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Abstract
Breakdown in self-tolerance is due, in part, to a loss of regulatory T (Treg) cells. Recently, a
controversy has surfaced about whether Treg cells are overwhelmingly stable, or if they can be
reprogrammed in inflammatory and autoimmune environments. Those in the instability “camp”
have shown that a fraction of Treg cells lose Foxp3 and acquire effector arm activities. Instability
is coupled with IL-2 insufficiency and the inflammatory milieu that promote reprogramming.
Here, we highlight the basic tenets of each viewpoint and discuss technical, biological and
environmental differences in the models that may help yield a unifying hypothesis. Also
considered is how Treg cell instability could link to development of autoimmune disease and the
implications for Treg cell-based cellular therapy trials.

Background
In the mid 1990's a number of seminal papers by Sakaguchi et al. using a combination of
cell depletion and adoptive transfer demonstrated the crucial role of thymically-derived
CD4+ CD25+ cells for preventing and rescuing multi-organ autoimmunity and lethal
systemic inflammatory and wasting disease [6, 7]. High expression of CD25, the alpha chain
of the IL-2R, allowed the enrichment of regulatory suppressor T cells, termed Treg cells, in
humans and mice [6, 8]. However, neither CD4 nor CD25 are uniquely expressed by Treg
cells. These and other surface glycoproteins, such as CTLA-4, PD-1 and Nrp-1 are
expressed on activated T effector cells as well making it impossible to fully trace the Treg
cell lineage. Thus, investigators were limited to sorting the CD25 brightest cells with the
risk of contaminating effector cells. A significant breakthrough in Treg cell research came
with the discovery that the forkhead domain DNA-binding transcription factor (Foxp3),
responsible for lethal scurfy disease in mice [9], was expressed specifically in mouse Treg
cells [1, 10, 11] and essential for Treg cell development and function. In contrast, ectopic
expression of Foxp3 in conventional CD4+ T cells conferred suppressive activity and
induced the expression of the Treg cell-associated gene expression signature. Similarly,
genetic mutation studies of Foxp3 in immunodysregulation, polyendocrinopathy,
enteropathy, X-linked (IPEX) syndrome in humans confirmed the critical role of Foxp3 in
human Tregs [12, 13].

However, the Foxp3 “marker” is not perfect. Foxp3 protein is expressed in most human
CD4+ T cells after T cell activation with, in some cases, the cells developing transient
suppressive activity [14, 15]. This is, at least in part, due to the fact that stable Foxp3
expression depends on DNAdemethylation of selected 5′ intronic regions, termed Treg-
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specific determining regions (TSDRs), of the Foxp3 gene [16]. In mice, if the TSDR that
controls stable, inheritable Foxp3 is genetically deleted, Foxp3+ Treg cells are lost over time
[17]. These results suggested that depending on the methylation status of Foxp3, protein
expression might not be stable raising the possibility that Foxp3 expression is plastic
potentially altering the balance of Treg cell to T effector cells. Foxp3 plasticity could also
have direct pathogenic consequences as Treg cells and T conventional (Tconv) cell TCR
repertoires are distinct in mice and humans [18, 19], with Tregs being skewed towards self-
reactivity. If self-reactive Treg cells lose Foxp3 and gain effector function they could
become pathogenic auto-reactive cells. Unfortunately, it has been problematic to easily
distinguish Treg cells that have lost Foxp3 from those that never expressed Foxp3 in the first
place. Thus, over the past several years, several groups have developed a number of novel
Foxp3-reporter mice to track Treg cells with the goal of determining the stability of Treg
cells and the potential of this cell subset to be reprogrammed under certain immune
conditions.

Analysis of two strains of Foxp3-lineage tracer mice, revealed a subset of T cells that had
lost Foxp3 expression and gained effector T cell attributes. This was initially surprising
because Treg cells are a dominant facet of peripheral tolerance, thus, the loss of the Treg cell
network would have devastating effects on immune homeostasis and potentially lead to
systemic autoimmunity. However, full consideration of the results suggested that there
might be an advantage at local sites of infection where “disabling” Treg cell function, even
temporarily, might promote the adaptive immune response. Moreover, the finding that the
majority of Treg cells are stable in healthy mice, while unstable Treg cells are most
prominent under adverse conditions or genetic defects such as seen in autoimmune-prone
mice, provide a potential unifying hypothesis that can accommodate the growing data in this
area. Here, we highlight the conflicting data relating to Treg cell stability under normal and
inflammatory situations, and discuss the relevance of this data within the context of our
knowledge of Treg cell biology and in clinical circumstances where Treg cell instability may
be contributing to immunity.

Is there direct evidence for Treg cell reprogramming?
Numerous studies have noted that adoptive transfer of GFP-tagged Treg cells, where the
GFP fluorochrome is driven off the Foxp3 promoter, results in the appearance of GFP− T
effectors cells. These experiments were carried out by adoptively transferring “purified”
GFP+ Treg cells into immune deficient mice. This approach raised the concern that even
small numbers of contaminating non-Treg cells might undergo homeostatic proliferation and
account for the appearance of GFP− T cells [20]. Most recently, Foxp3 lineage marked mice
have been developed using the Cre-loxP system. Specifically, Treg cells in bacterial
artificial chromosome (BAC)-derived transgenic [3, 21] or knock-in [22, 23] mice express
GFP-Cre driven off the Foxp3 promoter. By breeding these mice to specific reporter mice,
which contain a transgene encoding an out-of-frame loxP site-flanked yellow fluorescent
protein (YFP) or red fluorescent protein (RFP) inserted into the Rosa26 locus, the expressed
Cre recombinase removes the loxP sites resulting in ‘gain of function’ permanent expression
of reporter proteins [24, 25]. This ensures that a Foxp3+ cell that expressed the Cre will
express heritable fluorescent protein for its lifetime, even if Foxp3 expression is
extinguished [2, 3]. The Treg cells from these mice can be tracked over time in situ and after
adoptive transfer. These mouse strains have been very useful in examining the stability of
Treg cells.

The potential to visualize cells that had previously expressed Foxp3 but which were no
longer Foxp3+, so called “exFoxp3” cells, was described recently [3]. In this study two YFP
reporter mouse strains, either mixed background or non-obese diabetic (NOD) mice, showed
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that YFP+GFP-exFoxp3 cells could be detected in the spleen and lymph nodes. More
importantly, the number of Treg cells that down-regulate GFP in the YFP+ exFoxp3
population was significantly increased during inflammation [3]. It was reported that 10-15%
of Foxp3+ cells lose Foxp3 protein and a subset of these is permissive for IFNγ or IL-17
production. Furthermore, the YFP+ Foxp3− GFP− exFoxp3 cells are enriched in the
inflamed pancreas of NOD mice at the onset of autoimmune inflammation [3].

The assertion that Treg cells can become unstable or reprogrammed, however, was recently
challenged in a different study using Foxp3 lineage traced mice [2]. In this system, GFP-
Cre-mutated human estrogen receptor fusion protein was knocked in to the endogenous
Foxp3 locus (Foxp3GFP-Cre-ERT2). Foxp3-driven Cre translocated to the nucleus only after
ligand binding by tamoxifen. Thus, Cre-recombinase functioned in a temporally controlled
manner. As a consequence of Foxp3GFP-Cre-ERT2 activation, a subset of Treg cells was
labeled and could be followed for their stability. In this setting, the investigators found
>96% of the labeled Treg cells remained Foxp3-GFP+ over months under normal conditions
and observed a decrease in Foxp3 expression only under an immune deficient setting. They
studied the labeled polyclonal Treg cells in an infectious model, and TCR transgenic Treg
cells in NOD mice, and concluded that there was minimal Foxp3 loss and no inflammatory
cytokine production in Treg cells or exFoxp3 cells.

How can differences in the data from the two lineage tracing studies be explained? In the
BACtransgenic studies, Cre was driven by the Foxp3 promoter from birth, and thus
faithfully marks all Treg cells. In contrast, in the Foxp3GFP-Cre-ERT2 study, Cre activity was
transiently induced in adult mice, marking approximately 30% of the Treg cells. The
transient Cre recombinase expression likely labeled Treg cells that expressed high amounts
of Foxp3, and these may be the most stable. Unstable Treg cells that are permissive for
inflammatory cytokine production could have been present in the unlabelled Treg cells, but
were not lineage-traced in the Foxp3GFP-Cre-ERT2 mice. On the other hand, Cre expression
from birth may label cells that transiently express Foxp3-Cre during development, but which
never become fully mature Treg cells and are interpreted as exFoxp3 cells (exTregs).
However, BAC-Foxp3-GFP-Cre expression was consistent with normal Treg cell
development in our studies. The transcript was expressed from the initiation of Treg cell
development in the thymus and throughout maturation and T cell export. Indeed, GFP-Cre+

YFPlo cells arise in the thymus at the HSA-intermediate stage consistent with newly
developing Treg cells [3]. It is thought that unlike human conventional T cells, mouse T
cells lack promiscuous expression of Foxp3 during activation [26]. Our own data are
consistent with this interpretation. When islet antigen-specific BDC2.5 TCR Tg CD4+ YFP−
GFP− non-Treg cells are transferred into lymphopenic hosts, very few (0.3%) YFP+ cells
were observed in the pathogenic effector T cell population infiltrating the islets [3]. We
therefore conclude that the BAC-Foxp3-GFP-Cre lineage tracer marks Treg cells, and is not
expressed in T effector cells.

Another caveat raised regarding the lineage tracing studies relates to the very nature of the
lineage markers themselves – YFP, Cre and GFP. It has been suggested that the half-life of a
reporter protein maybe an inaccurate readout of Foxp3 and Treg cell identity [27]. Thus,
using the expression of GFP to reflect fluctuations in endogenous Foxp3 requires additional
readouts. Additionally, it is possible that expression of non-self proteins, particularly the Cre
recombinase enzyme which is toxic at high levels [28], may cause non-physiologic stress to
the cell. This could result in increased apoptosis of Treg cells, or selective silencing of Cre-
GFP transcription, or altered Foxp3 expression, resulting in an over-representation of YFP+

GFP− Treg cells. We do not believe that these caveats are likely to explain the differences
observed between the Foxp3 lineage tracing studies. The number of Treg cells in the BAC-
Foxp3-GFP-Cre was unchanged as compared to wild-type littermate controls, suggesting
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Treg cell death in the reporter mice was not significantly increased [21]. In addition, there is
no evidence of the loss of immune regulation in our B6 BAC-Foxp3-GFP-Cre mice, or
changes in autoimmune diabetes incidence on the NOD background. This suggests that the
Treg cell network functions as normal in the reporter mice. Second, the proportion of GFP+

cells in the YFP+ population directly correlates with Foxp3 protein levels, the amount of
Foxp3 protein in the Treg cells from reporter and wild type control mice were equivalent,
and cytofluorometric cell sort purified YFP+ GFP− exTregs are >95% negative for Foxp3
protein by intracellular antibody detection [3]. This verifies that exTregs in the periphery of
adult mice have down-regulated endogenous Foxp3 transcription and protein levels are low
or absent, demonstrating faithful Foxp3-GFP-Cre expression.

It seems likely that the conflict is a consequence of looking at the same “elephant” from
different perspectives. In fact, data from Foxp3GFP-Cre-ERT2 mice reported that after 5
months under homeostatic conditions, 2 – 4% of YFP marked Treg cells lost Foxp3-GFP
expression. These results are more similar to, than different from, our study of BAC-Foxp3-
GFP-Cre mice, which identified 10% exFoxp3 cells. Thus, whereas the focus of the
Foxp3GFP-Cre-ERT2 study is that the majority of the Treg cells are stable, we highlight the
small but significant population of cells that lose Foxp3 expression. This small population
may be quite relevant as transfer of self-antigen reactive exFoxp3 cells caused rapid onset
autoimmunity [3]. We don't know if the exFoxp3 cells carry auto-reactive-pathogenic
potential in a mixed population, but this potential is important enough to investigate further.
Add this to the fact that the Cre-recombinase lineage tracer, whether knocked into the
endogenous Foxp3 locus, expressed transiently, or expressed on a BAC reveals exFoxp3
cells in each case, we believe they are a true population of exTregs.

Are subsets of Treg cells more susceptible to instability than others?
The Treg cell network is heterogeneous. In humans, bona fide Treg cells can be defined as
activated or resting, the activated Treg cells have a high rate of turnover [18] and may
generate exTregs. Treg cells are also comprised of two lineages; thymically-derived
“natural” Treg (nTreg) cells, and peripherally-derived “adaptive” Treg (aTreg) cells. Several
studies have implicated both lineages in the control of organ-specific autoimmunity. aTreg
cells are derived from CD4+ conventional T cells, express Foxp3, and many but not all of
the markers of nTreg cells (e.g. differential expression of the IKAROS family transcription
factor, Helios) [29, 30]. In fact, it has been suggested that at least 30% of Foxp3+ Treg cells
develop post-thymically [29]. Thus, fundamental differences may exist between the nTreg
cells and aTreg cells that could lead to differential instability. For example, Treg cells
induced from Tconv cells in vitro with exogenous TGFβ and IL-2, a model for mouse aTreg
cells, are prone to Foxp3 instability and IL-17 production [31]. Interestingly, in our studies,
about 30% of exTregs in the spleens of NOD mice produced IFNγ, and TCRα chain
sequence analysis suggested that exTregs are derived from both nTreg cells and aTreg cells
based on CDR3 sequences [3]. Thus, it is conceivable that the exTregs that are permissive
for IFNγ production are generated from aTreg cells. Interestingly, a significant number of
the TCR sequences identified in exTregs were not observed in either Treg cells or T
conventional cells, suggesting that the environment pressures that cause Treg cell instability
may alter the T cell repertoire.

Is the host environment key to the production of exTregs?
A number of extrinsic influences have been identified as affecting Treg cell stability. One
example is the pro-inflammatory cytokine IL-6. IL-6 is crucial for the induction of αβ CD4+

IL-17+ cells in vitro and in vivo [32, 33], and is implicated in abrogating Treg cell control of
T effectors in vitro [34], de-stabilizing Foxp3 expression in Treg cells in vitro [31], and re-
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programming Foxp3+ Treg cells in vivo to produce IL-17 [35, 36]. The opposite effect has
been reported for the anti-inflammatory cytokine IL-10 that is important in retaining high
Foxp3 expression in Treg cells during colonic inflammation, [20]. These are interesting
observations because IL-6 and IL-10 signaling both depend on the activation of STAT3.
Without STAT3, Treg cell function is abrogated: STAT3 deficiency in Treg cells results in
loss of immune homeostasis and the selective alteration of genes implicated with suppressor
function such as IL-10, Ebi3 and TGFβ [37]. How can a signaling molecule have such
opposing effects? IL-10 also induces SOCS3 expression that suppresses IL-6 signaling
pathways and is important for maintaining a regulatory phenotype. The subtlety of the
phenotype of Treg cells will likely reflect the relative level of expression of transcription
factors, which, in turn, are modulated by extracellular signals. In this regard, we reiterate
that exTregs are most commonly observed at the site of inflammation consistent with a key
role for inflammatory cytokines in controlling Treg cell stability.

Can the development of exTregs as a consequence of inflammation be
linked to autoimmune disease progression?

There is ample evidence to suggest that loss of Treg cells can lead to autoimmunity. For
instance, without hematopoietic stem cell transplants, IPEX patients die at a young age of a
multi-organ autoimmunity caused by the abrogation of Treg cell suppression of autoreactive
T effector cells. Similarly, attenuation of Foxp3 expression in mouse Treg cells results in
altered expression of proteins key for Treg cell function and can be directly connected to
loss of immune homeostasis. Anything that alters Foxp3 expression, even to a minor extent,
can lead to autoimmunity [38]. Thus, as suggested above, inflammation plays a key role in
creating Foxp3 instability leading to exacerbated autoimmune damage by autoreactive T
effector cells. However, it is equally possible that the very T cells that down-regulate Foxp3,
the exTregs, may play a direct role in the pathogenesis of autoimmunity. For instance, is it
possible that increased Treg cell instability, perhaps as a consequence of genetic
predisposition or the host environment, can act as a direct trigger for autoimmune disease?
In the pancreas at the onset of autoimmune diabetes in non-obese diabetic (NOD) mice, the
ratio of Treg:Teff cells is skewed towards Teff cells, indicating that Treg cells are losing the
battle to destructive CD4+ T cells, specifically in the affected tissue [39]. The IL-2 axis is a
key determinant for Treg cell stability and is altered in the NOD mouse genomic setting,
which might lead to Treg cell instability and initiation of autoimmunity. In fact, Treg cells
expressing the BDC2.5 transgenic TCR specific for an islet antigen have increased
propensity for Foxp3 instability [3]. Moreover, Treg cells in NOD mice exhibit an increased
loss of Foxp3 in the T cells in the islets of the pancreas, compared with other sites [3]. Islet
resident Treg cells also display decreased expression of CD25, the IL-2Rα chain [39]. IL-2
is crucial for continued, stable expression of Foxp3 in Treg cells [40], and polymorphisms in
loci containing IL-2 responsive genes are highly associated with T1D incidence which may
be a consequence of Treg cell instability in the inflamed pancreas [41]. Lack of IL-2 has also
been implicated in Treg cell reprogramming during infectious inflammatory responses.
During lethal Toxoplasmosis, T effector cells lose the ability to produce IL-2 at the same
time that Treg cell numbers drop and the remaining Treg cells produce IFNγ [42].
Inflammation has been implicated as triggering autoimmunity, and we recently showed that
the Th1 promoting cytokine, IL-12, can induce IFNγ production from Treg cells, and that
patients with type 1 diabetes have an increased number of IFNγ-producing Treg cells [43].
In this regard, the Th1-environment may also promote Treg cell instability in the in the
affected tissue, contributing to autoimmunity.
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Are exTregs that develop as a consequence of lymphopenia
physiologically important?

Treg cells transferred into lymphocyte-deficient mice undergo rapid expansion, with
approximately 50% of the cells losing Foxp3 expression within weeks of transfer. These
exTregs become capable of developing into T cells of other lineages, such as Th1, Th17 and
T follicular helper cells [44-46]. Treg cell instability is reduced when T effector cells are
present, or in conjunction with IL-2 treatment. Thus, in a symbiotic relationship that is likely
to ultimately control the balance of Treg cell to pathogenic T cells, activated conventional T
cells inherently support the survival and function of Treg cells by producing IL-2 [47] and
TNFα [48]. Thus, it is important to consider that Treg cells in lymphopenic patients may be
more prone to instability. This can occur during bone marrow transplantation in two ways.
First, any Treg cells that are transferred in the bone marrow inoculum might lose Foxp3
expression and potentially mediate graft versus host disease (GVHD). Alternatively, several
studies have suggested that Treg cells are radioresistant and, thus, host Treg cells may
expand after radiation treatment leading to an autoimmune syndrome in patients undergoing
a bone marrow transplant. The latest concern in this regard, is a series of phase I trials
currently underway examining the transfer of expanded polyclonal Treg cells into patients
with advanced stage hemolytic malignancies undergoing bone marrow transplantation to
prevent GVHD. In one study, patients received umbilical cord blood-derived expanded Treg
cells as a phase I clinical trial to protect against acute GVHD [4]. Although no acute toxicity
was reported in any patient receiving Treg cells [4], this may be a reflection of concomitant
immune suppression or the use of cord blood Treg cells. Treg cells isolated from cord blood
are essentially naive with high and stable Foxp3 expression. It will be crucial to determine if
subtle changes of Foxp3 expression in the Treg cell compartment has adverse systemic
affects in less acute disease states when Treg cell therapies are applied such as in IL-2-
deficient settings such as type 1 diabetes, or other diseases where lymphopenia is common
such as rheumatoid arthritis and systemic lupus erythematosus.

Does the development of exTregs make teleological sense?
What would be the teleological reason for Treg cell reprogramming? Treg cell instability
may be important for the generation of effector T cells in response to pathogens. There are
numerous examples of Treg cells suppressing effector responses giving advantage to the
pathogen [49] [50]. Close examination of the TCR specificity of the Treg cells may reveal
pathogen–specific Treg cells exhibit reduced Foxp3 expression and regulatory activity to
allow more efficient T effector responses during priming. As mentioned in the autoimmune
setting, the Treg cells or exTregs themselves may produce inflammatory cytokines to
contribute to pathogen clearance. One example of this is during lethal infection with
Toxoplasma gondi, Treg cell numbers drop and the remaining Treg cells produce IFNγ [42],
IFNγ production by the Treg cells is likely an attempt to control the infection. Scenarios
where inflammatory cytokines, such as IL-6 produced by toll-like receptor ligand activated
antigen presenting cells is present locally, may promote Treg cell instability and efficient
effector cell expansion [34]. Whether Foxp3 instability is stochastic, or reversible is not
known. Reversible Treg cell instability may drive, or be in response to the resolution of
inflammatory adaptive responses such as during chronic pathogenic infections or relapsing-
remitting EAE [51].

Final thoughts
Recent concepts of plasticity in T effector cell subsets are extending to Treg cells. It makes
sense that not all cells within a population are terminally differentiated, and can change in
response to extrinsic cues. Reviewing the evidence we believe that the majority of Treg cells
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are stable and give rise to suppressor daughter cells, but that subsets of the Treg cell network
possess the ability to down-regulate Foxp3 expression and regulatory function and become
permissive for inflammatory cytokine production. In every example we are aware of, Treg
cell therapy in animal models result in suppression of the T effector responses. No
autoimmune inflammatory disease has been made worse by Treg cell transfer. Therefore,
clinical therapies with Treg cells remain very attractive. However, after 30 years of research,
we still don't understand the triggers of autoimmunity. The association of Treg cell
instability at the onset of autoimmunity gives clues that this may be a factor in the
progression of autoimmunity. Whether Treg cell instability is a cause or driver of
autoimmunity should be determined to further our understanding of immune modulating
therapeutics.

Box 1

Conditions that cause Treg instability

Model Reference Clinical consequence

Lymphopenia
Transfer into RAGko
mice

Tsuji, M. et. al. 2009
Zhou, X. et. al. 2009

HIV : improve anti-viral response
Chemical induced ; chemotherapy,
improve anti-tumor response.
BMT, promote GVHD response.
Autoimmunity.

Infection and
autoimmunity

Oldenhove, G. et. al. 2009
Sharma, M.D. et al. 2010
Zhou, X. et. al. 2009

Improve anti viral response.
Contribute to pathology.
Promote autoimmunity

Treg sub-populations :
aTreg, memory Treg,
CD25low Treg

Komatusu, N. et. al. 2009
Yang, X. O. et. al. 2008
Miyara, M. et. al. 2009

Unknown ; altered Treg ratio's after
lymphopenia / lymphocyte ablation
therapy

Abbreviations ; Treg, CD4+ regulatory T cell. RAGko, recombinase activating gene knock out. HIV, human
immunodeficiency virus. BMT, bone marrow transplant. GVHD, graft versus host disease.
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Figure 1. Balancing the immune system in health and disease
This figure illustrates the fine balance between pathologic and regulatory pathways in
immune homeostasis. a) The number and function of Treg cells, influenced by the stable
expression of Foxp3, control this balance. A loss of Foxp3 expression can shift the balance
leading to the development of autoimmunity. b) The production of exTregs from the
adaptive Treg cell pool can combine with T effector-memory (TEM) cells and can shift the
balance towards autoimmunity by helping lead to the failure of tolerance.
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