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Abstract
CD4+CD25+FOXP3+ suppressive regulatory T cells (Treg) represent a subset of immune
regulatory cells. Based on experimental results, Treg have recently been considered as a potential
treatment option in several diseases. Compared with murine Treg, human CD4+CD25+FOXP3+
cells are less well characterized and understood, so a thorough understanding of their biology is
vital before clinical applications can be initiated. This review summarizes knowledge on
generation, phenotypic characteristics and function of human Treg. The possible role of these cells
in organ transplantation, as well as interactions between immunosuppression and Treg are also
discussed.

Understanding how excessive or deleterious immune reactions can be suppressed or
regulated is as essential as to know how to augment immune responses protective to the
host. Suppression of immunity to normal self-constituents in autoimmune diseases,
environmental substances in allergy, or microbial components in certain inflammatory
diseases, and establishment of immunological tolerance to organ transplants are all pressing
clinical needs. Similarly, reversal of the unresponsive state to autologous tumor cells or
chronic infections is essential for effective immunotherapy. Thus, regulation of the immune
system is a profoundly important key concept in immunology.

The idea of suppressor T cells is not new, and T cell mediated suppression of immune
responses has attracted vast interest. Many cell types such as CD4+CD25high regulatory T
cells, CD4+ Tr1 cells, CD4+ Th3 cells, CD8+CD28−T cells, CD4−CD8−T cells and NKT
cells have each been shown to possess immunoregulatory capacity but the relative
importance of these subsets has yet to be defined. The primary focus of this paper will be
CD4+CD25+FOXP3+ T cells (Treg). Treg are thought to be important in cancer,
autoimmunity, allergy and asthma. Human Treg are significantly less well defined and
understood in comparison to their murine counterparts. As generation and modulation of
these cells are increasingly considered potential therapeutic modalities, a comprehensive
understanding of the biology of human Treg is imperative before clinical applications can be
introduced.

In addition to briefly summarizing how Treg may function, we will discuss specific issues
related to human Treg such as FOXP3 expression during activation, generation and
phenotype. Finally, the review will discuss current knowledge on the possible role of this
important subset of cells in organ transplant patients. We will present data on the usefulness
monitoring FOXP3 expression in transplant patients, analyze how different
immunosuppressive regimens may alter Treg, and examine the possible use of in vitro
generated Treg as a treatment modality.
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I. Mechanisms of regulation by Foxp3+ T cells
Foxp3 is a forkhead-winged helix transcription factor gene involved in immune function,
and its expression has been used to define this T cell subset. Foxp3 has emerged as the most
definitive marker for Treg in mice, and it is crucial to their thymic development and
peripheral function. Deficiency and dysfunction of these cells can cause autoimmune disease
or elicit tumor immunity. Expansion of their antigen-specific population can establish
transplantation tolerance.

Various mechanisms have been proposed to explain suppressive function of Treg on naive
or effector T cells. These include interactions between stimulatory (IL-2 and CD28) and
inhibitory (glucocorticoid-induced tumor necrosis factor receptor family-related protein
(GITR) and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)) signals, stimulation of
dendritic cells via CD80/CD86 molecules, and cell-cell inhibition of effector cells by
membrane-bound and soluble factors (e.g., transforming growth factor-β (TGF-β) and
IL-10) (1). Experimental studies highlighted important aspects of Treg function, such as
differences in mechanisms between antigen-specific and non-specific regulation, as well as
among pathways involved in vitro versus in vivo. Naturally occurring Treg are antigen non-
specific, while induced Treg are antigen specific in most but not all systems. While in vitro
studies primarily suggest a cell–cell contact dependent suppression, in vivo models (e. g.,
transplantation) emphasize the central role of inhibitory cytokines and surface molecules,
and suppression is dependant on a continuous supply of alloantigens (2).

Another possible mechanism is cytokine deprivation-induced apoptosis as shown in a mouse
model of inflammatory bowel disease. In addition to apoptosis, cytokine deprivation may
interfere with T cell activation or enhance Treg cell suppressive activity (3). Autoreactive B
cells specific for tissue autoantigen can also be controlled by Treg. In transgenic mice
expressing OVA and HEL in pancreatic islet beta cells, transferred HEL-specific transgenic
B cells disappeared within 3 weeks when immunized with the autoantigen. Depletion of
CD25+ FoxP3+ cells restored cell numbers suggesting that Treg suppressed autoreactive B
cells (4).

In human Treg, additional molecules and pathways associated with suppressor function have
been described. A cell surface molecule, called GARP, (or LRRC32), specifically expressed
in Treg, is activated through the T cell receptor (TCR). GARP is a leucine-rich repeat-
containing protein, playing a role in protein-protein interactions and signal transduction.
GARP over-expression in human naïve T cells inhibited their proliferation and cytokine
secretion, induced expression of FOXP3, and induced partial suppressive function.
Additionally, silencing FOXP3 in human Treg cells resulted in reduced expression of GARP
and decreased suppressive function (5).

II. Human Treg – a reversible stage of peripheral differentiation?
FOXP3 expression by T cells during activation

The role and significance of FOXP3 in humans is complicated by the fact that
CD4+CD25−FOXP3− T cells can be induced to express FOXP3, and FOXP3 can be
upregulated without associated regulatory activity. Virtually all human CD4+CD25-FOXP3-
T cells and CD8+CD25-FOXP3- T cells can attain a transient FOXP3+CD25+ state during
activation. In this state, these cells inhibit in vitro proliferation of autologous CD4+CD25- T
cells (6).

FOXP3 specific antibodies used in flow cytometric analysis also demonstrated that FOXP3
expression is not unique to a subset of activated cells. Instead, any mode of activation,
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including anti-CD3 monoclonal antibody, or allogeneic or antigen-specific stimulation, lead
to a phase of FOXP3 expression in every T cell (7,8). Some studies have shown rapid
downregulation of FOXP3 in activated T cells, questioning whether these cells represent
suppressive Treg. Isolating either CD25+ cells or proliferating cells from bulk cultures after
activation, suppressive activity was definitively demonstrated in the induced FOXP3+ T
cells (9). Thus, transient induction of FOXP3 by activation of human T cells results in
regulatory properties of these cells.

While most activated cells eventually downregulate FOXP3 expression, a small percentage
will sustain FOXP3 expression, even 15–20 days later. Transient upregulation of FOXP3
and regulatory function, followed by sustained expression in a smaller portion of cells may
be a way of generating Treg in the periphery following antigen stimulation, and to acquire
broad specificity for self and foreign antigens.

In addition to FOXP3, Treg have been associated with multiple markers including CD25,
CTLA-4, GITR, CD69, CD44 and downregulated CD127 (IL-7 receptor α chain) (6). A
recent study has established CD127 as a useful maker for isolating Treg from type 1 diabetic
patients (10). No surface or intracellular markers can clearly distinguish Treg in humans, as
expression patterns of these markers can be mimicked by activated T cells. Similarly,
analysis of microRNAs expressed by regulatory T cells determined that both Treg and
activated T cells have very similar microRNA expression profiles. Investigation of genome
wide targets of FOXP3 using chip assays revealed that FOXP3 represses and activates genes
involved in T cell activation (11). These data demonstrate a close relationship between T
cell activation and acquisition of suppressive capability, suggesting that circulating human
Treg may be a subset of activated T cells.

Recent evidence indicates alternative roles and phenotypes for FOXP3+ T cells. Some
FOXP3+ cells are transiently activated effector T cells, so that regulatory activity and
effector function co-exist in the same cell at the same time. Treg plasticity is supported by
studies showing that human Treg can differentiate into IL-17-producing cells, and T cells
with induced FOXP3+ can secrete effector cytokines, such as TNFα (12). CD4+FOXP3+ T
cells that express CCR6, RORγt transcription factor, and have the capacity to produce IL-17
can be detected in human blood and lymphoid tissue. These cells strongly inhibit the
proliferation of CD4+ responder T cells and maintain their suppressive function by a cell-to-
cell contact mechanism. As the human thymus does not contain IL-17-producing Treg cells,
these IL-17+FOXP3+ Treg must be generated in the periphery (13).

Peripheral versus thymic generation of human Treg
In mice, many Treg are generated in the thymus, with some developing in the periphery. It
seems unlikely that a small subset of similar cells would persist throughout the long lifespan
of humans, without either ongoing expansion or peripheral induction of Treg. There is
currently no clear marker that can distinguish natural thymically generated from induced
Treg in mice or humans.

A recent study analyzed thymic production of FOXP3+ Treg in over 50 patients who had
undergone cardiac surgery and thymectomy, and compared it with the level of FOXP3
expression in the blood. Expression in thymic tissue samples appeared to be stable over
time. Further, no correlation between thymic and peripheral expression of FOXP3 was
found. Monitoring the expression of the cell cycle-associated marker Ki67 revealed that a
substantial number of FOXP3+ cells were dividing in the peripheral blood but not in the
thymus. Thus, Treg peripheral homeostasis is complex, involves increased proliferation, and
does not necessarily reflect thymic production (14).
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Human Treg are a rapidly proliferating population, and are short-lived and undergo
apoptosis at much higher rates compared to naїve or memory T cells (15). As Treg numbers
do not significantly decline with age, thymic generation or expansion of thymic-derived
Treg cannot explain their lifelong persistence. Comparison of Vβ usage of the TCR
repertoires of CD4+CD45RO+CD25hi and CD4+CD45RO+CD25− populations showed
similarit y between the two populations suggesting that they share the same precursor
population (16). Thus, during an antigen-specific response, many activated T cells attain a
FOXP3+ state, with the potential of a small subset to persist as Treg. The remaining cells
downregulate FOXP3, reside in the memory pool, and repeat this process during re-exposure
to the antigen.

III. FOXP3+ Treg and transplantation
In transplantation, FOXP3+ T cells play a role in the suppression of donor-activated effector
T cells and in tolerance induction. Human studies investigated FOXP3 expression in graft
samples and peripheral blood, but the significance of altered levels or cell numbers are not
well understood. In addition to interpreting FOXP3 expression in transplant related events,
understanding the impact of immunosuppressive treatment modalities on FOXP3 expression
and FOXP3 positive cells remains to be fully explored.

FOXP3+ T cells in organ transplant patients
Acute rejection—Endomyocardial biopsies taken during acute cellular rejection after
cardiac transplantation displayed higher FOXP3 mRNA expression compared to those
without histologically proven rejection. When FOXP3 gene expression in the peripheral
blood was analyzed, no association with rejection or non-responsiveness was found (17).
Similarly, higher FOXP3 mRNA levels in the urine of renal transplant patients with an acute
rejection episode were observed, suggesting that FOXP3 mRNA expression is associated
with anti-donor immune reactivity (18). When FOXP3 mRNA expression using RT-PCR
was analyzed in over 80 renal transplant biopsies, higher mRNA levels were associated with
rejection, younger donor age and longer posttransplant period. FOXP3 expression did not
correlate with favorable graft outcome (19). Intragraft FOXP3 increased within the first year
after liver transplantation, but was not reflected by changes in the blood. Elevated FOXP3 in
biopsy tissue correlated with hepatitis C virus reinfection and previous episodes of acute
rejection. The lack of correlation between FOXP3 expression and desirable outcome
questions the role of these cells under current immunosuppressive regimens.

Chronic rejection—Chronic rejection is an important cause of long-term graft loss that
might be prevented by the induction of tolerance. Renal transplant patients with chronic
rejection have lower numbers of peripheral CD4+CD25high T cells than operationally
tolerant patients, patients with stable graft function, or healthy volunteers. Investigation of
FOXP3 expression in these cells revealed that chronic rejection is associated with a
decreased number of CD4+CD25highFOXP3+ T cells with normal regulatory profile,
whereas graft acceptance is associated with CD4+CD25highFOXP3+T cell numbers similar
to healthy volunteers. These data suggest that Treg numbers, rather than their intrinsic
suppressive capacity, may contribute to determining the long-term fate of renal transplants
(20). Similar reports came from operationally tolerant liver transplant patients:
CD4+CD25high+ T cell ratios were increased in the tolerant patients’ peripheral blood, and
FOXP3 expressing T cells were also present in the tolerant liver (21).

The presence of Treg seems to correlate with graft acceptance in living donor liver
transplantation. FOXP3 mRNA expression and the presence of FOXP3+ CD4 and CD8 cells
were analyzed in biopsies from tolerant recipients and compared with recipients on
maintenance immunosuppression, grafts removed because of chronic rejection and normal
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liver tissue. FOXP3 mRNA in the biopsies of tolerant patients was higher. Additionally, the
number of FOXP3+ CD4 cells was significantly increased in the portal areas in these
patients, compared with the other groups (22).

In summary, these clinical data are commensurate with the observations above that most if
not all human T cells can transiently express FOXP3, so that monitoring this gene is not the
equivalent of monitoring fully suppressive Treg, and the increased FOXP3 expression may
only reflect T cell activation due to other factors (e.g., inflammation). These data also show
the differences in gene expression between the graft and blood seen for multiple organ types,
underlining the importance of local immune monitoring (23). Furthermore, to establish a
reliable correlation between FOXP3 expression and graft acceptance, other confounding
factors need to be considered (e.g., immunosuppressive therapy).

Imunosuppression and FOXP3+ Treg
Recent evidence indicates that several commonly used immunosuppressive drugs have
detrimental effects on the induction and function of Treg, whereas other drugs appear to
spare these cells or may even promote their function or survival.

In humans, the percentage of circulating CD4+CD25+ and CD4+FOXP3+ cells decreases
after transplantation. Reduction of Treg is not limited to peripheral blood; lower FOXP3
mRNA and positive T cells were found normal colon tissue from liver transplant recipients
compared with healthy controls (24).

The interleukin-2 receptor α chain plays a major part in shaping immune activation, due to
its role in T cell proliferation and survival. Pharmaceutical agents that block the IL-2
pathways blunt effector responses. However, such strategies could adversely affect
CD25+FOXP3+ Treg. Cardiac allograft recipients treated with the humanized anti-CD25
antibody Daclizumab displayed FOXP3 expression patterns consistent with functional T
regulatory cell populations. High levels of FOXP3 were observed to correlate with lower
incidence of acute rejection, as well as lower levels of anti-donor HLA antibody production.
Therefore, Treg appear fully functional in patients treated with Daclizumab, even when 5
doses were administered. These results indicated that Daclizumab treatment did not interfere
with the generation of Treg (25).

Recently, the effects of Belatacept (CTLA-4Ig) and basiliximab (anti-CD25α monoclonal
antibody) on the Treg in peripheral blood and in kidney biopsies of patients with acute
rejection were analyzed. Basiliximab caused a transient loss of both FOXP3+ and FOXP3-
CD25+ T cells in the circulation. No long-term effect on circulating Treg with combined
Belatacept and basiliximab treatment was observed compared to a CNI-treated group of
patients. Belatacept-treated patients displayed significant accumulation of FOXP3+ T cells
in graft biopsies during acute rejection when compared to CNI-treated patients (26).

Kidney transplant patients receiving CNI maintenance treatment had a significantly lower
percentage of peripheral CD4+CD25high T cells compared with patients receiving
rapamycin (27). In stable liver transplant recipients reduced numbers of peripheral
CD4+CD25highFOXP3+ Treg were associated with high CNI dosing in comparison to low
CNI dosing and healthy volunteers. Conversion of kidney transplant recipients from
tacrolimus/MMF to rapamycin monotherapy significantly increased the percentage and
absolute number of circulating CD4+CD25highFOXP3+ Treg, while conversion to
tacrolimus monotherapy did not have this effect. These findings suggested a shift in balance
between immune reactive and regulatory cells by either CNI or rapamycin.
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Prolonged increased frequencies of CD4+CD25+ T cells after induction therapy with OKT3,
followed by high-dose rapamycin and low dose tacrolimus after islet transplantation were
also demonstrated. These cells showed better suppression of the in vitro proliferative
response to donor cells than to third-party cells, suggesting the induction of donor directed
Treg.

Campath-1H (Alemtuzumab) treatment in renal allograft recipients resulted in a significant
increase in the number of CD4+CD25+FOXP3+ lymphocytes up to several years (28). In
the peripheral blood of islet allograft recipients, Alemtuzumab was similarly associated with
an early although transient increase in the frequency of CD4+CD25+FOXP3+ T cells
compared with patients receiving Daclizumab or Thymoglobulin (29).

Treg-based therapy in transplantation
Much experimental evidence suggests that adoptive transfer of Treg can control transplant
allograft rejection in rodents. By extension, such adoptive transfer of in vitro generated Treg
may be applicable to clinical immunosuppression and tolerance protocols. However, in
humans Treg-based treatment modalities may be hampered by several conditions. The low
number of natural Treg necessitates in vitro expansion of cells using various culture
conditions for polyclonal bulk cultures. General immune suppression might occur by using
in vitro expanded polyclonal CD4+CD25+ Treg, as the ratio of antigen-specific Treg is
typically very low in the population, resulting in low efficiency.

Adoptive transfer of antigen-specific Treg in mice can prevent allograft rejection with high
efficiency, and does not compromise general immunity (30). Large scale in vitro generation
and expansion of human alloantigen-specific Treg seems possible. Treg from type-1
diabetes mellitus patients and control individuals were isolated by cell sorting, and expanded
in vitro after stimulation with anti-CD3/anti-CD28 coated microbeads and IL-2. Expansion
of CD4+CD127low/-CD25+ T cells, particularly the CD45RA+ subset, resulted in
functional Treg with sustained high FOXP3 and production of regulatory cytokines,
suggesting that these cells offered a suitable cell population for cellular therapy in this
autoimmune disease (10).

Optimal Treg therapy in humans should ideally use antigen-specific rather than polyclonal
Treg. Dendritic cells have been used to expand alloantigen-specific CD25+ CD4+ Treg in
the presence of IL-2. Allogeneic dendritic cells were more effective than spleen cells for
expanding Treg suggested by high levels of FOXP3, and antigen-specific suppression in the
mixed leukocyte reaction (31). When allogeneic, nontransformed B cells were used as
stimulators, rapid induction and expansion of functional human alloantigen-specific Treg
was reported after 3 weeks of culture without any exogenous cytokines. The resulting
CD4+CD25highFOXP3+ alloantigen-specific Treg had cell-contact dependent suppressive
function which partially relied on CTLA4 expression (32).

Recent observations in murine systems elucidate the in vivo regulatory mechanisms of
antigen-specific Treg cells, and also underline the strengths and limitations of these cells as
possible immunotherapy for solid organ transplantation. Antigen specific Treg, expanded in
vitro, promote donor-specific transplantation tolerance in T cell depleted recipients. Treg
can divide in vivo, migrate to the allograft and the draining lymph nodes. They prevent cell-
mediated graft rejection by controlling the differentiation of alloreactive CD4+ T cells into
cytokine producing Th1 effector T cells, and by preventing the infiltration of naïve
CD4+CD25− T cells into the allograft through modified expression of homing receptors.
These Treg, however, have only limited regulatory effect in full MHC-mismatched models
or in non-lymphopenic recipients (33). Extrapolation of these results to humans suggests
Treg alone will have only modest suppressive effects in solid organ transplantation.
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IV. Summary and future directions
At present, the diagnostic and predictive meaning and possible usefulness of FOXP3 levels
in transplant patients remains uncertain. FOXP3 regulates T cell function in a dose-
dependent manner and sustained expression of FOXP3 in mature Treg is required to
maintain the suppressive transcriptional program established during their commitment.
Constant exposure to alloantigen after transplantation may be required to achieve sustained
levels of FOXP3 expression and for Treg lineage stability. Higher levels of FOXP3 appear
to be associated with reversible acute rejection, and lower levels with graft failure. Thus,
quantitative analysis of individual cellular expression may provide a valuable monitoring
tool for allograft rejection. The reported lack of correlation between peripheral and the local
or intragraft FOXP3 levels, however, indicates that this gene may not be a potential
candidate for non-invasive detection of non-responsiveness.

As for the relationship between immunosuppression and Treg, the results from both
experimental and clinical studies show that the use of specific immunosuppression may be
an essential component of strategies to induce and maintain transplant tolerance by Treg.
Clinical studies show that immunosuppressive drugs can have detrimental or beneficial
effects on Treg.

Treg are a promising approach to prevent acute and chronic rejection, and for induction of
tolerance. To develop treatment strategies, establish dose and administration protocols, and
to measure and monitor efficacy, however, fundamental gaps need to be filled in our
knowledge. Finding a more definitive regulatory phenotype will be in the forefront of future
efforts. Considering the facts that graft outcome partly depends on Treg/Teff ratios, and the
frequency of allospecific Treg is probably much lower than those of Teff, interactions
between Treg and immunosuppression will have to be further explored. Understanding the
complex homeostasis of in vitro generation, expansion of antigen-specific human Treg, and
developing adjuvant therapies for in vivo application still remains a major challenge.
Developments in these areas will be crucial for safe and effective human use.
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