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Abstract

Immune regulation is fundamental to any immune response to ensure that it is appropriate for the perceived
threat to the host. Following cell and organ transplantation, it is essential to control the innate immune
response triggered by the injured tissue and the adaptive immune response stimulated by mismatched donor
and recipient histocompatibility antigens if the transplant is going to survive and function. Here, we discuss
the leukocyte populations that can promote tolerogenic immune responses after cell or solid-organ
transplantation. Such populations include regulatory T cells, B cells and macrophages, as well as myeloid-
derived suppressor cells, dendritic cells and mesenchymal stromal cells. We consider the potential of these
regulatory immune cells to develop and function in transplant recipients and their potential use as cellular

therapies to promote long term graft function.
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Introduction

The same leukocyte populations, including macrophages, dendritic cells, T cells and B cells, that participate in
the events that result in the destruction of a cell or organ transplant can also play a role in promoting immune
tolerance to the transplanted cells or tissue g Regulatory immune cells that can prevent allograft rejection or
graft versus host disease (GVHD) are specialised leukocyte populations that are either selected to have
regulatory function, or whose differentiation is influenced by the microenvironment present either within the
allograft or the draining lymphoid tissue enabling them to acquire immune regulatory properties. The
presence of regulatory immune cells in a transplant recipient can shift the balance towards immune regulation
and away from rejection or GVHD. Thus regulatory immune cells can play an important role in determining the

long term outcome of a transplant.

Studies of transplantation provided some of the earliest evidence for the occurrence of immune regulation in
vivo. Data from neonatal tolerance studies performed by Billingham, Brent and Medawar in the 1950s
suggested that additional mechanisms beyond deletion of donor-reactive cells were involved in sustaining
immune unresponsiveness to an aIIograftZ. Later studies showed that rats with allografts that survived long
term in the absence of continuous drug-based immunosuppression — a status referred to as operational
transplantation tolerance — had T cells that could prevent graft rejection mediated by a subsequently
transferred population of effector T cells®. This form of cellular regulation in transplantation was later shown
to be associated with CD4" T cells that express CD25, the a-chain of the interleukin-2 (IL-2)*”, consistent with

data examining immune regulation and the development of autoimmunityg.

In clinical transplantation, most recipients require life-long immunosuppressive drug therapy to prevent
rejection and loss of the transplant. However, evidence that regulatory immune cells can contribute to the
mechanisms that enable some transplants to function long term is accumulating. Studies of the small numbers
of transplant recipients who have functioning kidney or liver allografts in the absence of immunosuppression
have proved very informative. Individuals who exhibit operational tolerance to an organ allograft are rare but
have been described in four clinical situations. First, recipients who have had their immunosuppressive drugs
discontinued for medical reasons, including persistent viral infections and cancer, which are both side-effects
of life-long treatment with non-specific immunosuppressive drugs. Second, recipients who are non-compliant,
in other words who choose to stop taking the immunosuppressive drugs9 10 Third, liver transplant recipients
who have been participating in clinical studies, including immunosuppression weaningn. Fourth, kidney
transplant recipients treated with tolerance induction protocols, such as those designed to induce mixed
chimerism®.  Data characterising the immune status of these immunosuppressive drug-free transplant

5-1

recipients has shown that regulatory T (Tgeg) cells™ *, regulatory B cells 17 and dendritic cells (DCs) may

contribute to the state of operational tolerance in these transplant recipients.

In general, T cells have a central role in immune responses that lead to the destruction of transplanted cells,

organs or tissues, as well as in controlling these unwanted immune responses. However, as demonstrated by
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the characterisation of the molecular signatures of tolerance in immunosuppression-free liver and kidney
transplant recipients, other immune cell subsets can also have dual functionality, contributing to rejection or
regulation depending on the origin of the cells and importantly the conditions that prevail in the transplant
recipient. B cells, for example, can promote transplant rejection through their function as antigen-presenting
cells (APCs) or by secreting alloantibody. More recently though, regulatory B cells have been shown to control

. . 1516
Immune responses after transplantatlon .

In this Review, we summarize our current understanding of the regulatory immune populations that can
promote tolerance during transplantation. Furthermore, we consider the clinical potential of targeting these

populations in order to facilitate long-term survival and function of allografts in transplanted patients.

Regulatory T cells

Different populations of T cells with regulatory activity can contribute to the prevention of transplant

7, 18-21 22-24 26, 27

rejection and GVHD, including CD4" T cells , CD8" T cells , CD4'CD8 T cells 25, NKT cells and yoT
cells *®. Indeed, all of these subsets potentially have a role in promoting transplant tolerance at different stages

of the response.

CD4" regulatory T cells.

Treg cells that can control allograft rejection and GVHD in vivo can arise via two distinct pathways. Thymus-
derived or naturally occurring Tgeg (NTgeg) cells are selected in the thymus and function in the periphery
primarily to suppress responses to self antigenslg. nT. cells are present in every healthy individual and
constitutively express high levels of the transcription factor forkhead box P3 (FOXP3). In the second pathway,
CD4" T cells that encounter antigen in a tolerogenic microenvironment in the periphery can differentiate into
‘adaptive’ or induced T, (iTreg) cells 2 Similar to NT,eq Cells, iTeq cells sustain high levels of FOXP3 expression,
and this is necessary for their suppressive functions. The cell surface and intracellular markers expressed by

human and mouse nT,.; and iT,.; are shown in Table 1.

In solid-organ transplant recipients, there are usually insufficient numbers of nTge, cells at the time of
transplantation to prevent rejection of a fully allogeneic graft (that is, when both MHC and minor
histocompatibility antigens are mismatched). This is especially the case when donor-derived alloantigen-
reactive memory T cells pre-exist in the transplant recipientao. In these situations, the frequency of donor-
derived alloantigen-reactive T cells present in the recipient’s immune repertoire is far higher than the
relatively small number of nT,, cells that are presents, such that the balance is shifted away from regulation
towards allograft destruction. However, the fact that nT,, cells cannot prevent destruction of an allograft in
the absence of immunosuppressive drugs, does not mean that these cells do not function, but instead suggests
that they are overwhelmed by the high frequency effector immune cells. Interestingly, the allograft itself can
induce T, cells that can protect it from rejection31, and even when the primary allograft has been rejected,

32,33

cells with characteristics of T, cells are found in the recipients . This confirms that exposure to alloantigen

Wood et al 4



over a period of time can lead to the generation of iT., cells, even when the immune response has been
destructive .  Thus both nT,, and T, cells contribute to the overall pool of T, cells that can recognise and
respond to donor aIIoantigens34. However, it is likely that after transplantation iTge, cells that develop in
response to donor-derived alloantigens may be more important that nTge, cells for mediating long-term

tolerance to the allograft due to the persistent presence of donor antigens )

This critical balance between graft destruction and regulation can be shifted in several ways, either before or
after transplantation, notably by employing strategies that increase the relative frequency or functional
activity of alloantigen-reactive T, ceII536‘39, or by inhibiting the activity of effector T cells The use of
immunosuppressive drugs that permit or promote T, cell generation and function is obviously one approach
that can be effective®, together with other strategies, including infusion of alloantigen before transplantation

(to expand nT,, cells specific for donor alloantigens and promote T, cell generation)  or delivery of T, cells

as a cellular therapy®* (this will be discussed later).

NTeg and T, cells use a number of different mechanisms to inhibit the activity of effector immune cells which,
in the absence of T, cells, trigger graft rejection or GVHD. For example, T, cell expression of cytotoxic T
lymphocyte antigen 4 (CTLA4) can inhibit APC activity, thereby preventing the development of effector T cells.
Furthermore, CTLA-4 binding to the co-stimulatory molecules CD80 and CD86 on APCs has been implicated in
the activation of the enzyme indoleamine 2 3-dioxygenase (IDO) which ultimately results in both a local
deprivation of the essential amino acid tryptophan and a local production of inhibitory molecules known as
kynurenines, resulting in attenuated T cell proliferation“. Treg cells can also produce IL-10%, an
immunosuppressive cytokine that can inhibit APC activity and promote the conversion of T cells into Trl cells
and is likely important for regulatory activity in the draining lymphoid tissue as well as the allograft itself (see
below). Indeed, blocking the activity of CTLA4 (CD152) or IL-10 in vivo prevents T, cell-mediated regulation

. . 6,41, 45
in transplantation models (

Figure 1). IL-10 can also be produced by other leukocyte populations, notably
DC and regulatory B cells (see below). Thus Tr1 cells could be generated in vivo as a consequence of high levels
of IL-10 being produced in defined microenvironments, including the draining lymphoid tissue and the allograft
(Figures 1 and 2). Some studies have shown that TGFB‘“" 47 and IL-35" are also important for the functional

activity of T, cells.

For T, cells to function efficiently they must be in the right place at the right time during the response to the
allograft. The location in which T, cells function in vivo most likely changes with time after transplantation.
There is evidence that T, cells can reduce the impact of ischemia—reperfusion injury. To inhibit the
activation of naive T cells and the development of an effector-type adaptive immune response, T, cells
function initially in the draining lymphoid tissue, thereby preventing the activation and proliferation of effector
T cells. At later times following transplantation, T, cells migrate to and function within the allograft itself »,
Indeed, there is evidence that the allograft is an important site for providing continuous exposure of T, cells

to graft-derived antigen 50, thereby creating an environment that is permissive to graft acceptance b2
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In addition to nT,; and T, cells, a number of other CD4'FOXP3 regulatory T cell populations have been
described. These include Trl cells, which are generated in the presence of high amounts of IL-10 > and can
function to inhibit GVHD, and TGFp-dependent IL-10-independent T, cells, which have been detected in
rodents that have accepted allografts. It is likely that, depending on the microenvironment created in vivo, the
degree of histoincompatibility between donor and recipient, and the specific type of tissue that is
transplanted, different CD4" Treg Cell populations are involved in inhibiting destructive immune responses to

the allograft.

CD8’ regulatory T cells.

CD8" T cells can suppress the activity of self-reactive T cells® as well as effector T cell responses to
alloantigens™. The mechanisms used by CD8" T cells to mediate suppression include both cytotoxic (such as
the killing of effector T cells *® or APCs >’) and non-cytotoxic pathways. In the 1980s, hypothetical suppressor
cascades, involving the participation of multiple effector T cell subsets and a variety of secreted mediators,

*%3% and interest in CD8" T cell-mediated regulation waned.

were proposed, but none of these was validated
The recent characterisation of CD8'CD28 and IL-10-producing CD8" regulatory T cells has revived interest in
this field. CD8'CD28 T cells inhibit APC-mediated T cell activation by direct cell contact-dependent
mechanisms *° and are most likely an end-stage population. Cells with this phenotype have been identified in
renal transplant recipients that have received alemtuzumab induction therapy. Alemtuzumab, a monoclonal
antibody that targets CD52" cells, results in profound leukocyte depletion when used as an induction therapy
in transplant recipients. Leukocyte repopulation occurs gradually over time in response to the lymphopenic
environment created following alemtuzumab therapy, with different leukocyte subsets repopulating at
different rates®. CD8'CD28 T cells that are present in renal transplant recipients treated with alemtuzumab
induction therapy could play a role in suppressing the immune response to donor alloantigens in the longer

62
term .

In contrast, IL-10—producing CD8" Tr cells can be generated from naive CD8" T cells and inhibit primary T cell
responses through IL-10. IL-10-producing regulatory CD8" Tr cells share many similarities with the CD4" Tr1
cells mentioned above, in that both populations are anergic (that is, refractory to restimulation with cognate
antigen), their generation depends on IL-10 and both suppress primary T cell responses through IL-10-, but not
TGF-B dependent mechanisms. IL-10-producing CD8" Tr cells have been described in vivo in a patient with
long-term acceptance of an allogeneic kidney transplant #  These findings suggest that there may be two
distinct subsets of CD8" regulatory T cells, namely CD8°CD28" regulatory T cells and CD8" IL-10 producing Tr
cells, that use distinct tolerogenic mechanisms and are generated in vivo in response to different
microenvironments; CD8'CD28" regulatory T cells in response to lymphopenia, CD8" Tr cells in response to IL-
10. A kinetic analysis to determine the presence of each of these subsets in transplant recipients treated with
different immunosuppressive drug regiments is required to understand their relative roles in controlling

immune responses to donor alloantigens after organ transplantation
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CD4 CD8 regulatory T cells.
Peripheral af-TCR'CD3'CD4'CD8'NK1.1™ T cells so called double negative (DN) T cells have been shown to

o 65, graft

inhibit immune responses mediated by CD4" and CD8" T cells and to prevent allograft rejection
versus host disease *° and diabetes . DN T cells use a variety of mechanisms to mediate suppression,
including antigen-specific killing of CD8" or CD4" T cells via the Fas—FasL pathway, promoting the
downregulation of the costimulatory molecules CD80 and CD86 on DCs, inducing DC apoptosis, and acquiring
alloantigens from DCs by trogocytosis. Recently, IFNy expression was found to be induced in DN T cells by

autologous tolerogenic DCs (see below) and this led to the accumulation of DN T cells in the spleens of rats

that were operationally tolerant to a heart allograft. Notably, blockade of IFNy resulted in allograft rejectionsg.

Human DN T cells share phenotypic and functional features with their mouse counterparts, including the
ability to acquire peptide-HLA complexes from APCs by a cell-contact-dependent manner and the ability to

induce apoptosis of antigen-specific CD8" T cells *

. In patients that have received an allogeneic hematopetic
stem cell transplantation (HSCT), deficiency of DN T cells was associated with the occurrence of GVHD. This
provides evidence, albeit limited, that CD4 CD8 DN T cells with regulatory activity can participate in the

. . 70
development of peripheral tolerance in humans™.

NKT cells.

Natural killer T (NKT) cells have been implicated in transplant rejection and tolerance’" as a result of their
unique capacity for rapid and early production of pro-inflammatory or anti-inflammatory cytokines in
response to their cognate glycolipids antigens presented on CD1 molecules. Mouse bone marrow CD4 CD8 T
cells, the majority of which are NKT cells, were found to inhibit acute lethal GVHD by augmenting proliferation
of donor-derived T cells in an IL-4-dependent manner’> ", Furthermore, in a mouse model of HSCT, the
adoptive transfer of highly purified (> 95%) NKT cells suppressed GVHD, decreased the production of IFNy and

TNF by donor-derived T cells but left the graft-versus-tumour response intact’.

yo T cells.

vd T cells are nonconventional T cells that have important roles in anti-tumour and anti-viral immune
responses. An altered distribution of V&1 and V52 subsets have been observed in operationally tolerant liver
transplant recipients 7> 76, but experimental data on whether ¥ T cells can protect the allograft is limited. A
tissue-homing population of y3 T cells has been shown to exert local regulatory activity in non-transplant

settings 77 buta specific functional role of yd T cells in mediating transplant tolerance has yet to be described.

Regulatory B cells
Interest in the role of regulatory B cells in transplantation was stimulated by clinical rather than experimental
data. A B cell signature, that is an expansion of B cells in the absence of donor specific alloantibody and

expression of mRNA for genes known to be associated with B cell function, including CD20 and CD79b,
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15, 16, 78 .
. In mice,

was found to be associated with operational tolerance in renal transplant recipients
regulatory B cells express high levels of CD1d, CD21, CD24 and IgM and moderate levels of CD19, although
some heterogeneity may exist ”® Human regulatory B cells, CD19+CD24hiCD38hi, comprise a small subset of the
total B cell pool and share some properties with their mouse counterparts including an immature phenotype
(Table 1). One of the characteristics of B cells with regulatory activity is their ability to secrete IL-10, a cytokine
known to favour immune regulation as discussed above (Figure 1). The ability of IL-10-secreting B cells to

882 " cD40 stimulation appears to be

regulate an immune response was first demonstrated in autoimmunity
required to stimulate IL-10 production by regulatory B cells and has been reported to be necessary for
activation of Breg enabling them to manifest their functional activity and suppress Th1l cell differentiation 8
CD40-activated human Breg induce the generation of Treg cells from allogeneic CD4* T cells®, but whether or
not this is dependent on B cell derived IL-10 remains to be clarified. In comparative studies using cells from

the same donor, Breg cell-induced Treg cells showed more potent suppressive activity than pDC-induced Treg

85
cells™.

How Breg are generated in response to alloantigen, as well as when and where they function in vivo, remains
to be clarified in transplant recipients. Experimental studies examining the role of Breg in vivo in
transplantation are limited at present. In mice, TIM-1 ligation on B cells induced TIM-1" B cells with regulatory
activity 8 suggesting a potential therapeutic strategy for increasing the number of Breg in vivo. Other studies
have shown that IgM®, but not IgG" B cells form clusters within kidney allografts in tolerant rats a finding that
has been interpreted as indicating the presence of B cells with regulatory activity ¥ Our own work
investigating the evolution of Breg during leukocyte reconstitution in kidney transplant recipients treated with
alemtuzumab demonstrates that Breg appear transiently in the peripheral blood following transplantation 8
and their presence is potentially related to the later presence of Treg cells in recipients receiving induction

89, 90

therapy The link between Breg and Treg cell function in protection against allograft rejection requires

further study.

Some populations of B cells have the capacity to induce specific immunological unresponsiveness to
alloantigens in vivo; an additional pathway where B cells can contribute to the induction of operational
tolerance to alloantigens. Transitional B cells are poor APCs in vitro, where they show low co-stimulatory
function . In keeping with this, small resting B cells have been shown to induce tolerance to alloantigens.
This ability of resting B cells to present donor-derived alloantigens to the host immune system in a non-
stimulatory form may be important therefore for promoting tolerance to allografts in some situations when

donor leukocytes are infused into transplant recipients 2,

Regulatory macrophages
Macrophages have both protective and pathogenic functions and can be divided into subgroups on the basis of
their tissue location and their functional properties 2 n transplantation, macrophage activation occurs

initially as a result of the tissue injury that is associated with ischemia and reperfusion, and these cells can
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contribute to early graft damage ** However, alternatively activated macrophages can inhibit the production
of pro-inflammatory cytokines by classically activated macrophages and also have important roles in wound
healing and tissue repair. This function is important in organ transplantation in the early post-transplant
period, as wound healing allows tissue homeostasis to be re-established. However, later after transplantation,
tissue repair responses may be less desirable as they have been shown to contribute to delayed allograft
failure by causing occlusion of blood vessels within the allograft, a process referred to as ‘transplant

arteriosclerosis’ or ‘transplant-associated vasculopathy’.

It has been proposed that ‘regulatory macrophages’ may represent an additional, distinct macrophage
population whose main physiological role is to dampen pro-inflammatory immune responses > However, to
date, no stable, convenient surface markers for regulatory macrophages have been identified. Regulatory
macrophages produce high amounts of IL-10 (a common feature of leukocytes with immunoregulatory
properties), but unlike alternatively activated macrophages, do not express arginase and are not dependent on
STAT6 signalling. Interaction with T, cells can lead to macrophages acquiring the properties of alternatively
activated or regulatory macrophages96 (Figure 2). Furthermore, the interaction of macrophages with B-1 B

cells results in the formation of a regulatory macrophage population .

Human regulatory macrophages isolated from the peripheral blood are characterised by their morphology,
cell surface phenotype (Table 1) and their ability to suppress T cell proliferation in vitro. In a pilot clinical
study, human regulatory macrophages were shown to reduce the need for immunosuppressive drugs when
administered to kidney transplant recipients % Host macrophages can also have a protective effect following
transplantation. Reducing the pool of the host macrophages in recipient mice increased donor T cell

expansion and aggravated GVHD after allogeneic HSCT™.

Tolerogenic dendritic cells

. .. . s . . . 100
DC are crucial for priming antigen-specific T cell responses, including T cells responses to alloantigens ~.

. 1,101-103
However, they can also promote tolerogenic responses (Table 1).

Initially, immature conventional myeloid DCs that express low levels of MHC class Il and costimulatory
molecules at the cell surface were identified as the dominant form of DC that had the capacity to induce T cell

104 . .
tolerance ~ . Indeed, immature DCs can promote tolerance to solid-organ allografts and bone marrow grafts

19 For example, a single injection of immature donor-derived DCs 7 days before transplantation of a MHC-

mismatched heart allograft extends 195 op prolongs survival of the allograft indefinitely 108, Injection of donor-

107

derived DCs prevents the rejection of MHC-mismatched skin grafts and protects recipient mice from

108

developing lethal acute GVHD The tolerogenic effects of immature DCs can be enhanced by co-

administering these cells with other immunomodulatory agents, such as drugs that block the CD40—-CD40L co-

. . 109
stimulatory axis ~.
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Plasmacytoid DC (pDCs) pcan also promote tolerance in transplantationno. In experimental models, pDCs
acquired alloantigen in the allograft and then migrated to the draining lymphoid tissue, where they induced

111

the generation of Treg cells In mice, pre-pDC appear to be the principal cell type that facilitates

hematopoietic stem cell engraftment and induction of donor-specific skin graft tolerance in allogeneic
recipients 12

Higher numbers of pDCs than of myeloid DCs were found in the peripheral blood of paediatric liver transplant
recipients that were operationally tolerant to their allograft. In the same study, a similar trend was seen in
patients receiving low-dose immunosuppressive therapy during prospective immunosuppressive drug
weaning, compared with patients on maintenance immunosuppressionm. In addition, higher levels of
expression of PD-L1 and CD86 by pDCs was found to correlate with elevated numbers of CD4'cD25"FOXP3"
Treg cells in liver transplant recipients who were free from immunosuppressive drug regimens114 . These data

suggest that pDCs may contribute to immune regulation in liver transplant recipients (Figure 1).

In summary, both myeloid DCs and pDCs can promote tolerance to alloantigens, and DC maturation in itself
does not appear to be the distinguishing feature that separates immunogenic DC functions from tolerogenic

115
ones .

However, despite the tolerogenic functions of DCs discussed above, the use of DCs to facilitate the
induction of operational tolerance is not without risk. DCs are arguably better known for their ability to prime
the immune system. Indeed, DCs pulsed with antigen are being used clinically as vaccines to stimulate
immune responses to tumour antigens. Using DCs as a cellular therapy in transplantation may therefore carry
the risk of sensitising the recipient. One possible approach to reducing this risk is to combine DC

administration with co-stimulatory blockade, with the objective of presenting donor alloantigens to induce T

cell unresponsiveness.

Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of progenitor cells that have been
associated with many suppressive immune functions. MDSCs can accumulate in tissues during inflammation,
where they may further differentiate into macrophages, DCs and granulocytes. The expansion and activation
of MDSCs are regulated by factors produced by other cells that are present in the same microenvironment,

including stromal cells, activated T cells and in tumours, the tumour cells themselves.

Several MDSC subsets have been described in both mice and humans . Despite their heterogeneity,
common phenotypical markers are expressed by most MDSCs, including Grl and CD11b in mice, and CD33,
CD11b, CD34 and low levels of MHC class Il | human (Table 1). Activated MDSCs suppress proliferation and
cytokine production by effector T cells, B cells and NK cells in vitro through mechanisms that include their
expression of inducible nitric oxide synthase 1 and arginase 1. MDSCs also appear to be able to inhibit T cell
proliferation and modify T cell differentiation pathways. For example, they can promote Treg cell

117
(

differentiation in a process requiring IFNy and IL-10"" (Figure 2). Interestingly, interactions between MDSCs

and macrophages results in a shift of macrophages towards an alternatively activated phenotype 18
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In experimental transplant models, MDSCs have been shown to promote tolerance to alloantigens. Direct
evidence of a tolerogenic role for MDSCs has been obtained for heart and islet allografts in mice™ ' and by
iNOS-expressing MDSCs in a rat kidney allograft model**’.  In bone marrow transplantation, indirect evidence
for a role of MDSCs has come from the observation that transplantation tolerance could not be induced in
mice that did not express MHC class Il on circulating leukocytes, although given that many other leukocytes

22

populations may also be altered in this setting 22 The mechanisms used by MDSCs to promote tolerance to

alloantigens require further clarification. Some evidence suggests that they may act partly through the

1

induction or sparing of Treg12 . Alternatively, MDSCs have been found to upregulate heme oxygenase 1, an

enzyme that has immunoregulatory activity through the inhibition of DC maturation and preservation of IL-10

function as well as cytoprotective propertiesm.

Mesenchymal stromal cells
Mesenchymal stromal cells (MSCs) are a sub-population of multipotent cells within the bone marrow that

support haematopoiesis and possess immunomodulatory and reparative propertiesm.

Bone marrow
derived MSCs have the ability to migrate to sites of inflammation, including to an allograftlzs. When MSCs are
exposed to an inflammatory microenvironment they have been found capable of regulating many immune
effector functions.Notably, MSCs have been shown to promote the generation of T, cells both in vitro and in

vivo through mechanisms involving PGE,, TGF-B and cell-cell contact** **’. .

The impact of MSCs on the generation of T, cells may be indirect, as DCs repeatedly exposed to MSCs are
maintained in an immature-like state "*® (Table 1). In transplantation, retrieval and transplantation of the
allograft inevitably results in ischemia and reperfusion injury creating an inflammatory microenvironment
within the graft. The recruitment of MSCs to the graft in the early post-transplant period could potentially
lead to the conversion of T cells also recruited into the allograft into T, cells. In addition, MSCs have been
suggested to promote acceptance of allogeneic islets of Langerhans by secreting matrix
metalloporoteinaseslzs. The immunomodulatory properties of MSCs on B cell function could also contribute

to suppressing graft rejection by inhibiting alloantibody productionm.

Interaction of distinct regulatory cell populations in transplantation

Organ and tissue retrieval inevitably results in tissue damage and this, together with ischemia—reperfusion
injury associated with the surgical procedures required to transplant a solid organ graft, triggers activation of
the innate immune system resulting in inflammation in the allograft with hours after transplantationl. As
already highlighted, MDSC and MSCs migrate to the site of an inflammatory response and are activated by the
inflammatory cytokines presentm. Thus early in the response to a transplant, these two populations may
infiltrate the allograft and develop immunomodulatory activity (Figure 2). Donor-derived DCs and
macrophages present in the allograft, as well as leukocytes attracted to the site of inflammation, might be
influenced by the activity of either MDSCs or MSCs promoting some cells to develop regulatory properties.

The inflammatory environment within the allograft also triggers the migration and maturation of resident
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donor derived DC to the draining lymphoid tissue where they initiate T cell activation™’; the absence of
secondary lymphoid tissue is sufficient to prevent rejection of vascularised organ allografts in naive

1

recipients®’. Activated T cells returning to the allograft may therefore encounter a tolerogenic

microenvironment created by the presence of MDSC and MSC and if this occurs, iTreg cells may be generated.

nTreg cells and Breg will naturally be present in transplant recipients, and although the frequency of cells that
can respond to donor alloantigens will be relatively low before transplantation, both cell populations will have
the potential to migrate to the allograft where they can contribute to modulating the immune response
(Figure 1). In addition, depending on the microenvironment present in vivo, donor alloantigen presented by
donor-derived or recipient APCs could drive the generation or expansion of regulatory T or B cell populations.
However, it is important to remember that despite active regulation occurring in the allograft and periphery, in
the absence of any other forms of immunosuppressive therapy, the balance between rejection and regulation
is tipped in favour of rejection or GvHD in recipients transplanted with a graft that is mismatched for major
and/or minor histocompatibility antigens. Thus the immune regulatory cells pre-existing in the recipient or
generated during the course of the response are not sufficiently powerful or present early enough in the

evolution of the response to control the high frequency of leukocytes capable of destroying the graft.

Impact of immunosuppressive drugs on regulatory populations

Most transplant recipients are treated with a combination of immunosuppressive drugs and biological agents
to control the rejection and GVHD responses. The combination of drugs used varies depending on the organ,
tissue or cells transplanted as well as the protocols used by individual transplant programmes. In some
transplant centres, kidney recipients may be given induction therapy using a monoclonal antibody or
polyclonal antibody preparation, such as alemutuzumab or anti-thymocyte globulin, at the time of
transplantation. This treatment significantly depletes the majority of leukocytes in the peripheral blood and
can affect the lymphoid organs creating lymphopenia. Not all leukocyte populations will be affected to the
same extent. For example memory T cells are not depleted following alemtuzumab administration®™ "%
Leukocyte repopulation is triggered by the lymphopenic environment and different leukocyte subsets
repopulate at different rates. Interestingly, leukocyte depletion has the potential to tip the balance in favour
of immune regulation by creating a situation where regulatory immune cells outnumber effector cells. In
alemtuzumab treated transplant recipients there is evidence that T,.; and B, cells are present amongst the

88-90

repopulating leukocytes and they may contribute to preventing rejection . Anti-thymoycte globulin has also

been shown to promote the generation of T, cells™..

Irrespective of whether leukocyte depletion therapy is used, transplant recipients will be treated with other
immunosuppressive drugs, most likely a calcineurin inhibitor, such as tacrolimus or cyclosporine A, and an anti-
proliferative agent, such as mycophenolate mofetil. Calcineurin inhibitors and anti-proliferative agents can
impact the generation and function of some regulatory immune cell populations. However, they also inhibit

effector T cell activation, hence rationale for their use in clinical transplantation. Interestingly, T, cells can
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still be found in the peripheral blood of kidney transplant recipients treated with calcineurin inhibitors** 1*

and in liver transplant recipients treated with tacrolimus and steroids after immunosuppression has been
weaned and withdrawn®. Many transplant recipients are now also treated with a monoclonal antibody
targeting CD25, the a chain of the IL-2 receptor (IL-2R). T cells express high levels of CD25 and indeed need
IL-2 for generation and expansion. Thus the impact of anti-IL-2R therapy on the generation and function of
regulatory cells, particularly T, cells, is also debatedSome transplant recipients are treated with sirolimus, an
immunosuppressive drug that targets the molecular target of rapamycin (mTOR) pathway. Interestingly
sirolimus has been shown to support the generation of T, cells ex vivo % and promote the function of infused
Treg cells in vivo™. Thus the precise cocktail of immunosuppressive agents used in a transplant recipient may

have differential effects on both effector and regulatory immune cells.

The use of combinations of immunosuppressive agents in clinical transplantation highlights the challenges
associated with designing protocols that include the infusion of immune regulatory cell populations. The
balance between rejection and graft survival can clearly also be modified by the infusion of defined
populations of regulatory immune cells. As shown by adoptive transfer studies , the infusion of regulatory
immune cells shortly before or at the time of transplantation, or even during a graft rejection episode, clearly

35, 42 . .
. The infusion of

has the potential to inhibit the activity of effector cells and promote graft acceptance
distinct populations of regulatory cells also enhances the generation and function of host regulatory immune
cells (Figures 1 and 2). Co-administration of immunosuppressive drugs has the potential to enhance the
functional properties and generation of regulatory immune cells, but some combinations of drugs may inhibit
the activity of regulatory cells. Thus the competing actions of each component of an immunosuppressive
protocol need to be considered very carefully as new protocols are defined for clinical trials. More work is
needed to define the complex effects that different immunosuppressive agents have on immune regulatory

cells. . This information is essential for the effective clinical translation of cell therapies in transplantation, as

discussed below.

Clinical translation of regulatory cell therapies in cell and organ transplantation
Cellular therapies using Treg cells, regulatory macrophages, and mesenchymal stromal cells to suppress

rejection or GVHD are being developed for application to clinical transplantation (Figure 3).

Treg cell therapy

In animal models, the transfer of Treg cells, with or without manipulation ex vivo, has proved to be a very

37 138, 139

effective strategy for controlling acute® ™" and chronic allograft rejection and also for preventing

GvHD™®

These studies provide proof-of-concept data to support the clinical translation of this approach.
However, defining the most effective source and population of Treg cells for therapeutic use in humans does

present some challenges.
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In the setting of bone marrow transplantation, a small number of clinical studies have infused Treg cells
infusion in an attempt to limit GVHD (Table 2). Expanded nTreg cells were used to treat 2 patients who
developed GVHD following bone marrow transplantation and clinical improvement was demonstrated in both
patientsm. In a dose escalation study, CD25'CD4'FOXP3" cells were isolated from cord blood and expanded
ex vivo for 24 hours in the presence of beads coated with CD3- and CD28-specific antibodies, before being
infused into adult patients receiving HSCT. This study did not give rise to any safety concerns and when the
data were compared to that from historical controls, a slight reduction in GVHD grades II-IV was observed'®.
Expanded donor-derived CD25'CD4" nTreg have also been infused into HLA haploidentical HSCT recipients,
again in a dose escalation study. Encouragingly, this was found to prevent GVHD in the absence of any
immunosuppressive treatment regimen, and to promote lymphoid reconstitution, improve immunity to
opportunistic pathogens, and not weaken the graft-versus-leukaemia effect'. In organ transplantation, The
One Study, a multi-centre Phase I/1l study funded by the European Union FP7 programme will investigate the

safety of infusion of ex vivo expanded nTreg and Trl cells into kidney transplant recipients (www.onestudy.org

).

An alternative approach, involving the use of IL-2 and rapamycin to enhance Treg cell function in situ in mice,
was shown to be effective for the treatment of acute GVHD'*. Low dose IL-2 therapy has also been used
successfully to treat patients with chronic graft versus host disease % and resulted in an increase in the
number of Treg cells to a median of more than 5 times the baseline levels. Importantly, the low dose IL-2
therapy expanded Treg cell populations without affecting the function of conventional CD4" T cells. Whether

the same would hold true in a solid organ transplant recipient remains to be determined.

One of the concerns about the use of Treg cells clinically is whether this will lead to global
immunosuppression. If so, it could be argued that Treg cell-based therapies offer no advantage over current
immunosuppressive regimens. This issue has been addressed in mice. Following bone marrow
transplantation, animals that were injected with Treg cells during solid organ transplantation were
subsequently able to control CMV **® and influenza virus infections *’.  Importantly, in humans there is no

evidence for an increase in susceptibility to infections in patients infused with Treg cells 13

Moreover, Treg
cell infusion has been shown to prevent GVHD while maintaining the graft versus leukaemia effect that occurs
during bone marrow transplantationzo. Clearly, this parameter that will require careful monitoring in future

clinical studies.

A second concern is the heterogeneity of the FOXP3" Treg cell populations characterised to date. Currently,
there are no markers that can accurately discriminate human Treg cells from other T cells. For example,

low

although Treg cells have been associated with a cD25"CD127 phenotype, activated T cells also upregulate
CD25 and downregulate CD127. Thus populations isolated on the basis of expression of one or both of these
markers may contain contaminating effector T cells. The addition of immunosuppressive agents, such as

rapamycin, to the expansion cultures has been shown to increase the purity of T, cells by eliminating non-T.,
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cells present in the starting populationm.

As such, the immunosuppressive drugs used in transplantation
may reduce the the impact of contaminating cells. However, careful consideration will need to be given to
the immunosuppressive drug protocol, as calcineurin inhibitors have been suggested in some studies to

attenuate T, cell function.

Regulatory macrophage cell therapy

Regulatory macrophages isolated from the organ donor have been administered intravenously to two
recipients of living donor kidney transplants with no deleterious impact on graft function and enabling
tacrolimus immunosuppressive therapy to be reduced within the first 24 weeks after transplantationgs.
Following administration, regulatory macrophages remained viable and trafficked from the lungs via the blood
to liver, spleen, and bone marrow. Studies to define the mechanism responsible for graft survival following
infusion of regulatory macrophages revealed that at 1 year after transplantation the patterns of gene
expression found in the peripheral blood of the patients treated were similar to those described for tolerant
kidney transplant recipients by the Indices of Tolerance/RISET European Networks" (Table 3). A follow up
study using regulatory macrophages in kidney transplant recipients will be performed as part of The ONE

Study.

Mesenchymal stromal cell therapy

Bone marrow derived MSCs to be used in cell or organ transplantation could be autologous, donor-derived
(allogeneic) or third party (allogeneic, derived from neither recipient nor donor). Autologous cells are clearly
the safest option for clinical cell therapy in terms of the relative risk of rejection or graft versus host reactions.
However, there are circumstances in which healthy autologous, HLA matched or haploidentical cells will not be
available, and in such situations third party allogeneic MSCs could provide an immediate source of cells ready
for clinical cell therapy. Intravenous administration has been shown to be suitable route for MSC infusion,
butan additional possibility would be to infuse MSCs into the donor organ prior to transplantation or to co-

transplant them at the site of the allograftlzs.

The number of bone marrow derived MSCs infused in the clinical studies reported to date has ranged from
0.4x10° to 10x106/per kg of bodyweight148’ 9 with no significant correlation between the dose of MSCs
received and clinical outcome. Single, double and repeated infusions have been administered, with no obvious
pattern to the outcome observed in each variation of the protocol. For example, some patients responded to

a second infusion following a non-response to the first, while others failed to respond even after multiple

8

infusions™*®. Not all clinical studies using MSCs to modulate immune reactivity have reported positive data. A

significant placebo effect was observed in phase Il clinical trials that used third-party MSCs to treat GVHD 10,

In contrast, treatment with MSCs was found to correlate with a significant improvement in patients with

steroid-resistant liver or gastrointestinal GVHD™. In kidney transplantation, infusion of patients with

autologous MSCs resulted in a lower incidence of acute rejection, a decreased risk of opportunistic infection,

and better estimated renal function at 1 year post-transplantationl‘E’l.
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Although over 100 clinical trials investigating the immunomodulatory and pro-reparative effects of MSC are in

progress (www.clinicaltrials.gov) this form of cell therapy is still at an early stage of development. The results
of these trials will undoubtedly provide further insight into the application of therapeutically administered

MSC in transplantation.

Other forms of cell therapy

Other forms of cell therapy also have potential for use in clinical transplantation as highlighted by the
experimental data reviewed above. Clinical trials using immunotherapeutic DC to stimulate immune responses
in patients with cancer and to restore self tolerance in patients with type 1 diabetes are in progressm.
Implementation of human DC therapy in clinical transplantation still requires a number of key issues to be

optimised and finalised including the methodology for DC isolation and purificationlsg, the source of DC, route

and timing of administration, as well as the most appropriate form of adjunctive immunosuppressive therapy.

Conclusion

Immune regulation is a complex process that involves multiple mechanisms and, more often that not, the
cooperation of distinct cell populations. Transplantation is no exception to this rule, and multiple regulatory
cells can play roles at different stages of allograft response. Interestingly, one of the common features of
many of regulatory leukocytes is their ability to produce IL-10, a cytokine that can create a microenvironment
that facilitates regulation and may function to enhance the generation and function of regulatory immune cells
throughout the post-transplant course. Transplant recipients are treated routinely with immunosuppressive
drug therapies, some of which may inhibit the generation or function of regulatory immune cells. Currently,
lifelong treatment with these drugs is normally used to prevent the risk of graft rejection. Understanding the
impact of immunosuppressive drugs on the function and generation of regulatory immune cells is an
important step for the successful clinical translation of novel cell therapies. The goal of introducing regulatory

immune cell therapy in clinical transplantation is to improve long term outcomes after transplantation.
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Glossary terms:

graft versus host disease

(GVHD) Tissue damage in a recipient of allogeneic transplanted tissue (usually a bone marrow transplant) that

results from the activity of donor cytotoxic T lymphocytes that recognize the tissue of the recipient as foreign.

GVHD varies markedly in severity, but can be life threatening in severe cases. Typically, damage to the skin and

gut mucosa leads to clinical manifestations.
mixed chimerism

ischemia—reperfusion injury

Natural killer T (NKT) cells

Alemtuzumab

Transitional B cells

Classically activated macrophages
Alternatively activated macrophages
graft-versus-leukaemia effect

tacrolimus

Double negative (DN) T cells
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