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Abstract: Regulatory T cells (Tregs) have a key role in immune homeostasis and in suppressing unwanted
inflammatory responses toward self-antigens. Tregs have been implicated in the control of initial activation
events, and play roles in limiting proliferation, differentiation and effector functions of T helper cells. However, the
activities of Tregs in the development and progression of kidney disease are not fully elucidated. We have
demonstrated the potency of Tregs in animal models of kidney disease. In this review, we summarise mechanistic
information from rodent models on the roles of Tregs in glomerular immunopathology and discuss the function of
Tregs in diverse kidney diseases. Further studies of Tregs should provide important insights into designing of
therapeutic strategies to prevent human kidney disease.
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Introduction

The regulatory role of T cells has been
apparent since their discovery in the early
1970s as suppressor T cells [1,2]. Numerous
studies have suggested that Tregs have a key
role in immune homeostasis and in
suppressing unwanted inflammatory
responses toward self-antigens. Defects in
Treg numbers and functionality have been
shown in human diseases including multiple
sclerosis, rheumatoid arthritis, autoimmune
polyglandular syndrome and myasthenia gravis
[3-5]. Augmentation of Tregs may provide
therapeutic opportunities to induce long-term
tolerance, and to actively self regulate immune
function. The best characterized subset of
Tregs is the CD4*CD25* T lymphocyte subset.
Recent studies have indicated that the
transcription factor gene Foxp3 is specifically
expressed by CD4+CD25+* cells, and programs
their  development and function[6;7].
Foxp3*CD4+*CD25* T cells have been widely
accepted as professional Tregs, by virtue of
the stability of their suppressive function[8].

More recently, Tregs have been shown to limit
immune responses to foreign antigen and to
variously help or hinder transplantation and
pathogen or tumour clearance [9-11].

Cell therapy using stem or progenitor cells has
been used as a novel therapeutic strategy for
kidney disease and effectively reduces injury
in animal models [12]. We have recently
shown that Tregs are able to protect against
kidney injury in mouse models by mechanisms
independent of other lymphocytes, apparently
involving innate immune cells and renal
parenchymal cells [13,14]. However, the roles
and protective mechanisms of Tregs in human
renal disease remain unclear. Inappropriate T
cell responses can target the kidney, creating
hypersensitivity  reactions and causing
glomerulonephritis. CD4* T cells can mediate
glomerular immunopathology by cytokine
secretion, by activating effector cells or by
inducing auto-antibodies or immune-
complexes. Cytotoxic CD8* T cell responses
and failure of regulatory T cells may represent
two additional types of anti-renal
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hypersensitivity.

From animal studies, it is clear that Tregs are
potent modulators of tissue injury and repair in
renal disease. Recent studies examining the
therapeutic effect of these cells raise the
exciting possibility that strategies targeting
these cell types may be effective at treating
and preventing kidney disease in humans. This
review will describe the mechanistic
information from rodent models on the roles of
Tregs in glomerular immunopathology and
their therapeutic potential in clinical
nephrology.

Naturally-occurring CD4+ CD25* Tregs

Naturally occurring CD4+*CD25* T cells were
first described as a major regulatory subset in
transplantation and auto-immune disease
models. Several other cell types of Tregs have
also been characterised, including NKT cells,
y0 T cells [15], double-negative T cells and
certain CD8 cells. CD25*CD4* Tregs cells play
an important role in establishing and
maintaining immunological unresponsiveness
to self constituents. They also negatively
regulate various immune responses to non-self
antigens. The majority of CD4*CD25* Tregs are
produced by the normal thymus as functionally
distinct and mature subpopulation of T cells.
They are derived from the thymus and appear
to modulate a variety of immune functions,
from initial T-cell and B-cell activation to
effector function in the target tissue [6;16;17].
The possible mechanism of the suppression by
CD25*CD4+ T cells may involve stimulation via
CTLA-4. Additionally, the TCR of Tregs may
physically interfere with the interaction of
other T cells with APCs by competing for the
costimulatory molecules on APCs, since Tregs
express CTLA-4 and various adhesion
molecules at high level [18]. The mechanisms
of Treg suppression include cell-cell contact,
direct secretion of suppressive factors such as
interleukin-10 (IL-10), TGF-B, and IL-35; and
the induction of secretion of such factors by
APCs. Additionally, Tregs may compete for
some cytokines that signal via receptors
containing the common y-chain (IL-2, IL-4 and
IL-7) [17].

Adaptive Tregs
Tregs control self-reactivity and maintain

immunologic homeostasis. Thymus-derived,
CD4+CD25* natural Tregs have been the
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centre of attention. However, T cells can be
induced to develop regulatory activity during
the course of a normal immune response
including CD4+*CD25 T cells are induced to
develop regulatory activity [19-21]. It is now
evident that conventional peripheral
CD4+CD25 cells can be induced to become
Foxp3* Tregs [8]. Induction of Tregs depends
on peripheral factors, such as the maturity or
type of the stimulating APC and the availability
of cytokines such as IL-2 and TGF-B. Many
different subsets of induced Tregs have been
reported [8,22,23]. These include CD4* Tregs,
which are induced from T helper cells by TGF-3
in the absence of IL-6 [24,25]. Amongst these
Tregs are T regulatory type 1 (Trd) cells which
have been shown to produce high levels of IL-
10 [26]. Their suppressive function is through
the secretion of immunosuppressive
cytokines, such as IL-10 and TGF- [27-29]. In
TCR transgenic mouse models, in vitro culture
with TGF-B has been shown to induce Foxp3
expression in CD4 T cells and the acquisition
of regulatory function. Similar experiments
using human CD4 T cells also show the ability
of TGF-B to induce Tregs [30].

Recently, studies have shown that IL-17-
producing T lymphocytes comprise a distinct
lineage of pro-inflammatory T helper cells,
termed Th17 cells [31-33]. There is a
counterbalance between pathogenic (Th17) T
cells that induce autoimmunity and regulatory
(Foxp3*) T cells that inhibit autoimmune tissue
injury. The generation of Th17 cells requires
the addition of cytokine blockers, such as anti-
IL-6 [32;34]. II-6 is an acute phase protein
produced during inflammation. IL-6 and TGF-
together induce the differentiation of
pathogenic Th17 cells from naive T cells. To
define whether the blockade of IL-6R may shift
T cells from Th17 to Tregs, we have used anti-
IL-6R for in the adriamycin nephropathy model.
Our preliminary data suggest that antibody
blockade of IL-6R can protect against renal
damage in this murine model of chronic
immune injury. The protective mechanism may
involve an enhancement in the numbers of
Tregs and down regulation of Thi17
development.

Mechanisms of injury in kidney disease and
immune responses

Chronic kidney disease (CKD), especially end
stage renal disease (ESRD) is a major health
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problem in Australia and worldwide [35,36].
The primary causes of ESRD are diabetic
nephropathy, glomerulonephritis, hypertension
and polycystic kidney disease. Interstitial
infiltration of inflammatory cells is seen in all
forms of CKD, with some differences in
intensity and cellular composition. The
immune system is involved to a variable
extent, by either responding to tissue injury or
to the ongoing inflammatory response. In most
forms of renal disease, the inciting antigens
are undefined. The progression of renal injury
usual involves both non-immune and immune
factors. Most natural immune responses
involve a mixture of innate and cognate
processes. Even in diseases incited by
immune mechanisms, non-immune factors -
such as hypertension and proteinuria - play a
crucial role in the progression of renal injury.
Cognate and innate immune responses are
involved not only in kidney disease activation
but also in disease regulation. Tregs comprise
a small proportion of the total lymphocyte
population and yet are able to regulate key
immune responses across a variety of disease
settings.

Foxp3* Tregs and kidney injury

Studies have suggested that the
forkhead/winged helix transcription factor,
Foxp3 is the crucial molecule necessary for
Treg development and function; this is best
illustrated by the finding that forced
expression of Foxp3 in naive T cells can
convert them to Tregs functionally and
phenotypically [7,37]. Foxp3 was originally
reported to be the causative gene for an X-
linked multi-organ autoimmune/inflammatory
disease in mice and humans [6,38]. In
humans, mutation of the Foxp3 gene results in
severe organ specific autoimmune disease
[39,40]. Studies have demonstrated that
expression of Foxp3 is highly restricted to the
op subset of T cells and, irrespective of CD25
expression, correlates with suppressor activity.
A Foxp3-mutant mouse strain known as the
Scurfy model develops a similar X-linked multi-
organ  pathology involving uncontrolled
activation of CD4+ T cells. Adaptive transfer of
CD4+CD25* Tregs can protect Foxp3 deficient
mice from development of lymphoproliferative
disorders [7]. Furthermore, Foxp3-mutant
scurfy mice and Foxp3-deficient mice
produced by gene targeting generate few
CD25+CD4+ Tregs and inoculation of normal
CD4CD25* Tregs can prevent autoimmune/
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inflammatory diseases in these mice. These
results indicate that Foxp3 expressing T cells
may be more effective regulatory T cells than
CD4+CD25* T cells alone.

Forced expression of Foxp3 in naive CD4+ T
cells induces a regulatory T cell phenotype [7].
This has been applied directly in type 1
diabetes using Foxp3 transduction of TCR-
transgenic T cells specific for pancreatic islet
antigens in non-obese diabetic (NOD) mice
[41]. We and other groups have used
adriamycin nephropathy (AN) in mice as a
model of chronic proteinuric renal disease
[13,14]. AN is induced in either mice or rats by
a single intravenous injection of adriamycin.
After the initial toxic injury, an immune
mediated chronic proteinuric renal disease
develops, resembling human focal segmental
glomerulosclerosis [42]. The pathologic
features of AN are severe nephrotic syndrome,
focal glomerular sclerosis, tubular injury, and
interstitial compartment expansion with
massive mononuclear  cell infiltration
composed largely of macrophages and T cells
[42-45]. We have shown that adaptive transfer
of CD8* T cells worsen AN and that CD4+ T
cells ameliorate disease [45,46]. We find that
immune deficient SCID mice develop more
severe AN which is reduced in severity by
adaptively transferred CD4+* T cells, suggesting
an influence on innate immune function
(unpublished data).

In order to examine the effect of Foxp3
transduced Tregs on AN in a mouse model, we
generated Tregs by retroviral transduction of
Foxp3 to naive T cells [14]. Our results showed
that transduction of Foxp3 induced a
regulatory phenotype and inhibited the
proliferation of CD4+CD25- cells in vitro and
also adaptive transfer of the Foxp3-transduced
Tregs can protect against renal injury in vivo.
There were a few studies suggested that
Histone/protein Deacetylases inhibitor (HDACI)
down regulated IL-12, IFN-gamma, IL-6 and IL-
10 and have therapeutic benefit in the
treatment of kidney diseases by increasing the
numbers and function of Foxp3* Tregs [47-
49].

In transplantation, Foxp3-transduced naive
CD4* expressed a Treg cell phenotype and
induced transplantation tolerance in a minor
mismatch skin graft model. These cells were
also functionally anergic and suppressive in
vitro [50]. Tregs have been shown to be
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Figure 1. The suppressive function of Tregs for kidney disease on cognate and innate immune function; naive
CD4+ T cells can be skewed towards the functional phenotypes of Thl, Th2, Th17 and Treg on the basis of the
cytokine environment. Key transcription factors for particular lineages are underlined.

induced after donor specific transfusions (DST)
in both animal models and humans and
protect against allograft rejection. In our
laboratory, Foxp3-transduced polyclonal CD4*
T cells were also shown to prolong skin
allograft rejection in a major MHC mismatched
skin transplant model, while CD4+ T cells
transduced with control vector rapidly rejected
skin allografts (unpublished data). It appears
that both IL-10 and TGF-B may play a role in
tolerance induction [30,51]. Of particular
interest, antigen-specific Tregs that express IL-
10, can limit antigen-specific immune
responses and appear important as mediators
of transplant tolerance [52,53].

Therefore cellular therapy using Tregs to
replace missing regulatory function is an
attractive option for many immune-mediated
kidney diseases and immune injury in
transplantation. The suppressive function of
Tregs for kidney disease on cognate and
innate immune function was shown in Figure
1, which indicated that naive CD4* T cells can
be skewed towards the functional phenotypes
of Thl, Th2, Th17 and Treg on the basis of the
cytokine environment.
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Treg Immunotherapy in kidney disease and
Kidney transplantation

The adaptive transfer of CD4*CD25* Tregs has
been reported to protect against established
macrophage-dependent, lymphocyte-
independent injury in an innate murine model
of chronic kidney disease. It has been
demonstrated that transfer of CD4+*CD25* Treg
can protect against anti-glomerular basement
membrane disease in mice, decreasing
proteinuria and infiltration of inflammatory
cells, such as effector T cells, as well as
macrophages [54,55].

Therapeutic applications involving Antigen
Non-specific Clonal Expansion

Limited numbers of naturally occurring
CD4+CD25* Tregs exist in peripheral blood,
and represent only 5-10% of the CD4* T cell
population. Therefore, several approaches
have now been taken to expand the number of
Treg cells in vitro, including various stimulation
strategies, cytokines, and gene transfer
approaches.
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Magnetic beads coated with anti-CD3 and
CD28 specific Abs plus high dose of IL-2 have
been used in vitro to non-specifically expand
naturally occurring Tregs isolated from both
mice and humans [56-60]. These polyclonal
Tregs can be expanded several hundred fold in
2-3 weeks under these conditions. The
expanded Tregs maintain cell surface
expression of multiple Treg markers, including
CD25, CD62L, HLA-DR (human), CTLA4 and
GITR, and most importantly, they maintain
intracellular  expression of Foxp3. The
expanded Tregs produce less IL-2 and IFN-y
and more IL10 and TGF-B than conventional
CD4+CD25- Tregs that are expanded in vitro in
a similar manner. Ex vivo activated and
expanded CD4+CD25* Tregs have been shown
to inhibit GVHD. Animal studies on transfer of
freshly isolated Tregs and expanded
CD4+CD25* Tregs prevent GVHD in different
models provided a compelling basis for clinical
applications of expanded antigen non-specific
expanded CD4+*CD25* Tregs in the setting of
BM transplantation. One study showed
adaptive transfer of Treg cells polyclonally
expanded ex vivo with rapamycin, which blocks
the proliferation of effector T cells while
sparing Treg cells, promotes tolerance to
allogeneic pancreatic islet grafts [61].

Several cytokines are used to expand Tregs.
TGF-B plays an important role in Treg mediated
immune suppression [62,63]. The
combination of TGF-f and IL-2 has been
shown to enhance growth, differentiation and
survival of Tregs [64] and protect cells from
activation induced cell death [56,65]. Tregs
generated ex vivo using TGF- and IL-2 have
been shown to control autoimmune diseases
such as systemic lupus erythematosus and
other chronic inflammatory diseases [64,66].
In solid organ transplantation, the adaptive
transfer of ex vivo generated Tregs
demonstrated prolonged cardiac allograft
survival in a rat model [67]. Trl cells
generated ex vivo upon stimulation with
alloantigens in the presence of IL-10 and TGF-
B have been shown to be potent regulators of
GVH responses after allogeneic BM
transplantation [68]. Lauren et al reported that
the inhibitory cytokine, IL-35 may be
specifically produced by Tregs and contributes
to Tregs function [69].

Therapeutic applications involving Antigen
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Specific Clonal Expansion

A number of studies in lymph-sufficient
settings indicated that antigen-specific Tregs
are more effective than polyclonal Tregs,
especially for organ transplantation tolerance.
In vitro experiments have shown that the
suppressive functions of Tregs require their
activation via the TCR [60,70], indicating that
the in vivo activation and function of Tregs are
also controlled by TCR specificity. Expanded
islet-specific Tregs from TCR-transgenic mice
using anti-CD3 and anti-CD28 specific
antibodies have been shown to be markedly
more effective at suppressing disease than
polyclonal Tregs expanded using the same
method in the NOD mouse model of type 1
diabetes [60]. More importantly, the function
of these expanded antigen-specific Tregs was
confined to the microenvironment where the
cells are activated: the pancreatic LN [71].
Other approaches to expand antigen specific
Treg cells include the use of peptide or
antigen-pulsed DCs (or other APCs) and the
use of peptide-MHC tetramers.

In transplantation, antigen specific Tregs
expanded ex vivo by stimulation with
allogeneic APCs prolonged survival in a GVH
model [72]. Trl cells generated in vivo, in mice
transplanted with allogeneic pancreatic islets
and treated with rapamycin and IL-10, transfer
antigen specific tolerance to secondary
transplant recipients [73]. It has also been
shown that chronic activation of human CD4+*
cells by autologous APCs in the presence of IL-
10 and type | interferons gives rise to CD4+ Tr1l
clones that produce high levels of IL-10. These
cells suppressed the in vitro alloantigen-
specific proliferation of CD4+ [74].

Limitations of regulation

While the use of Tregs to induce and maintain
tolerance is a potential therapeutic strategy to
prevent solid organ allograft rejection, as well
as GVHD in transplantation, and several
autoimmune Kkidney diseases, there are
several obstacles that need to be addressed
prior to clinical application [75]. Firstly, the
limitations of Treg-based immunotherapy at
present are mainly technical and relate to cell
manipulation. Limited numbers of Treg cells
isolated from the donor’s circulating pool of
CD4+ T cells need to be further expanded in
vitro. Trl cells are generated from CD4* T
cells, which need first to be isolated and
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primed in vitro. Safety of the infused ex vivo
manipulated product is clearly a high priority.
From cell collection to cell processing,
expansion and differentiation, and final
infusion into the patient, clinical good
manufacturing practice (GMP) procedures
need to be performed. Various quality controls
are required in each manufacturing step
before the final product can be released and
infused into the patients. It is therefore
unavoidable that only a few institutions can
provide the entire necessary infrastructure to
make Treg-based therapy a reality.

However, the transfer of Tregs is non-specific,
in that the suppressive effects can be exerted
on all T cells, not restricted to alloreactive T
cells. Therefore, manipulation of Tregs may be
detrimental in down-regulating an effective
immune response to tumours [76] or
infections because of an effect on CD8* T cell
immunity against tumours and viruses [77].
Furthermore, superior efficacy of Tregs
immunotherapy over conventional therapy
should be clearly demonstrated.

Potential applications in human renal diseases
- prospects and challenges

Human glomerulonephritis is characterized by
inflammation within the glomerulus. Current
treatment involves the use of drugs (e.g.
cyclophosphamide and corticosteroids) with
pan-immunosuppressive effects, which
increase the risk of malignancy and infection.
Treg immunotherapy could provide a potential
opportunity for specific immune regulation and
long-term tolerance induction. A large amount
of research and pre-clinical or clinical trials
aimed at augmenting Treg activities have been
conducted in several human disease settings
including graft versus host disease (GVHD)
[78,79], multiple sclerosis (MS) [80,81],
rheumatoid arthritis (RA) [82,83], T1D [84,85]
and others,, which indicates the great
potential of Tregs in preventing or treating
CKD. Adaptive transfer of Tregs into mice with
glomerulonephritis has also shown some
promising results [14,86].

However there are several issues concerning
the use of Treg immunotherapy in
autoimmune diseases in general and CKD in
particular, which are yet to be answered
before successful clinical application is
possible.
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Firstly, ex-vivo expansion of Tregs remains one
of the challenges in the development of Treg
immunotherapy. Since Treg comprise only a
small population of the circulating T cells,
extensive research has been devoted to
optimizing in vitro conditions for expanding
Tregs without loss of their function. To date,
several groups have managed to expand
human  Foxp3* Tregs  100-13000-fold
[58,59,87-90] by using anti-CD3/28 coated
Dynal beads in the presence of high dose of
exogenous IL-2. A limitation of these methods
is the expansion of contaminating Foxp3- cells
at the same time which decreases the
percentage of Foxp3* Tregs and compromises
clinical applications. One solution to this
problem relies on the identification of more
specific surface markers of Tregs to enable
isolation of purer Tregs. One possible protocol
for selectively expanding Foxp3* Tregs involves
rapamycin, which has been shown to promote
expansion of Foxp3* Tregs in vivo [91].

The second issue that is important to the
success of Treg immunotherapy is the choice
between antigen-specific Tregs and polyclonal
Tregs. There is clear evidence that antigen-
specific Tregs are more effective than
polyclonal Tregs in models of TAD [60], bone
marrow transplantation [92] and organ
transplantation [93]. Antigen-specific Tregs
seem to be most crucial for organ-specific
autoimmune diseases [94]. However, the
decision to use antigen-specific or polyclonal
Tregs will also depend on the disease in
question. In the case of CKD, some of these
diseases are caused by single antigen (e.g.
Goodpasture’s  syndrome  and Alport’s
syndrome), whereas others are as a result of
systemic immune disease (e.g. lupus nephritis)
or caused by a mixture of antigens. In the
latter case, the use of polyclonal Tregs may be
beneficial to target a myriad of antigens and
cell types.

The third issue needing to be addressed is that
isolation of pure Tregs represents a major
challenge to the potential application of Treg
immunotherapy in human diseases.
Purification of Tregs relies on the identification
of Treg-specific surface markers. Currently
CD25 has been widely used for the purification
of Foxp3*CD25* Tregs, but this technique has
limitations due to contaminating Foxp3-CD25*
cells. Recently, the IL-7 receptor (CD127) has
been identified as an additional marker for
distinguishing the Foxp3*CD25* Treg subset,
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providing a promising tool for use in human
Treg isolation protocols [95;96].

Finally, a major concern in the application of
Treg immunotherapy is the effect of
immunosuppressive drugs on these cells. It is
currently thought that calcineurin inhibitors,
such as cyclosporin A and FK506, are
detrimental to CD4*CD25* Foxp3* Treg
development  whereas rapamycin  and
myophenolate mofetil (MMF) are beneficial
[97-100]. Since most CKD patients will
undergo treatment with either the above-
mentioned drugs or other immunosuppressive
drugs, precautions need to be taken to ensure
the compatibility of Treg immunotherapy with
each patient’s drug regimen.

In spite of all the above mentioned challenges
lying ahead, Treg immunotherapy shows great
potential as a treatment for CKD and other
autoimmune diseases, acting directly to
restore immune homeostasis and promote
long term immune tolerance. Further
enhancement of efficacy of Treg therapy will
rely heavily on the discovery of better assays
for predicting Treg function in vivo and
mechanisms to increase Treg homing to sites
of inflammation, to increase stability in vivo
and to determine the best timing for Treg
therapy.

Conclusions

The natural presence of Foxp3* Tregs in the
immune system presents a potentially suitable
therapeutic target for a variety of kidney
diseases. In vivo expansion of antigen-specific
Tregs or transduced Foxp3* Tregs may be able
to inhibit the development of kidney diseases.
These cells have been shown in animal
models by us and others to effectively reduce
injury in kidney diseases. Future study will
hopefully enable better control of immune
responses via molecular and cellular
manipulation of natural and induced Tregs to
facilitate therapeutic strategies which can
protect against human kidney disease and
induce transplantation tolerance.
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