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Abstract

Normal immune homeostasis is achieved by several mechanisms, and prominent among them is
immunoregulation. While several types of regulatory lymphocyte populations have been described,
CD4 T cells expressing the Foxp3 transcription factor (Foxp3* Tregs) are the best understood.
This population of cells is critical for maintaining self-tolerance throughout the life of the
organism. Foxp3* Tregs can develop within the thymus, but also, under selected circumstances,
naive peripheral T cells can be induced to express Foxp3 and become stable Tregs as well.
Abundant evidence from animal systems, as well as limited evidence in humans, implicates Tregs
in transplant tolerance, although whether these Tregs recognize alloantigens or self-antigens is not
clear. New translational approaches to promote immunosuppression minimization and/or actual
tolerance are being designed to exploit these observations. These include strategies to boost the
generation, maintainence and stability of endogenous Tregs, as well as adoptive cellular therapy
with exogenous Tregs.
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Introduction

The role of the immune system is to discriminate between self and non-self antigens,
protecting the host from foreign pathogens and at the same time maintaining tolerance to
self. Immune tolerance is an active process that is characterized by a central and peripheral
component (1-7). Central tolerance is a thymic dependent process that involves the deletion
of autoreactive clones through the induction of apoptosis. Peripheral tolerance can be
subdivided into at least three major categories: clonal deletion, anergy, and suppression. A
subset of T cells has been identified that specifically regulate the suppression process. These
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cells are known as regulatory T cells (Tregs). Even though these cells are frequently grouped
under one category, they can be divided into two developmental subsets, thymic-derived
(natural) Tregs (tTregs or nTregs), and induced (adaptive) peripheral Tregs (iTregs or
pTregs) (8) (Figure 1). Although these cells are predominantly CD4*, CD8*Foxp3* cells
have been identified that are also suppressive in nature. Natural Tregs are produced in the
thymus and most express the 1L-2 receptor alpha chain (CD25) (9). Their development and
functionality depend on the expression of the transcriptional factor forkhead box P3 (Foxp3)
(10, 11). Induced Tregs are derived in the periphery from naive T cells following specific
antigenic stimulation. There are also several populations of CD4*Foxp3~ T cells that are
suppressive, including 1L-10 producing T regulatory 1 (Tr1) cells, transforming growth
factor beta (TGF-B) T helper 3 (Th3) cells, and T regulatory type 35 (Tr35) cells that
produce IL-35, which is related to the IL-12 superfamily (1, 3, 12) (Figure 2). This review
will focus on the biology of Tregs, the role that they play in kidney allograft acceptance, and
the ways that our knowledge about Tregs is being leveraged in the clinic.

Treg biology

Basic Concepts

Foxp3* Tregs constitute 5 to 10% of peripheral CD4* T cells in both mice and humans (13)
and are critical for maintaining immune homeostasis. Mutations in Foxp3 leading to an
absence of functional Tregs is the cause of severe autoimmunity as observed in scurfy mice
and in humans with IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-
linked) (11, 14). Importantly, Tregs also are critical for maintaining immune homeostasis
throughout the lifespan of an animal. This was elegantly demonstrated by Kim and
colleagues using a mouse in which the diphtheria toxin receptor was knocked into the Foxp3
locus (Foxp3PTR mouse). In these adult animals, administration of diphtheria toxin leads to
the selective ablation/depletion of Tregs, which then results in the induction of a wide
variety of autoimmune diseases (15). In addition to their role in preventing autoimmunity,
Tregs have also been implicated in the resolution of inflammation and tissue repair (16).

Two types of Foxp3* Tregs

During thymic ontogeny, developing Tregs are subject to both positive and negative selection
processes which together create a repertoire that is self-major histocompatibility complex
(MHC) restricted (positive selection) but eliminates many auto-reactive T cells (negative
selection). Current data supports a model in which developing thymocytes whose T cell
receptors have some modest affinity for self-peptide plus MHC are induced to express Foxp3
and differentiate into Tregs (17). These thymically derived Tregs, termed tTregs (formerly
natural or nTregs), are believed to be important in suppressing the response of autoreactive T
cells which escape negative selection. Despite having low-level self reactivity, they have a
relatively high rate of cycling in vivo, and can be activated by self-antigens in the periphery
(18) (19). Once activated, they may be able to suppress in an antigen non-specific manner.

Another population of Tregs, termed pTregs, can be induced from naive T cells (i.e., resting
non-Tregs) in the periphery. In vitro, this population of inducible Tregs is created when T
cells are stimulated in the presence of high concentrations of TGF-p (20). Other factors that
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support Treg induction include vitamin D, retinoic acid, vitamin C, and inhibition of
Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI-3 kinase) (21) (22). It has been more
difficult to study this population in vivo, but pTreg induction appears to be favored by
continual stimulation with low doses of antigen. Conversely, inflammatory signals,
particularly IL-6, retard Treg induction (23). We know less about the physiologic role of
pTregs, although they appear to be required for maternal-fetal tolerance (24), and thus it has
been suggested that they may be more important for tolerance to foreign antigens, with
tTregs focusing on self-antigens. It has been difficult to study these two populations of cells
due to a lack of easily used molecular markers to distinguish them, although the
transcription factor Helios and the surface protein neuropilinl have been proposed to be
selective for tTregs in mice (25). In any event, given the potential role of pTregs in tolerance
to alloantigens, there has been a great deal of interest in understanding if there are particular
cell types or conditions which, in vivo, can promote their development.

Cellular Mechanisms of Treg Induction

Conventional Dendritic Cells

Dendritic cells are antigen presenting cells that are essential in controlling innate and
adaptive immunity and function as key regulators of immune tolerance (26). They capture
and process antigens and respond to pathogen- and self-derived danger signals in peripheral
tissues. Dendritic cells are a heterogeneous population of leukocytes, consisting of
conventional dendritic cells (cDCs), plasmacytoid dendritic cells, and inflammatory
dendritic cells. In mice, cDCs can be divided into two groups: CD8a*CD103* and CD11b*
cells, in which the human counterparts are BDCA-3" and BDCA-1", respectively (27). The
murine kidney is known to have resident CD11c* dendritic cells. In healthy mice, the renal
CD11c™ dendritic cell population is heterogeneous, expresses MHC 11, and has an immature
phenotype (i.e. low expression of the co-stimulatory molecules, CD80 and CD86, and very
low levels of CD40 expression). These CD11c*MHC II* renal dendritic cells can be divided
into two distinct subsets: CD103* and CD11b* dendritic cells. The CD103* dendritic cells
are also CD11b'°CX3CR1-F4/80-SIRP-a-, and the CD11b* dendritic cells are CD103-
CX3CR1*F4/80*SIRP-a* (28). And even though the latter population are F4/80 and
CD11b*, markers found on macrophage cells, these renal cells are more similar to dendritic
cells based on morphology, expression of co-stimulatory molecules, and functionality (29).
Coates and colleagues showed that the isolation of these immature, renal dendritic cells can
induce IL-10 producing Tregs /in vitro (30).

Plasmacytoid dendritic cells

Plasmacytoid dendritic cells (pDCs) originate in the bone marrow and are B220%, Siglec-H*,
PDAC-1*, and in mice, are CD11c low. In humans, pDCs are BDCA-2*, B220*, and
CD11c-. While the main function of pDCs is to produce type I interferon in response to viral
infections, extensive published studies have shown that pDCs promote regulatory tolerance
of cardiac allografts and of hematopoetic stem cell engraftment by converting CD4" naive T-
cells into induced regulatory T-cells (pTregs) (31, 32), and promote deletional tolerance by
eliminating antigen-reactive thymocytes (33, 34). Additionally, pDCs have been shown to
mediate oral tolerance (35). In humans, pDCs isolated from blood induce Foxp3* T cells /n

Am J Kidney Dis. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alessandrini and Turka Page 4

vitroin an indoleamine 2,3-dioxygenase and PD-L1-dependent manner (36—38). In contrast,
murine pDCs are limited in their ability to induce Tregs (27). Recently, though, Chappell
and colleagues have demonstrated that targeting the human BDCA-2 molecule with antigen-
conjugated antibody in B6.BDCAZ2 transgenic mice resulted in antigen-specific tolerance
(39). Studies have suggested that the normal kidney contains relatively more pDCs than the
heart, and that these have a distinct phenotype in normal and accepted kidneys and in their
ability to induce Tregs ex vivo (40). In addition, pDCs have been found in Treg-rich
organized lymphoid structures of accepted murine and non-human primate kidney allografts
(40).

Role of Tregs in allograft acceptance

It is currently accepted that Tregs play a key role in allotransplant tolerance. Regulatory T
cells have been shown to suppress effector T cell activity and function, resulting in allograft
tolerance in several mouse model studies involving skin, islets, heart, and kidney allografts
(41-48). Functional, intragraft Tregs have been identified in several transplants, such as skin,
heart, and kidney, and when adoptively transferred, can confer tolerance to a naive mouse.
Mouse models where Tregs can be specifically and systemically depleted (44, 46)
definitively appraised the role of Foxp3™ cells in the tolerance induced spontaneously by
transplanted kidneys between certain MHC incompatible mouse strains, without the
involvement of hematopoietic cell chimerism (46). In these experiments, the depletion of
Tregs resulted in prompt T cell mediated rejection.

Kidney Allografts

Kidney allografts are naturally tolerogenic in mice. Mice develop tolerance of kidney
allografts across certain full MHC incompatibilities (e.g., DBA/2 to B6, B10.D2 to B6AF1,
and B10.A to B10.BR) without immunosuppression. This tolerance is initially dependent on
Foxp3* cells which are concentrated in the graft in distinctive Treg-rich organized lymphoid
structures that contain immature, CD11c* conventional dendritic cells, as assessed by low
surface expression of co-stimulatory molecules (46). Interestingly, recipients of allograft
kidneys develop systemic tolerance to skin and heart allografts from the same donor strain.
This phenomenon has also been demonstrated in pigs (49-51), non-human primates (52),
and to a limited extent in humans (53-55). The advantage of the mouse lies in the
opportunity to design definitive experiments using inbred, transgenic, and knock out mouse
strains. These studies may reveal that natural tolerogenic mechanisms of the mouse kidney
are similar to that in pigs and non-human primates mixed chimerism protocols. If so, this
would heighten the general significance of the kidney mechanisms. Alternatively, if the
mechanisms in the mouse are different, we will have revealed novel pathway(s) which may
have potential clinical application. While these may be unique to the mouse under normal
circumstances, analogous mechanisms might be exploitable in humans. Elucidating the
cellular and molecular mechanisms of how an accepted kidney allograft confers tolerance of
a heart allograft may reveal potential novel regimens applicable clinically.

Besides dendritic cells, other cellular components that may play a role are renal tubular
epithelial cells (RTECs). RTECs represent an intriguing candidate population to mediate the
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systemic tolerogenic nature of kidney transplants, as they are specific to the kidney and
proximal RTECs are known to be immunologically active. RTECs can promote T cell
unresponsiveness to self- and allo-antigens in mice and humans (56). Additionally, it has
been shown that Foxp3* cells are enriched in the tubules in human kidney allografts (57) as
in the mouse (58). Frasca and colleagues have shown that IFNy-treated human RTEC induce
allospecific tolerance via a class 11 pathway (56). IFN+y induces the T cell inhibitor molecule
PD-1 and indoleamine 2, 3-dioxygenase (IDO) on RTEC (59, 60). Importantly, Amarnath
and colleagues have recently shown that PD1 signaling results in the conversion of human
TH1 cells into Treg cells (61). Finally, RTECs are known to produce and activate TGFf
(62), which is a major inducer of Foxp3* Treg (63) and tolerogenic pDC (64) generation.

What have we learned from patients?

While studies in mouse transplant models suggest a role for Tregs in allograft acceptance,
clinically, this is less clear and is dependent on correlative retrospective, prospective, and
cross-sectional studies. Several studies have tried to assess if a direct relationship exists
between good kidney allograft outcome versus onset of rejection. The presence of intragraft
Tregs has been suggested as a positive predictor of favorable graft outcome in stable patients
under an immunosuppression regimen (65-67), especially with subclinical signs of rejection
(65). Bestard and colleagues also showed a correlation between Treg infiltrates and a greater
Treg/CD3* T cell ratio with better graft function 2- to 3-year posttransplantation. The
presence of Tregs in the graft has also been associated with donor-specific T cell
hyporesponsiveness in patients with subclinical signs of rejection (68). However, several
studies have shown that a simple correlation with the existence of Foxp3* cells is not a
reliable predictor of favorable kidney graft outcome. Ashton-Chess and colleagues reported
that expression of Foxp3 in blood and in the graft could not distinguish between rejecting
and non rejecting patients (69). Furthermore, they showed that there is great variability
between Foxp3 expression and the patient’s age and the time that samples were taken
posttransplantation. Others have shown that the presence of Foxp3™ cells also was a key
indicator of acute rejection (57, 70). In fact, transient Foxp3 expression has been observed in
antigen-specific T effector cells (71).

Therefore, what better ways could there be to assess Tregs as predictors of favorable kidney
allograft outcomes? It has been suggested that perhaps evaluating the ratio of Tregs to
effector T (Teff) cells may be more appropriate. In fact, Grimbert and colleagues were able
to distinguish kidney allograft borderline rejection from acute rejection by looking at Foxp3-
to-granzyme B expression ratios (66). Another approach, which may be more promising, is
to look at the level of demethylation of the Treg-specific demethylated region, and the Foxp3
locus, as a demethylated Treg-specific demethylated region correlates with the Treg function
and stability (72, 73). This approach was used by Bestard and colleagues and they
demonstrated that sub-clinical signs of rejection patients with demethylation of Treg-specific
demethylated region exhibited greater kidney graft function five years post transplantation
(74).

To date there have been only limited studies on Tregs in tolerant patients. In large part this
stems from the fact that, simply put, there are few patients with operational kidney allograft
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tolerance. These small numbers of patients fall into two categories: those who were enrolled
in protocols designed to create a tolerant state and who achieved that endpoint, and those
discovered to be tolerant when their medications were discontinued (either due to life-
threatening complications of immunosuppression or as a result of non-adherence). The vast
majority, perhaps all, of the HLA mismatched patients who achieved sustained operational
tolerance as part of a deliberate protocol received donor bone marrow to induce either
transient-mixed, or long-term, hematopoietic chimerism (75) (76). In patients enrolled in
transient-mixed chimerism studies within roughly two weeks after transplantation, donor
derived cells are no longer present, meaning that all lymphocytes are of recipient origin.
Based upon this observation, it has become possible to ask whether there is evidence of
recipient anti-donor Tregs. Using an assay that combines proliferative responses to donor
cells with high throughput T cell receptor sequencing, Morris et al. demonstrated a marked
reduction in the frequency of donor-reactive cells in the peripheral blood in tolerant
recipients (77). However, while reduced in number, many alloreactive cells remained,
suggesting either that their ability to cause graft damage is being constrained by Tregs
and/or that many of these cells are themselves Tregs (i.e., donor-reactive Tregs). In trials
where tolerance has been induced by the use of full hematopoietic chimerism, the question
of regulation becomes, in a sense, moot, as there are no detectable recipient T cells. Finally,
it should be noted that the studies above were all done using HLA mismatched donor-
recipient pairs. A number of studies have created tolerance in HLA-identical kidney allograft
recipients, however functional studies of suppression are extremely difficult in this setting
due to the inability to induce a reliable proliferative response in vitro when there are only
minor mismatches.

Therapeutic approaches to augment Tregs

Given our understanding of the role of Tregs in promoting long-term engraftment and
tolerance, there is a great deal of interest in promoting Tregs in transplant recipients as a
complement to pharmacologic ways to disarm effector T cells. These efforts take two forms.

Sparing/expanding endogenous Tregs

The mainstay of standard immunosuppressive therapy, calcineurin inhibition, non-selectively
inhibits T cell activation and expansion, including Tregs. In contrast, mTOR inhibitors such
as rapamycin, although somewhat weaker in their immunosuppressive effects, also exhibit
some specificity for effector T cells, as Tregs are less dependent on mTOR and its
downstream pathways to meet their energy needs (78). In addition to using agents which
exhibit relative selectivity for effector T cells, there have been a number of studies recently
utilizing low dose interleukin 2 (IL-2) as a means to expand Tregs in vivo. The IL-2 receptor
is a three chain heterotrimer (a,, and -y chain). Unique among T cells, Tregs constitutively
express all three chains of the receptor, which enable them to respond to low concentrations
of IL-2, compared with resting T cells or NK cells which express only the p and -y chains,
and therefore require higher IL-2 concentrations. Low dose IL-2 has not yet been studied in
solid organ transplantation, but has shown great promise in chronic graft versus host disease
and vasculitis, where it induces a dramatic and relatively selective Treg expansion, induces
Treg activation, and suppresses disease.
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Tregs as cellular therapy

Another means to increase Tregs in patients is via cellular therapy. A recent review by
Hutchinson and Geissler outlines the rationale for such an approach (79) A number of early
stage clinical trials have been performed, most of which use poly-clonal (i.e., non-specific)
Tregs. In this approach, recipient Tregs are isolated, purified, expanded using mitogenic anti-
CD3 and anti-CD28 antibodies plus IL-2, and then re-infused. A number of phase | studies
have been performed in graft-versus-host disease and type | diabetes, and studies have been
initiated in kidney transplantation. These clearly show that polyclonal T regs are safe, and
perhaps also show hints of efficacy, but a more definitive determination will require Phase 1l
studies, which are still underway.

While polyclonal Tregs are relatively easy to manufacture, antigen-specific Tregs are
theoretically much more attractive. In animal models of transplantation, they are ~10 times
as potent in preventing rejection and inducing tolerance. As well, they should have only a
very minimal risk of non-specific immunosuppression, though a previous study has shown
that the infusion of Tregs, either in single or multiple doses, in conditions where host T cells
were depleted, resulted in enhanced memory T cell and antidonor alloantibodies, leading to
decreased allograft function (80).Three groups are using antigen-specific regulatory cells in
solid organ transplantation studies. Based on a concept pioneered by Guinan et al (81, 82),
the Kyoto group (83) generated regulatory cells by culturing recipient peripheral blood
mononuclear cells (PBMCs) with irradiated donor cells in the presence of anti-CD80 and
anti-CD86 Abs (to block CD28 costimulation). They used the unpurified product as a source
of enriched Tregs. In a pilot study in liver transplantation, 7 of 10 patients have been
successfully weaned from immunosuppression, including 4 patients who have been off drugs
for over 2 years. As part of the ONE Study (83A), the Massachusetts General Hospital
(MGH) and University of California San Francisco (UCSF) groups are using antigen-
specific Tregs in kidney transplantation. The MGH group is employing a procedure similar
to the Kyoto group, except that belatacept is substituted for the anti-CD80/86 Abs, and
highly purified Tregs are isolated from the cultures prior to infusion. Thus, recipient PBMCs
are cultured with irradiated donor PBMCs in the presence of belatcept for 72 hours after
which Tregs are isolated by the sequential use of magnetic bead-based depletion of CD8*
and CD19* cells, followed by magnetic bead-based enrichment for CD25* cells. At UCSF,
recipient Tregs are first isolated using GMP flow-based sorting for CD4*CD25NCD127'°
cells. These cells are then expanded using donor B cells which were stimulated with CD154-
expressing K562 cells. These different culture/manufacturing conditions both yield a
population of highly purified Foxp3* cells (with Treg-specific demethylated region
demethylation) that are polyclonal and exhibit high specificity for donor cells in an in vitro
suppression assay,

Of course the idea of promoting endogenous Treg proliferation and administering
exogenously administered Tregs are not mutually exclusive. Studies combining Tregs with
low dose IL-2 are likely to be initiated in the near future. Tregs have also been used
experimentally to enhance the effectiveness of other tolerance approaches, e.g., to enable the
achievement of mixed chimerism without the use of cytoreductive conditioning (84)
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Conclusion

The importance of Tregs in kidney allograft acceptance is well documented. Their potential
use as therapeutic agents in conferring transplant tolerance is very promising but more has
yet to be done, especially with regards to their stability and long-term effects. In addition,
understanding the unique role the kidney plays in the induction of Treg-dependent systemic
tolerance — identifying the cellular and molecular components — will prove to be important
in the development of transplant regimens that will result in the long-term survival of
allografts.
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Figure 1.

Orgigin of Foxp3* Tregs. During thymic ontogeny, double positive (CD4*CD8*) thymocytes
with low affinity for self-peptide + self-MHC undergo positive selection, becoming single
positive CD8* or CD4* thymocytes which eventually are exported into the peripheral
lymphoid compartment as naive T cells. Under certain conditions (see figure 2 for more
details), these naive T cells can be induced to express Foxp3, and these cells are known as
pTregs (for Tregs of peripheral origin). Double positive thymocytes with moderate affinity
for self-peptide * self-MHC are induced to express Foxp3, and these cells, known as tTregs
because of their thymic origin, are exported into the periphery as “fully formed” Tregs.
Abbreviations: Foxp3* Tregs, Foxp3 positive regulatory T cells; MHC, major
histocompatibility complex; tTregs, thymic-derived Tregs; IL, interleukin; TCR, T cell
receptor; pTreg, induced peripheral regulatory T cells.
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Figure 2.
Induction of Tregs from naive T cells. In the periphery, conditions which favor the induction

of pTregs from naive T cells include low level continuous antigen exposure, the absence of
inflammatory signals (especially IL-6), the presence of cytokines such as IL-2 and TGF-p,
and other factors such as retinoic acid. High levels of IL-10 can also induce a regulatory T
cell phenotype, however these cells, known as Trl cells, do not express Foxp3 and
themselves produce I1L-10. Abbreviations; Foxp3* Treg, Foxp3 positive regulatory T cell;
pTreg, induced peripheral regulatory T cells; IL, interleukin; TGF- B, transforming growth
factor beta; APC, antigen-presenting cell.
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