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Summary
FOXP3 is probably the best marker available currently for identifying natural regulatory T cells
(Tregs) in mice and humans. Evidence from mouse literature suggests that natural FOXP3+ Tregs are
formed in the thymus and expand in the periphery to contribute significantly to peripheral Tregs. In
this review, we discuss recent reports that show that, in humans, the formation of FOXP3+ Tregs is
a natural consequence of T cell activation and that de-novo peripheral generation of FOXP3+ Tregs
is a much more dominant source of circulating Tregs than natural thymically derived Tregs. We also
suggest that the role of Tregs in human diseases must be reviewed in light of these new findings and
great caution should be exercised in immunotherapeutic interventions that involve the modulation
or generation of putative Tregs.
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Introduction
Regulation of the immune system is a key concept in immunology. In recent times, many cell
types have been shown to possess the capacity to regulate immune responses, including the
CD4+CD25high regulatory T cells (“Tregs”), CD4+ Tr1 cells, CD4+ Th3 cells, CD8+CD28− T
cells, CD4−CD8− T cells and NKT cells, among others [1]. The mechanisms of suppression
are incompletely understood and seem to vary considerably between the various subsets and
also between in vivo versus in vitro conditions [2].

One of the best-characterized subsets of immune regulatory cells is the CD4+CD25+/high

Tregs. In mice, FOXP3 appears to have emerged as the definitive marker for such Tregs [3].
Recent studies have also elucidated the molecular mechanisms underlying the suppression by
FOXP3, which involves repression of NFAT and NFκB and consequently IL-2 secretion [4,
5].

However, in humans the significance of FOXP3 is complicated by the knowledge that
CD4+CD25−FOXP3− T cells can be induced to express FOXP3 simply on activation [6]. This

Corresponding Author Nitin J. Karandikar, MD, PhD, Department of Pathology, The University of Texas Southwestern Medical Center,
6000 Harry Hines Blvd., Dallas, TX 75390-9072, Phone: 214-648-1416, Fax: 214-648-4070, e-mail:
nitin.karandikar@utsouthwestern.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Immunol Lett. Author manuscript; available in PMC 2008 November 30.

Published in final edited form as:
Immunol Lett. 2007 November 30; 114(1): 9–15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may also happen in mice under certain conditions such as the presence of TGFβ or low dose
antigenic stimulation [7,8]. This phenomenon raised the important question whether Tregs are
formed in the thymus and then persist/expand in the periphery or whether they can be induced
de novo in the periphery during antigen-specific stimulation. While in mice the former
mechanism has been shown to be important [9], recent reports from human studies provide
strong support for the latter mechanism with an intrinsic connection between effector and
regulatory functionality as different states of differentiation. Modulation of Tregs as well as
their generation are being proposed as therapeutic interventions in several disease settings
[10], sometimes with disastrous consequences [11]. Therefore, a thorough understanding of
the unique biology of human Tregs is crucial for the correct interpretation of published and
unpublished data, before therapeutic interventions can be undertaken. For example, based on
FOXP3 expression or in vitro regulatory activity, Tregs (envisioned as a stable population of
cells involved purely in immune regulation) are hypothesized to be involved in various human
diseases from cancer and infections to autoimmunity, allergy and asthma [12–16]. A great deal
of this evidence might be explained by the fact that all of these diseases involve immune
activation during their pathogenesis and FOXP3+ T cells with regulatory activity may be a
transient form attained during the activation of regular effector T cells. Thus, Tregs that are
cross-sectionally enumerated in these diseases may be neither a unique nor a stable population.

FOXP3 expression by all T cells during activation
Induction of FOXP3 on activation of human CD4+CD25− T cells in vitro was first noted in
studies from the laboratory of Ziegler, SF as early as 2003 [17,18]. However, at that time it
was widely thought that the induced FOXP3+ T cells are expanded from contaminating
regulatory T cells in the starting population [3,19–21]. Development of flow cytometric
antibodies against FOXP3 has allowed us to exclude that possibility and confirm earlier
findings that FOXP3 can indeed be expressed on activated CD4+ T cells [22]. Most importantly,
we noted that FOXP3 expression was not unique to a subset of activated cells. Rather, every
T cell that gets activated goes through a phase of FOXP3 expression [23–25]. Moreover, any
mode of activation appeared to induce such expression, including anti-CD3, allogeneic
stimulation as well as antigen-specific stimulation [23]. Culturing human or mouse CD25− T
cells in the presence of TGF-β results in the production of FOXP3+ T cells [7,26]. This had
led some to suggest that presence of exogenous TGF-β in human serum used for culturing cells
is responsible for FOXP3 expression by activated T cells. However, our studies using serum-
free media (X-vivo) or anti-TGF-β in serum-containing cultures show essentially similar
dynamics of FOXP3 expression (unpublished data). It is possible that TGF-β secreted by
stimulated T-cells or other immune cells may mediate the induction of FOXP3 expression
[27]. Importantly, if traces of TGF-β present in body fluids or made by other immune cells are
responsible for such FOXP3 induction, it could be argued that this may be very relevant during
in vivo T-cell activation.

It still remains somewhat controversial whether these activated FOXP3+ T cells represent
suppressive Tregs. Rapid downregulation of FOXP3 in activated T cells have led some to
question the suppressive capability of these induced FOXP3-expressing cells without even
performing suppression assays on these populations [25,28]. In some studies, use of bulk
cultures in suppression assays has failed to show suppressive activity in such activated cultures
[24]. However, such bulk cultures contain a significant proportion of non-activated, non-
proliferating T cells, as revealed by the incorporation of CFSE staining in these assays. Upon
purification of either CD25+ cells or proliferating cells (CFSE-low) from these cultures,
suppressive activity can be definitively demonstrated in these induced FOXP3+ T cells [23].
Other studies have also corroborated that transient induction of FOXP3 by activation in human
T cells does confer regulatory properties to those cells [6,17,18,24,29,30]. These observations
raise the possibility that expression of FOXP3 and regulatory activity might just be a step in
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the activation of all human T cells [23]. Transient acquisition of suppressive activity during
activation might be a mechanism of limiting excessive immune activation and damage at the
site of inflammation.

A majority of the activated cells that express FOXP3 eventually downregulate FOXP3
expression, corresponding to a diminution in their suppressive ability. However, a small
percentage of these cells continue to sustain FOXP3 expression. Such residual FOXP3
expression was seen under all activation conditions even 15–20 days post stimulation. This
residual Treg population was probably responsible for some suppressive ability in these
relatively long-term cultures. Of course, it still remains to be seen whether FOXP3 expression
is merely coincident with the suppressive ability of Tregs or is causally linked. It is entirely
possible that FOXP3-independent pathways are involved in the mechanism of suppression
[29]. Regardless of the mechanism, it appears that such transient upregulation of FOXP3 and
regulatory ability, followed by sustenance of such ability in a smaller proportion of cells may
be a way of generating Tregs in the periphery following antigen stimulation. This mechanism
would also ensure that Tregs would have a very broad reactivity against self and foreign
antigens.

A recent report examining the dynamics of TGF-β-induced FOXP3+ T cells using GFP-FOXP3
knock-in mice has made interesting observations [26]. These mice allow clear distinction of
induced and natural Treg populations. It was found that the induced Tregs are very similar to
natural Tregs in cytokine and suppression profile. Loss of FOXP3 resulted in loss of suppressive
capability in induced Tregs. When induced Tregs were transferred into naïve mice it was found
that though most of them downregulated FOXP3, while a certain percentage of these cells
continued to persist and were very similar to natural Treg populations. These observations are
very similar to what we have reported about FOXP3-expressing T cells in humans. Thus, some
of the dynamics of activated human T-cells may be similar to TGF-induced mouse Tregs.

In the mouse thymus it has been noted that cells with the highest affinity go on to become
FOXP3+ Tregs [31]. Similar mechanisms might operate in the periphery during activation
wherein responding cells with the highest affinity/avidity may contribute to the population of
circulating regulatory T cells. Supporting this idea, a recent study using MHC class II tetramers
and activation analysis to detect autoantigen-specific T cells in the peripheral blood of type I
diabetes mellitus patients found that the high avidity T cells preferentially acquired regulatory
features compared to the low avidity T cells [32].

Natural Tregs have been shown to be anergic in proliferation and cytokine secretion in vitro,
but the same may not be true in vivo [33]. An important observation is that suppressive activity
of induced FOXP3+ T cells is coincident with effector activity. Induced FOXP3+ cells have
the ability to secrete some effector cytokines such as TNF-α [23]. The ability to secrete
cytokines has been interpreted previously to mean that they do not have regulatory properties
[25,28]. However, we believe that regulatory activity and effector function can co-exist in the
same cell at the same time and mere presence of some effector function does not automatically
exclude regulatory functionality. Such a cell possessing dual function of suppressor and helper
activity has been described during the earlier incarnation of Tregs as suppressor T cells during
the 1970’s [34]. Recent evidence from mouse models also shows that effector function can co-
exist with FOXP3 expression and regulatory activity. A recent report clearly showed that
FOXP3+ T cells can co-express the pathogenic cytokine IL-17 and that IL-17 cells can be
double positive for FOXP3 and IL-17 during their formation [35]. This report also showed that
FOXP3+ Tregs could be converted into stable IL-17 expressing T cells in the presence of IL-6
and absence of TFG-β. Another study has reported that IFN-γ can be expressed by Tregs in
vivo in a demyelinating disease model [36].
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Peripheral generation/persistence of Tregs
Even though a clear distinction is commonly made between natural thymically generated
Tregs and induced Tregs, so far there is no clear marker that can distinguish them in humans.
Although there is strong evidence in mice regarding the thymic origin of the regulatory T cells,
there is little evidence for their thymic origin in adult humans. In fact, it is not even clear if
they are functionally distinct subsets. In mice, it is conceivable that natural Tregs might play
an important role in controlling immune responses during the short life span of a mouse housed
in a controlled environment. However, the same cannot be extrapolated to humans with their
long life spans, early thymic involution and continual antigenic exposure during a lifetime.
Thus, it seems rather unlikely that a small subset of thymically generated Tregs would persist
throughout the lifespan of humans without any peripheral induction or expansion of naturally
derived Tregs. Key evidence for the peripheral generation of Tregs comes from an elegant study
from the laboratory of Akbar AN, in which a novel deuterium labeling method was used to
determine how human Tregs are generated or persist in the periphery [37,38]. Human Tregs
were found to be a rapidly proliferating population compared to naive or memory T cells, but
were short-lived and underwent apoptosis at a far higher rate than naive or memory cells.
Hence, they concluded that thymically generated Tregs or expansion of natural Tregs cannot
explain lifelong persistence of human Tregs, especially with the observation that Treg numbers
do not decline with age [37]. Thus, most of the Tregs must be constantly produced in the
periphery from a non-thymic source. When they compared the TCR repertoires of
CD4+CD45RO+CD25hi and CD4+CD45RO+CD25− populations, they found striking
similarity in the breadth of Vβ usage between the two populations. Furthermore, it was also
determined that there was close clonal homology between the two populations suggesting that
they are derived from the same precursor population. Interestingly, Vβ usage in CMV-specific
T cell populations was similar between memory T cells and FOXP3+ regulatory T cell
populations, suggesting that they were formed from the same precursor population at the same
time during an anti-CMV immune response in the body. Taken together with the in vitro data,
this supports a model where, during an antigen-specific response, all activated T cells attain a
FOXP3+ regulatory state, with the potential to persist as Tregs (see Figure 1). However, only
a small subset persists with this phenotype and contributes to the circulating Treg pool. Most
cells downregulate FOXP3, probably contract in numbers and reside in the memory pool, only
to repeat this process during re-exposure. It is still unclear whether cells from these two pools
can interconvert in vivo, an important issue that needs to be addressed in future studies. In
addition, more studies are required to ascertain the relative contribution of peripheral versus
thymically derived Tregs in adult humans.

Presence of FOXP3+ T cells at inflammatory sites and during chronic infections suggests the
in vivo relevance of these mechanisms. Various immunomodulatory therapies such as
glatiramer acetate therapy for multiple sclerosis, allergen injections for allergic rhinitis and
venom anaphylaxis have also been known to induce various forms of regulatory T cells,
suggesting potential peripheral de novo origin of these cells [39–41]. It remains to be seen
whether in vivo FOXP3+ T cells indeed downregulate FOXP3 and, more importantly, what
factors/mechanisms are involved in their stable sustenance versus phenotypic reversal [42].

Transient formation of CD8+FOXP3+ Tregs during activation
Though FOXP3 expression is associated with CD4+ Tregs, it is very interesting to note that
CD8+ T cells have also been shown to express FOXP3 [22,23,28,30,43,44]. CD8+FOXP3+ T
cells with contact-dependent suppressive activity were induced in type 1 diabetes patients
treated with a modified anti-CD3 monoclonal antibody [30]. The CD8+ Tregs were able to
mediate contact dependent suppression of CD4+ T cells in-vitro to both antigen-specific and
non-specific stimulation. A longitudinal study revealed increased numbers of CD8+FOXP3+
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T cells in treated patients compared to untreated controls after 12 days of anti-CD3 mAb
treatment. Some CD8+FOXP3+ T cells were found to persist even 12 weeks after treatment.
The presence of these cells is direct evidence for the induction and persistence of FOXP3+ T
cells on activation in vivo. It remains to be seen if the CD8+FOXP3+ T cells possess any
cytotoxic function besides the direct suppressive function. For example, we have observed the
induction of cytotoxic, suppressive CD8+ T cells during chronic treatment of multiple sclerosis
with glatiramer acetate [39,45].

CD8+CD28−FOXP3+ T cells are known to be formed under conditions of allostimulation in
human transplant patients [44]. However, they seem to suppress by upregulation of
immunoglobulin like transcripts ILT-3 and 4 on APCs [46,47]. But why do CD8+ T cells in
the PBMC of healthy volunteers express scant FOXP3 or even CD25 for that matter compared
to CD4+ T cells in the periphery? One would expect them to show similar levels of FOXP3
and CD25 expression since their kinetics of CD25 and FOXP3 expression after stimulation are
similar. It is possible that most of the FOXP3 expressing CD8+ T cells are short lived and
undergo apoptosis or they may persist at the site of activation. These issues regarding the
biology of CD8+ Tregs still need to be sorted out.

Similarities between activated T cells and Tregs
Tregs have been associated with multiple markers including CD25, CTLA-4, GITR, CD69,
CD44, FOXP3 and more recently downregulated CD127 [21,48]. Despite intensive research
over the last few years there are still no surface or intracellular markers, which clearly
distinguish Tregs from activated T cells in humans. Even the pattern of the most promising
markers like FOXP3 and low CD127 can be mimicked by activated T cells [23]. A recent study
looking at micro RNAs expressed by regulatory T cells also determined that both Tregs and
activated T cells have very similar micro RNA expression profiles suggesting that even their
regulation at the mRNA level might be similar [49]. Activation through TCR is closely linked
to the suppressive activity. It is known that specific or non-specific TCR stimulation is
necessary for suppression by Tregs in in vitro cultures [31]. Activation through TCR was found
to be necessary for FOXP3 binding and repression by histone deacetylation of the IL-2 and
IFNγ locus in T cells [50]. Recent reports analyzing genome wide targets of FOXP3 using
CHIP to chip assays determined that FOXP3 represses and activates key genes involved in T
cell activation [51,52], further evidence of the close relationship between T cell activation and
acquisition of suppressive capability. Hence, serious consideration should be given to
accumulating evidence that circulating human Tregs may be a form of activated T cell, merely
representing a peripheral state of differentiation with different functionality.

Thus, while there appear to be clear differences in the intracellular signaling pathways in a
resting T-cell and a Treg, it is possible that once an activated T-cell expresses FOXP3, pathways
similar to Tregs also get activated, causing them to have similar functions. The precise gene
expression and biochemical differences, if any, between transient FOXP3-expressing activated
T-cells and ex vivo Tregs have yet to be elucidated.

Revisiting Tregs in human disease and therapy
In light of these emerging concepts regarding the biology of human Tregs, it is prudent to re-
interpret existing data regarding the involvement of regulatory T cells in human diseases and
to rephrase the important issues that need to be addressed before delving into therapeutic
modulation.

Tregs are hypothesized to be involved in multiple clinical scenarios such as autoimmune
disorders, asthma, cancer and infection. Tregs isolated from patients with various autoimmune
diseases, such as multiple sclerosis [53,54], myasthenia gravis [55], psoriasis [56] and
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autoimmune polyglandular syndrome type II [57] have a reduced capacity to suppress
compared to Tregs from healthy individuals, while the total Treg numbers are comparable. Could
this reduced ability reflect the proportion of transient versus stable Tregs in the ex vivo
population? It is tempting to speculate that when a healthy immune system encounters
autoantigens (or cross-reactive exogenous antigens), it maintains a robust population of
autoantigen-specific Tregs during such a response. In contrast, autoantigen-specific responses
in autoimmune conditions may result in a more interchangeable, transient formation of effector/
Treg cells. This raises concerns about therapies that are targeted toward in vivo or in vitro
generation of Tregs. In such approaches, it is not enough simply to show FOXP3 expression
and an in vitro suppressive ability of a preparation of T cells. Rather, it is critical to evaluate
the stability of such a phenotype to avoid disastrous consequences. For example, protocols to
expand/induce Tregs either in a non-specific or antigen-specific manner tend to use anti-CD3,
anti-CD28, IL-2, TGF-β or modified DC [30,58–60]. In all approaches, T cells are essentially
being activated, which we now know can lead to a transient formation of FOXP3+ regulatory
T cells. The key issue is to dissect how this phenotype may be sustained in vitro and, even
more so, in vivo (where there is an inherent danger of apoptosis and/or loss of function on one
end, or even a reversal to a pathogenic function at the other extreme). Such an unfortunate
sequence of events may have been exemplified by the recent anti-CD28 super agonist
(TGN1412) trial where attempts to expand Tregs in humans, based on in vitro FOXP3 and
suppression readouts, ended in untoward consequences [61], including a massive cytokine
storm from unrestrained T cell activation [62]. As suggested by data from humanized mice and
rats using the same superagonist [63,64], this most likely represented only a transient induction
of Tregs.

Unlike autoimmunity, patients with malignancies (such as breast, ovarian, pancreatic, skin,
liver and lung cancers) or viral infections (such as HIV, hepatitis B, hepatitis C and CMV)
have increased Treg numbers and function [65–69]. Presumably, the depletion of Tregs in these
patients increases the anti-cancer or antiviral responses. However, the FOXP3+ T cells that
infiltrate tumors or are formed during viral infections may well represent an anti-tumor or
antiviral response. Supporting this notion is the observation that acute viral infections (that get
cleared) are also accompanied by the increased generation of FOXP3+ “Tregs” [70,71]. In
multiple reports, tissue-infiltrating FOXP3+ T cells are thought of as a unique and stable
population of immune regulatory cells that are distinct from the responding effector cells. In
fact, chronic antigenic exposure or modified antigen presentation during viral infection or
cancer may result in the skewing of an effector T cell response toward a sustained Treg
phenotype. This concept opens the possibility of dissecting the mechanisms that operate in
such sustenance. Thus, rather than depletion of Tregs or stimulation of the immune system, the
counter-intuitive approach of blocking repeated stimulation of these T cells may be the correct
immune therapeutic strategy. If the operating mechanisms are left intact, mere depletion of
Tregs may lead to two untoward effects: (1) This approach may deplete the very cells that are
tumor- or virus-specific and (2) The effector cells remaining in the host would still respond in
a manner that promoted Treg formation.

In conclusion, current evidence from studies on human Tregs suggests a model that is quite
distinct from that in mice, necessitating specific human studies before embarking on
therapeutic intervention. It appears that the generation of transient FOXP3+ regulatory T cells
is the norm during CD4 and CD8 T cell activation. Only a small subset of such cells probably
persist as stable Tregs or dynamically interchange with the effector/memory pool. Moreover,
such peripheral generation of Tregs, rather than thymic derivation, is the major source of
circulating Tregs in adult human beings. Future studies focused on issues regarding the
mechanism of their sustenance versus reversal will provide important insights into the potential
targets of therapeutic intervention.
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Figure 1. A model of peripheral Treg formation in adult humans, as a consequence of activation
Every time there is activation of T cells in the periphery, the responding T cells upregulate
FOXP3 and CD25 transiently. This is associated with transient suppressive activity and also
some effector functions. The suppressive activity may serve to inhibit untoward responses from
lower affinity/potentially cross-reactive T cells. During the response, only a subset of these
activated T cells retain FOXP3 and contribute to the peripheral pool of FOXP3+ Tregs,
persisting for longer periods in the FOXP3+ suppressive state. The majority of the activated
cells downregulate FOXP3, contract in numbers and contribute to the peripheral memory pool.
Such memory cells have the potential to contribute to the peripheral Treg pool in future
activation cycles. Of note, the T cell receptor distribution of the memory pool and the Treg pool
are similar, suggesting common precursors. It is still unclear whether there is direct conversion
of “stable” Tregs into memory and/or effector cells in vivo. In the thymus, positive selection
of T cells with intermediate affinity for self antigens results in the formation of a population
of natural FOXP3+ Tregs. While these may be a major source of peripheral Tregs in mice and
probably in human infants, most of these may not persist during adult life in humans. Thus,
peripherally generated Tregs with diverse antigenic specificities are the major source of
circulating Tregs in adult human beings.
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