lymphocytes were purified from the CNS by density
gradient centrifugation. Cells were stained using Abs against CD4, TCRβ, KLRG1,
CD45Rb, CD44, CD25, CD62L, PD-1, LAG3, CTLA4, GITR, CD45.1, CD45.2, Thy1.1,
Thy1.2, BCL2, FAS, and FASL, and AnnexinV and PI, all purchased from eBioscience.
CD103 and Helios specific Abs were obtained from BioLegend and Ki67 from BD
Biosciences. Intracellular Foxp3 staining was performed using eBioscience anti-Foxp3 Ab
and Foxp3 fixation permeabilization kit. Cells were analyzed on a FACSCalibur® (BD
Biosciences) using CellQuest® software (BD Biosciences) or on an LSRII® (BD
Biosciences) with FlowJo® (Tree Star) software.

Flow cytometric sorting and adoptive transfers
CD4+GFP-Foxp3+KLRG1+ or CD4+GFP-Foxp3+KLRG1− cells were sorted from surface
stained CNS or splenic T cells from mice with EAE (d 14) to >98% purity using Mo-Flo
(Dako) or Reflection (iCyt) cytometers. Cells were counted using a hemocytometer and
purity and cell numbers confirmed by analytic cytometry. Cells, resuspended in PBS, were
transferred by retro-orbital injection. Transferred cell numbers varied from 5×104 to 1×106,
as indicated in the text.

Intracellular cytokine staining
Cells from unimmunized mice and mice with EAE were cultured with PMA (50 ng/ml) and
ionomycin (2.5 μg/ml) for 2 h followed by an additional 2 h incubation in the presence of 10
μg/ml Monensin (eBioscience), stained for surface markers followed by fixation and
permeabilization, and staining with anti-IL10, IL17, IFNγ and/or Foxp3 (eBioscience).

BrdU staining
Mice were injected i.p. with 200 μl BrdU (10 mg/ml) in DPBS. After 16 h, lymphocytes
were isolated, stained for cell surface markers, fixed and permeabilized with Cytofix/
Cytoperm buffer (BD Biosciences), treated with DNase (300 μg/ml) at 37°C for 1 h, and
stained with anti–BrdU-APC (3D4, BD Biosciences).

Real-time PCR
Total RNA was isolated from flow sorted KLRG1+ or KLRG1− CD4+GFP-Foxp3+

splenocytes using the RNeasy® Minikit (QIAGEN), and cDNA synthesized using
Superscript III and oligo (dT) primers (Invitrogen). Quantitative PCR was performed with
IL10, IL17A, IFNγ and HPRT primers using the Platinum SYBR green qPCR super mix
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system (Bio-rad). cDNA samples were assayed in triplicate and gene expression levels
normalized to HPRT. Mean relative gene expression was determined and expressed as 2−ΔCt

(ΔCt=Ctgene−CtHPRT). Primer sequences were: IL-10 forward (F),
GTGAAAATAAGAGCAAGGCAGTG; IL10 reverse (R),
ATTCATGGCCTTGTAGACACC; L17A F, GCTCCAGAAGGCCCTCAG, IL17A R,
CTTTCCCTCGCATTGACA; IFNγ F, GGATGCATTCATGAGTATTGC; IFNγ R,
GCTTCCTGAGGCTGGATTC; HPRT F, GACCGGTCCCGTCATGC; HPRT R,
TCATAACCTGGTTCATCATCGC.

iTreg Production
Flow sorted CD4+CD8−GFP-Foxp3−CD45Rbhigh T cells were stimulated for one day with
100 U/ml rhIL-2, and 10 ng/ml TGF-β in anti-CD3/CD28 Ab coated plates. The cells were
then transferred to non-coated plates and cultured for 5 days in the presence of cytokine
before flow cytometric analysis and/or sorting.

Statistics
Standard deviations or errors and confidence intervals were calculated with Excel® or
PRISM® software. Significance between 2 groups was calculated by 2-tailed t-test or Mann
Whitney U test. When >2 groups were simultaneously compared, significance was
determined by ANOVA using a Bonferroni correction for multiple comparisons. A p<0.05
was considered significant. For multiple comparisons, significance is only shown for
indicated groups.

Acknowledgments
The authors thank Richard Cross, Grieg Lennon, Stephanie Morgan, and Jim Houston for assistance with flow
cytometry and flow cytometric sorting. Supported by the National Institutes of Health Grant R01 AI056153 (to
TLG) and the American Lebanese Syrian Associated Charities (ALSAC)/St. Jude Children’s Research Hospital (to
all authors).

Abbreviations

Foxp3 forkhead box transcription factor P3

Treg Foxp3+ regulatory T cell

iTreg induced Treg

nTreg natural Treg

LN inguinal lymph nodes
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Figure 1. Increased Treg KLRG1 expression with EAE
(A) Cell surface expression of KLRG1 was examined on thymic and splenic Treg from 1, 4,
8 and 52 wk old mice. (B, C) Number of KLRG1+ Treg was quantified at the indicated sites
from mice with EAE (d 14) or unimmunized controls. Representative of five experiments
with n= 5–7 per cohort. Data is plotted relative to total Treg (B) or total CD4+ T cell
numbers (C). (D) Percent CD4+Foxp3+KLRG1+ cells is plotted versus disease score. Mice
with a disease score of 0 are unimmunized, and with scores of 1 – 4 are d 14 post EAE
induction. Number of mice with the indicated score is listed. Mean ± 1 s.d. is plotted.
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Figure 2. Activation status of KLRG1+ and KLRG1− Treg
KLRG1+ or KLRG1− CD4+TCR+Foxp3+ cells from mice 14 d after EAE induction or
unimmunized controls were analyzed for the expression of the indicated markers. (A)
Sample overlay histogram plots of KLRG1+ and KLRG1− Treg from LN or CNS are shown.
(B) Results from LN, spleen, and CNS are plotted as percent positive or low/negative where
positive and negative populations could be delineated, or as mean of fluorescence intensity
(MFI) where expression intensities varied. Results plotted are from 3–7 mice per group from
a representative experiment. Mean + 1 s.d. is shown. *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 3. KLRG1 expression in iTreg
(A) iTreg were generated as described under Methods. Histogram plots show KLRG1
expression on gated Foxp3+ or Foxp3− cells examined on d 5. Results are representative of 3
experiments. Flow cytometrically sorted CD45.1+CD4+GFP-Foxp3+ iTreg (1×106) were
then transferred into CD45.1−CD45.2+ Rag1−/− (B) or C57BL/6 (C) mice. Spleens (B) or
spleens and LN (C) were harvested 7 d later and transferred iTreg analyzed for retention of
Foxp3 and upregulation of KLRG1. iTreg gating is shown in Suppl. Fig. 2a. Data is
representative of 2 experiments with 3 mice per cohort. In 2 additional experiments, EAE
was induced in a subset of mice 1 d after iTreg transfer. KLRG1 upregulation was seen in
the immunized mice (D) but, as in (C), not unimmunized controls (not shown). (E) The
extent of KLRG1 upregulation among iTreg is plotted for 2 Rag1−/− transfer experiments
(left) and 2 C57BL/6 transfers in which mice were unimmunized (middle) or EAE was
induced (right). (F) EAE was next induced or allowed to spontaneously develop (G) in 2D2
TCR Tg/Rag1−/−/GFP-Foxp3 mice. CNS-infiltrating T cells were isolated and
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CD4+TCR(Vβ11)+ gated cells analyzed for Foxp3 upregulation (left plots). Expression of
KLRG1 expression by the gated Foxp3+ cells was assessed (right plots). Plots are
representative of 6 mice and 2 experiments in (F) analyzed 15–25 d after EAE induction and
3 mice spontaneously developing EAE (age 7–17 wk) in (G). Mice were analyzed after
reaching a disease score of 3–4.
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Figure 4. In vivo proliferation of KLRG1+ and KLRG1− Treg
BrdU was administered to C57BL/6 mice that were unimmunized or had EAE (d 14).
Sixteen h later, organs were harvested and cells stained for BrdU incorporation. (A) Percent
BrdU+ cells among the CD4+Foxp3+ KLRG1+ or KLRG1− populations is plotted. (B)
Sample flow cytometry plots of individual mice are shown. (C, D) Analysis of similarly
gated populations from control mice or mice with EAE (d 14) for Ki67 expression. Results
are from 3–7 mice per per cohort from representative analyses. Mean + 1 s.d. is shown. *p<
0.05, **p< 0.01, ***p< 0.001, NS, not significant.
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Figure 5. Unidirectional conversion of KLRG1− into KLRG1+ Treg under lymphopenic
conditions
Splenocytes from CD45.1 or CD45.2 mice with EAE (d 14) were sorted to obtain
CD4+GFP-Foxp3+KLRG1+ or CD4+GFP-Foxp3+KLRG1− populations. 5×105 congenic
KLRG1+ and KLRG1− cells were mixed at an ~1:1 ratio and adoptively co-transferred or
transferred separately into Rag1−/− recipients. Mice were analyzed 7 d later. (A) Sample
flow cytometry plots from an individual mouse receiving co-transferred KLRG1+ and
KLRG1− Treg demonstrate identification of transferred cells based on CD45 congenic
marker expression. Additional gating information is provided in Suppl. Fig. 2b. (B, C) In 2
experiments, mice received separately transferred KLRG1+ or KLRG1− Treg acquired from
mice with EAE (d 14) or unimmunized controls. Percent of each transferred population
(KLRG1+ (B) or KLRG1− (C)) expressing KLRG1 immediately prior to or at d 7 after
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transfer is plotted. (D, E) Data is plotted for 2 experiments in which congenic-marker
distinguishable (CD45.1/CD45.2) KLRG1+ and KLRG1− Treg from mice with EAE were
mixed at a ~1:1 ratio prior to transfer and analyzed 7 d later. Expression of KLRG1 on each
of the co-transferred populations (D) or the ratio of analyzed cells derived from transferred
Treg populations that were originally KLRG1− or KLRG1+ (E) is plotted. Mean±1 s.d. is
shown.
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Figure 6. Annexin V and PI viability staining of KLRG1+ and KLRG1− Treg
CD4+TCR+GFP-Foxp3+ T lymphocytes from the indicated locations from mice with or
without EAE (d 14) were gated into KLRG1+ and KLRG1− populations, and assessed for
AnnV and PI positivity. (A) Mean+1 s.d. is plotted for 1 of 2 similar experiments, each with
3–5 mice per experimental cohort, for total AnnV+ or/and PI+ cells, or subsets that were
early or late apoptotic or dead. *, p<0.05, **, p<0.01, ***, p<0.001 in paired analyses. (B)
Representative flow cytometry plots of gated KLRG1+ or KLRG1− Treg from individual
mice without (control) or with EAE demonstrate the enhanced death among the KLRG1+

gated cells.
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Figure 7. Cytokine profile of KLRG1+ or KLRG1− Treg subsets
CNS, LN and splenic cells from unimmunized mice and mice with EAE (d 17) were briefly
stimulated ex vivo, and stained by ICS for IL10, IL17 and IFNγ. (A) Percent of
CD4+TCR+GFP-Foxp3+ Treg positive for the indicated cytokine in different organs is
plotted with lines connecting results for gated KLRG1+ and KLRG1− cells from the same
sample. Data are pooled from 2 experiments. (B) Representative flow cytometry plots are
shown. Cytokine staining is plotted on the ordinate. The abscissa is a fluorescence channel
unused for staining. (C) Quantitative RT-PCR analyzing relative expression of the above
cytokines from splenic KLRG1+ or KLRG1− Treg from mice with EAE flow sorted and
stimulated as above is plotted. Data are representative of two experiments, with each sample
analyzed in triplicate. Mean + 1 s.d. is plotted. *p< 0.05, **p< 0.01, ***, p<0.001.
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Figure 8. In vivo suppression of EAE by KLRG1+ or KLRG1− Treg subsets
5×104 flow cytometrically purified CD4+GFP-Foxp3+KLRG1+ or KLRG1− cells isolated
from the CNS of mice with EAE (d 14), 106 iTreg, or saline was transferred into C57BL/6
mice one day prior to EAE induction. Clinical scores are plotted. The plot is a representative
of 2 experiments with 5 – 9 mice per treatment group. Mean ± 1 s.e.m. is plotted.
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Figure 9. Phenotypic diversification of Foxp3+ Treg during EAE
CNS, LN and splenic cells from unimmunized mice or mice with EAE (d 14) were isolated
and Treg phenotype determined by analyzing CD4+TCR+Foxp3+ gated cells for KLRG1,
PD-1, CD103, and LAG3 expression. Gating and quantitation of cells expressing the
individual markers is shown in Suppl. Fig. 5. (A) The percent of either KLRG1+ or KLRG1−

Treg that were also positive for the indicated second marker (PD-1, CD103, or LAG3) in
each organ is plotted. Mean + 1 s.d. is shown. (D) The percent of total Tregs in the various
organs that don’t express any of the activation markers analyzed (0 pos), express a single
marker (1 pos), 2 markers (2 pos), 3 markers (3 pos), or are positive for all markers (4 pos)
is plotted. Mean + 1 s.d. is shown. (E) The percent of total Treg expressing the indicated
marker pattern is plotted for each organ. Intermediate cells refers to cells that fell outside of
the gates used to establish positive and negative expressing subsets, and so did not fall into
any of the listed categories. Results are representative of 2 experiments with 4–6 mice per
cohort.
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