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The acquisition of self-perpetuating, immunological tolerance specific for graft alloanti-
gens has long been described as the “holy grail” of clinical transplantation. By removing the
need for life-long immunosuppression following engraftment, the adverse consequences
of immunosuppressive regimens, including chronic infections and malignancy, may be
avoided. Furthermore, autoimmune diseases and allergy are, by definition, driven by
aberrant immunological responses to ordinarily innocuous antigens. The re-establishment
of permanent tolerance towards instigating antigens may, therefore, provide a cure to
these common diseases. Whilst various cell types exhibiting a tolerogenic phenotype have
been proposed for such a task, tolerogenic dendritic cells (tol-DCs) are exquisitely adapted
for antigen presentation and interact with many facets of the immune system: as such,
they are attractive candidates for use in strategies for immune intervention. We review
here our current understanding of tol-DC mediated induction and maintenance of
immunological tolerance. Additionally, we discuss recent in vitro findings from animal
models and clinical trials of tol-DC immunotherapy in the setting of transplantation,
autoimmunity and allergy which highlight their promising therapeutic potential, and
speculate how tol-DC therapy may be developed in the future.

Immunologic tolerance is the specific absence of a destructive
immune response to a specific antigen. Due to the inherently
random nature of somatic recombination of T cell receptor
(TCR) genes within developing thymocytes, a small population
of mature thymocytes with self-reactive specificities persists
following negative selection within the thymus. Mechanisms
of self-tolerance, therefore, allow control of these hazardous
autoreactive lymphocytes. The deliberate induction of toler-
ance to specific antigens may have important implications
across a number of fields. Recently, exciting progress has been
made in the use of tol-DCs in transplantation, autoimmunity
and allergy. This review will describe the mechanisms of

action of these tol-DCs and outline their use in the pre-clinical
and clinical setting.

Mechanisms of DC-mediated tolerance

Since their discovery by Steinman and Cohn over 40 years ago,
DCs have been predominantly viewed as immunogenic leu-
kocytes, responsible for the coordination of powerful, antigen-
specific immune responses distant from the site of antigen
acquisition. In more recent history, these professional antigen
presenting cells (APCs) have been shown to play a critical role
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in both the induction and maintenance of immunological
tolerance. The extraordinary plasticity of phenotypes DCs can
display, in addition to numerous DC subsets that have been
described, are the predominant factors underlying their abil-
ity to produce apparently diametrically-opposed effects on the
immune system.

The detection of pathogen- or damage-associated signa-
tures by DCs during classical immune responses triggers
substantial upregulation of gene products required for effec-
tive antigen presentation and effector T cell (Teg) activation,
including MHC Class II, CD80/86 and pro-inflammatory cyto-
kines. Such changes are required to fulfil the three-stage
activation of naive Tess: TCR engagement of cognate peptide-
MHC (signal 1), ligation of costimulatory receptors (CD28) by
costimulatory molecules (CD80 and CD86) (signal 2) and liga-
tion of receptors with T cell stimulating cytokines (signal 3).

By contrast, tol-DCs are highly effective in antigen uptake,
processing and presentation, but do not provide naive T cells
with the necessary costimulatory signals (signal 2) required
for Teg activation and clonal proliferation on engagement
[Fig. 1]. In addition, whilst tol-DCs secrete only minimal
amounts of interleukin (IL)-12, a critical component of signal
3, they produce large amounts of anti-inflammatory IL-10 and
transforming growth factor (TGF)-B. Tol-DCs may actively
induce and maintain tolerance through regulatory or dele-
tional mechanisms. The discovery of autoimmune regulator
(AIRE)-dependent autoreactive T cell deletion within second-
ary lymphoid tissues, in addition to the generation of natural
T regulatory (Teg) cells within the thymus has demonstrated a
clear overlap between central and peripheral tolerance
mechanisms [1]. A number of additional factors may
contribute to or augment the ability of tol-DCs to establish
tolerance.

Deletional
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Tol-DCs display an immature phenotype under steady state
conditions and constitutively migrate throughout the pe-
riphery and lymphatic system, presenting self-antigen in the
absence of costimulatory molecules. Immature, migratory
DCs loaded with tissue antigens, such as those found in skin,
are more effective at inducing antigen-specific FoxP3" Tyeq cell
populations than lymphoid resident DCs in vivo. This strongly
suggests a role for migratory, immature DCs in promoting
peripheral tolerance in the steady state [2].

Previous experiments have demonstrated that the main-
tenance of cells in an immature state, due to absence of
maturation stimuli is associated with tolerance via induction
of T cell deletion, anergy and polarisation towards a regula-
tory phenotype. The decision to polarize towards an immu-
nogenic, or conversely, a tolerogenic phenotype may also be
driven by whether DCs engulf necrotic or apoptotic cells. Upon
engulfment of necrotic, stressed or virally infected cells, DCs
become activated to stimulate both CD4" and CD8" T re-
sponses [3]. In contrast, engulfment of healthy or apoptotic
cells polarizes DCs to a tolerogenic state, resulting in the
promotion of T cell anergy and death. Apoptotic cells, there-
fore, appear to be an insufficient stimulus for full DC matu-
ration. Interestingly, immature DCs appear specialised for the
uptake of apoptotic cells, and in doing so, acquire a tolero-
genic phenotype that is resistant to maturation. Uptake of
apoptotic DCs by immature DCs results in the generation of
tol-DCs that have the potential to induce FoxP3" T cells via
TGF-B1 secretion [4].

Interestingly, recent studies have demonstrated that
traditionally-matured DCs are capable of inducing and
expanding T, cells [5]. It is possible, therefore, that the
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Fig. 1 Mechanisms of action of tol-DCs. The inhibition of T cell activation by tol-DCs has been attributed to various mechanisms
that need not be mutually exclusive. These include Fas-FasL-mediated cell death of responding T cells, their functional
paralysis through the induction of anergy or the polarisation of naive T cells towards a regulatory phenotype through the
secretion of anti-inflammatory cytokines such as IL-10 and TGF-B.
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maturation status of DCs is not an absolute determinant of
immunogenic/regulatory phenotypes.

Anergic tolerance

Whilst true T cell anergy can be achieved in vitro simply in the
absence of co-stimulation, more active suppressing mecha-
nisms are required for T cell anergy in vivo. Tol-DCs actively
induce anergy among T cells via binding of CTLA-4 on acti-
vated T cells [Fig. 1], which functions as a potent inhibitor of T
cell activation, via a suppressive effect on IL-2 production, IL-
2R upregulation and cell cycle progression [6]. DC-induced
anergic T cells perpetuate ongoing tolerance through the
acquisition of suppressor activity, largely due to CTLA-4
upregulation [7]. In this way, a single tolerogenic DC may
trigger a cascade of events, culminating in a significantly
amplified pro-tolerogenic signal, with potential implications
in the future development of therapeutic strategies.

Deletional tolerance

In order to maintain immunological homoeostasis and pre-
vent deleterious autoreactive responses, tol-DCs assist with
the active removal of potentially autoreactive, naive T cells
from the body, both within the thymus and in the peripheral
tissues. Certain subclasses of splenic DC induce extensive T
cell apoptosis in a manner dependent on an interaction be-
tween DC Fas ligand (FasL) and Fas expressed by the target
lymphocyte [Fig. 1] [8]. Ex wvivo generated 1¢,25-
dihydroxyvitamin D3 (VitD3)-cultured tol-DCs also demon-
strate the ability to induce autoreactive T cell apoptosis in
culture [9]. A number of mechanisms may underlie tol-DC
induced apoptosis, including interactions between FasL and
Fas [8,10,11], tryptophan catabolism through indoleamine 2,3-
dioxygenase (IDO) expression [12—14] and TRAIL interactions
with TRAIL receptors [15].

More recently, ligation of Fas on tol-DCs themselves has
been shown to significantly improve their ability to inhibit
CD4" T cell proliferation and enhance IL-10 secretion [16].
Whilst this has been demonstrated in co-cultures between
FasL* activated T cells and Fas* regulatory DCs, it is
conceivable that FasL presented by regulatory DCs may also
promote enhanced tolerogenic phenotypes in neighbouring
DCs, acting via a feed-forward mechanism.

In addition to Tesss, long lived memory T cells represent a
further threat to the induction and maintenance of tolerance
[17—19]. However, DCs presenting cognate antigen to such
lymphocytes are capable of triggering substantial deletion and
inactivation of CD4 and CD8 memory T cells, inhibiting sub-
sequent recall responses [20—23]. Given that memory
lymphocyte responses are frequently resistant to endogenous
and pharmacological tolerance-inducing mechanisms to
which naive T cells are susceptible, this may prove to be
particularly useful for the treatment of disease states
perpetuated by memory T cell activation, such as Type I dia-
betes or transplantation [24]. Furthermore, memory T cell
populations are poorly controlled by immunosuppressant
medication [25]. The difficulty of overcoming memory T cell
responses is demonstrated in transplantation studies in
which Tiegs are poorly equipped to suppress memory T cell

proliferation and cytokine production [26] and those capable
of suppressing naive T cell mediated grafts fail to suppress
memory T cell mediated rejection [27]. The ability for tol-DCs
to induce deletional tolerance in naive and memory lympho-
cyte populations may, therefore, permit more robust toler-
ance than alternative methods.

Regulatory tolerance

As the major bridge between the non-specific innate response
and highly-targeted adaptive response, the key role of DCs is
to prime naive T cells to generate a range of effector lym-
phocytes. In the presence of tolerogenic signals, including
TGF-B and retinoic acid, and the absence of strong co-
stimulation, presentation of peptide-MHC complexes by DCs
to naive CD4"FoxP3™ T cells may result in their differentiation
to induced Tregs (iTregs) [Fig. 1]. This subset functions to main-
tain tolerance to innocuous foreign antigens. It appears that
tissue specific subsets of DCs, such as CD8«" DEC-205" splenic
DCs and CD103" intestinal DCs in the mouse, are highly spe-
cialised for this purpose [28—32|. Furthermore, mature DCs
exhibit the ability to expand ordinarily non-proliferative nat-
ural Tregs (NTregs), @ key population maintaining tolerance to
self-antigens, in a CD80/86 and IL-2 dependent manner [5,33].

IL-10 plays a significant role in the generation of iTregs
through conditioning CD4" T cells to become unresponsive to
antigens and express a suppressive phenotype [34,35]. DCs
differentiated in the presence of IL-10 secrete significant
quantities of IL-10 and minimal IL-12 on activation. In both
in vitro and in vivo studies, this has been shown to induce the
differentiation of naive T cells to a regulatory phenotype [36,37].

In addition to IL-10, presentation of antigen by DC in the
presence of TGF-B, a regulatory polypeptide cytokine, pro-
motes differentiation of naive T cells into Tregs. Transgenic
murine studies of a DC-selective loss of TGF-B indicate that
DCs are an important source of TGF-B in vivo, as transgenic
animals suffer severe autoimmunity and colitis, indicative of
poor Treg induction [38]. Furthermore, DC-driven differentia-
tion of FoxP3~ precursors into FoxP3" Tyeg in vitro is blocked
with the addition of neutralizing antibodies to TGF-B [30].

Tol-DCs may also polarize T cells towards a regulatory
phenotype through the surface expression of the immuno-
regulatory molecule PD-L1, which, when blocked, redirects T
cells to an immunogenic, interferon (IFN)-y secreting pheno-
type [39]. Some evidence suggests that the ligation of surface
PD-L1 triggers IL-10 production, which consequently polarizes
naive T cells to Tregs [40].

Although previously viewed as a one-way flow of infor-
mation (from dendritic cell to naive T cell), the DC phenotype
and function also critically depend on Ti.gs signals. Indeed,
early in vitro studies of CD4*CD25" Treg demonstrated their
ability to downregulate CD80 and CD86 co-stimulatory mole-
cules, via both transcriptional and non-transcriptional
mechanisms [41], resulting in poor subsequent T cell prolif-
erative responses [42]. Further, production of IL-10 by Tyegs has
been shown to induce tol-DCs, which are themselves capable
of secreting TGF-B, IL-10 and IL-27 and generating regulatory
cells [43].

In addition to Treg induction, in vitro evidence suggests that
dexamethasone and vitD3-induced tol-DCs promote the
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induction of regulatory B cells [Fig. 1] [44,45] which function to
suppress inflammatory lymphocyte differentiation [46], pro-
mote the differentiation of FoxP3" Tregs [47,48] and attenuate
neonatal DC immunogenicity [49].

Infectious tolerance

The naturally-occurring phenomenon of infectious tolerance
is one of the key, theoretical benefits to the use of cellular
therapy in establishing long term tolerance to self- and allo-
antigens in the clinic. Infectious tolerance may be defined as
the transmission of a regulatory phenotype from one
lymphocyte population (Treg) to another, either directly
[50—-52] or via an intermediate APC [Fig. 2] [53,54]. As such, a
single tolerising signal, such as an antigen-pulsed tol-DC, may
be sufficient to establish self-perpetuating, long-term toler-
ance towards a specific antigen in vivo, through the induction
of Treg populations that may propagate further Treg in a chain
reaction-style process.

Tolerogenic dendritic cells in clinical
transplantation

Following transplantation of allogeneic tissue, it is currently
necessary for recipients to receive long term immunosup-
pression in order to prevent or limit powerful anti-donor im-
mune responses and subsequent organ rejection. A range of
immunosuppressive agents, with varying modes of action,
have been utilised in preventing graft rejection. A significant
consequence of the use of such drugs is increased tumour
incidence and predisposition to a variety of opportunistic in-
fections. Maintenance immunosuppression is ineffective at
preventing chronic rejection, occurring months or years after
tissue engraftment. These drawbacks, in combination with
the high costs associated with prolonged maintenance
immunosuppression, mean that the discovery of entirely
efficacious and single dose treatments to induce lifelong
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allograft tolerance is the primary objective in transplant
research. The use of tol-DCs for induction of transplantation
tolerance is an attractive strategy, as it permits presentation
of a few allogeneic antigens which can facilitate tolerance to
the entire graft via infectious tolerance.

The role of DCs in transplant rejection

DCs act as the primary initiator of rejection responses in
transplantation. Allogeneic DCs present allo-peptide-MHC
molecules, accompanied by costimulation and appropriate
cytokines, to recipient T cells, resulting in T cell clonal
expansion and effector function. As developing recipient
thymocytes are not exposed to such peptide-MHC complexes
during early repertoire selection, the T cell pool has never
been rendered tolerant to such antigens, meaning approxi-
mately 10% of the total repertoire [55] may be activated on
encountering donor APCs. DCs transferred within allografts,
so called “passenger leukocytes”, are therefore considered to
be a major cause of acute graft rejection across MHC discor-
dant barriers. This series of events is termed the direct
pathway of alloantigen recognition [Fig. 3]. The observation of
continued rejection even following donor DC ablation sug-
gests that other processes also contribute to graft failure.
Glimcher et al. demonstrated that MHC Class II-deficient skin
grafts from knock out mice are rejected rapidly in normal re-
cipients depleted of CD8" T cells. Depletion of the remaining
CD4" T cells in recipients revealed these cells to be involved or
necessary for this rejection. Since the only mechanism by
which CD4" T cells could react to the graft is via presentation
of donor antigens by MHC Class II expressed by recipient APCs,
another route of alloantigen recognition must occur alongside
the direct pathway [56]. Termed indirect alloantigen recogni-
tion, recipient DCs acquire alloantigen from engrafted allo-
geneic tissues, processing and presenting peptides derived
from such antigens in the context of self-MHC molecules
[Fig. 3]. Whilst the T cell repertoire reactive to allopeptide-self-
MHC molecules will be substantially lower than in the direct
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Fig. 2 The cycle of infections tolerance. Infectious tolerance, mediated through the activity of T4 cells, is inherently self-
sustaining: presentation of antigen by DCs in a suboptimal manner promotes the polarisation of naive T cells towards an iT,g
phenotype capable of reinforcing the tolerogenicity of the DCs through secretion of TGF-f and IL-10. These cytokines may also
act directly on naive T cells recognising antigen de novo, thereby recruiting them to the pool of iT,g cells.
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Fig. 3 The role of DCs in the initiation of allograft rejection. Alloantigens expressed by the graft may be presented whole to the
recipient T cell repertoire by DCs carried over in the graft as ‘passenger leukocytes’, a process known as the direct pathway. The
recipient's own DCs may passively acquire foreign MHC molecules on their surface while patrolling the graft through the

process of trogocytosis and induce allo-responses via the semi-direct pathway. In the indirect pathway, these same recipient
DCs take up alloantigens shed by the graft and dying cells of donor origin and present them as processed peptides in a classical

MHC-restricted manner.

pathway, the self-MHC restricted clonal T cell response is still
sufficient to trigger graft tissue destruction. Due to the time
required for recipient DC migration, antigen acquisition, pro-
cessing and presentation, the indirect pathway of alloantigen
recognition is considered a significant cause of chronic allo-
graft vasculopathy. Importantly, unlike passenger leukocytes,
recipient DC populations are constantly replenished, pre-
venting indirect pathway alloresponses declining over time.
More recently, it has become apparent that a third pathway of
allorecognition exists: intact donor MHC molecules may be
transferred onto the surface of recipient APCs, in a process
known as ‘cross-dressing’, and subsequently be presented to
naive recipient lymphocytes. In this way, a donor MHC Class I
molecule presented by a single APC may activate CD8" T cells
via this so called “semi-direct” pathway, as well as activate
CD4" T cells via antigen processing and presentation by
recipient MHC Class II molecules [Fig. 3] [55,57].

Whilst DCs clearly pose a significant threat to the survival
of allografts, they may also hold the key to overcoming
immunological rejection altogether. The very attributes that
make DCs potent stimulators of transplant rejection may ul-
timately be harnessed to establish and maintain graft toler-
ance in transplant recipients. For many years, it has been
hypothesised that due to their inherent mechanisms of anti-
gen presentation and capacity for migration systemically, DCs
represent an appealing cell type to manipulate ex vivo and re-
administer to recipients. Pulsing such cells with donor antigen
in an environment that polarizes them to a tolerogenic

phenotype could, therefore, generate a negative cellular vaccine
that can induce antigen specific tolerance in both CD4" and
CD8* T lymphocytes, by virtue of the semi-direct pathway.

Tol-DCs and transplant immunotherapy

The apparent pro-tolerogenic properties of immature DCs
makes them excellent candidates for use in establishing
transplant tolerance. Indeed, their minimal surface expres-
sion of costimulatory molecules and MHC Class II'° phenotype
reduces immunogenicity, whilst continued antigen presen-
tation, albeit at low levels, promotes the induction of Tyegs [58].
Stimulation of alloreactive naive CD4" T cells with iDCs, in
comparison to matured DCs, has been shown to induce
significantly weaker proliferation in culture, which declines
further with repeated stimulations, ultimately resulting in the
generation of non-proliferative, anergic CD4" T cells. In
addition, these T cells inhibit antigen-stimulated Thl cell
proliferation in coculture, suggesting a regulatory phenotype
has been acquired [59]. However, a significant problem with
the use of immature DCs is their unstable phenotype. The
natural maturation process of DCs following administration
into an in vivo system, particularly into an inflammatory
environment such as that occurring following allograft
transfer, would be deleterious and unpredictable. A popula-
tion of tol-DCs that retain their phenotype under both steady
state and inflammatory conditions is, therefore, required for
safe attempts to induce transplant tolerance.
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The use of both recipient (autologous) and donor tol-DCs
has been evaluated in small animal models of trans-
plantation tolerance. In these studies, both sources have been
efficacious in promoting graft tolerance. However, donor and
recipient tol-DCs operate via different mechanisms. Morelli
et al. have indicated that intravenously-administered, matu-
ration-resistant allogeneic DCs as a source of donor antigen
can prolong cardiac allograft survival without direct interac-
tion with recipient T cells. These allogeneic cells were short
lived, and functioned as stores of donor antigen which were
subsequently reprocessed by recipient DCs, presented via the
indirect pathway and utilised to upregulate FoxP3* regulatory
T cells. A similar outcome can also be achieved by adminis-
tering apoptotic donor DCs [60]. In contrast, administration of
recipient DCs, which might be expected to survive for longer
periods of time (up to two weeks), are able to acquire, process
and present donor antigen to endogenous T cells and promote
antigen specific tolerance. When compared side-by-side, it
appears that syngeneic DCs have a greater effect in length-
ening cardiac allograft survival than allogeneic DCs (median
22.5 days vs. median 16.5 days) [61].

In mouse models, tol-DCs generated from gene modifica-
tion, pharmacological modification and cytokine induction
have all improved graft survival. Pharmacological modifica-
tions to enhance DC tolerogenicity, including rapamycin,
mitomycin-C and dexamethasone, have been the most
consistent and effective method to extend graft survival [62].
For example, a single infusion of rapamycin-treated allo-Ag
pulsed DCs prior to transplantation significantly prolonged
cardiac allograft survival, whilst multiple infusions led to graft
survival of longer than 100 days in 40% of recipients [63].
Cuturi's group has previously shown a combination treatment
of recipient immature bone marrow DCs (bmDCs) with sub-
optimal LF 15-0195 immunosuppression induces definitive
cardiac allograft acceptance in 92% of recipients [64]. Other
strategies to induce tol-DCs have included use of viral trans-
fection. DCs transfected with IDO administered to mice prior
to cardiac allografting resulted in prolonged graft survival [65],
whilst adenoviral vector delivery of CTLA4-Ig to DCs, in
combination with NF-kB blockade results in promotion of T
cell apoptosis and prolongation of heart allograft survival in
MHC-mismatched rodents [66]. Administration of tolerogenic
IDO" DCs generated by al-antitrypsin priming, a potent
immunoregulatory serpin, also significantly lengthened kid-
ney allograft survival in rats, and is associated with an
expansion of Tyegs in vivo [67]. Concomitant treatment with 1-
methyltryptophan (1-MT), an IDO inhibitor, abolishes this
graft-specific tolerance.

In small animal models, tol-DCs have been used to induce
donor-specific non-responsiveness in various tissue allo-
grafts, including intestinal [68,69], liver [70—72], islet [73] and
skin transplants [74,75] and kidney allografts in rhesus ma-
caques [76]. Tol-DCs may have particular advantages in in-
duction of transplant tolerance towards pancreatic islets. A
key obstacle in achieving pancreatic islet graft tolerance is the
reservoir of islet-specific CD4" and CD8* memory T cells that
is established at the onset of Type 1 diabetes and may be
reactivated to become a significant source of graft rejection
following islet transplantation. However, DCs may be
uniquely equipped to inactivate these deleterious populations

and have terminated anti-islet CD8" T cell responses in mu-
rine studies [77]. Therefore, in the context of graft rejection
driven by memory T cells, tol-DC immunotherapy may be
more efficacious in attenuating rejection than other regula-
tory immunotherapies, such as Tregs.

Despite success in small animal models, few clinical
studies have investigated the use of autologous or allogeneic
tol-DCs in establishing tolerance following transplantation.
The One Study, an ongoing multicenter trial evaluating a
range of immunoregulatory cell therapies in solid organ
transplantation, is a trial investigating the efficacy of autolo-
gous tol-DCs in establishing and maintaining renal transplant
tolerance. In this study, tol-DCs are derived from CD14*
monocytes isolated from peripheral blood by leukapheresis
and elutriation, which are subsequently cultured with low
concentrations of GM-CSF in the absence of other cytokines or
immunosuppressive drugs. This previously verified protocol,
in both rodent and human, generates maturation-resistant,
phenotypically-immature DCs. The study will determine the
incidence of biopsy-confirmed acute graft rejection over the
course of sixty weeks post-surgery, following intravenous
injection of tol-DCs and concomitant tapering of immuno-
suppression medication in sixteen patients. As secondary
outcome measures, the study is also measuring the total
immunosuppressive burden exerted on the patient, incidence
of post-transplant dialysis and graft loss and incidence of
neoplasia. In addition to tol-DC efficacy, the study is also
examining the efficacy of T., and macrophage sub-
populations at other centres. Results from the trial are ex-
pected during the autumn of 2018. Whilst high DC numbers
are being injected into patients (1 x 10° cells/kg), the systemic
nature of administration (via slow peripheral venous access)
may perhaps restrict the number of tol-DCs that extravasate
into the engrafted organ and ultimately process and present
donor antigen via the semi-direct pathway. Methods by which
administered DCs could be targeted to and retained within the
transplanted organ, associated lymphatics and spleen could,
therefore, offer enhanced efficacy over standard intravenous
injection.

Autoimmunity

The exact aetiology of autoimmune diseases, which are
thought to affect more than 5% of the global population, re-
mains unclear, but is thought to result from failure of initial
tolerance induction (central tolerance) or a breakdown in
maintenance of established peripheral tolerance. This may be
due to pathogenic insults, such as microbial infection, chronic
inflammation or neoantigen generation through mutation.
Whilst many autoimmune diseases can be effectively
managed with the use of immunosuppressive therapies, there
are significant deleterious consequences associated with the
use of immunotherapy. For example, due to the critical
involvement of tumour necrosis factor (TNF)-a in co-
ordinating effective host immune responses against micro-
bial infection, anti-TNF therapy, utilised for rheumatoid
arthritis, Crohn's disease and psoriasis, predisposes patients
to severe bacterial infections [78] and promotes reactivation of
latent tuberculosis [79,80]. Generalised immunosuppression
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achieved by such treatments also increases the incidence of
solid organ and haematological neoplasms [81]. Since these
immunomodulatory therapies do not eliminate the cause of
autoimmunity, treatment must be sustained indefinitely. As
such, it is of significant interest to develop a therapy that can
re-establish tolerance to the offending antigen with minimal
treatments and maintain this tolerance indefinitely.

Tol-DCs and autoimmunity immunotherapy

Mouse studies have identified that tol-DCs have potential for
clinical application for the treatment of inflammatory
arthritis. Using immature DCs transfected with IL-4, murine
collagen induced arthritis was effectively treated in vivo.
Intravenous injection of the modified cells resulted in rapid
migration to the liver and lymphatics and ultimately near
complete suppression of the disease for four weeks post-
treatment [82]. In vitro data suggest these effects to be as a
result of IFN-y suppression from splenocytes following
collagen challenge and a reduction in IgG2 isotype antibodies
produced against type II collagen. DCs genetically modified to
express FasL are similarly effective in suppressing disease
establishment and promoting disease amelioration [83,84].
This amelioration coincides with the upregulation of
CD4"CD25" FoxP3" iT,g cells [85]. Rosiglitazone, a PPAR-y
selective agonist, has recently been utilised to generate tol-
DCs that demonstrate therapeutic effects in the treatment of
murine collagen induced arthritis. Subcutaneous injections of
antigen loaded, rosiglitazone cultured immature DCs reduced
the clinical scoring and histological severity of arthritis in
mice, and was associated with a highly significant reduction
in ex vivo IFN-y production by isolated splenocytes [86]. These
studies have identified that tol-DCs can treat inflammatory
arthritis by suppressing humoral and cell-mediated arms of
the immune response.

Antigen-pulsed tol-DCs may also be a useful cell based
therapy for systemic lupus erythematosus (SLE), which is
mediated predominantly by antinuclear antibodies. Recent
in vitro data have shown that knockdown of RelB, a key
member of the NF-kB family involved in DC maturation, re-
sults in the generation of DCs with a semi-mature phenotype
and reduced costimulatory molecule expression. RelB-
modified DCs derived from lupus prone mice produce mini-
mal IL-12p70 and induce a hyporesponsive state in autor-
eactive splenic T cells [87]. In human studies, VitD3 and
dexamethasone conditioned tol-DCs derived from SLE pa-
tients have been shown to attenuate T cell activation and
proliferation in mixed leukocyte reactions, and are capable of
inducing Tyegs from naive T cells [88]. Future clinical studies
are required to determine whether tol-DCs can effectively
treat SLE.

Tol-DCs have also displayed promising results in models of
multiple sclerosis (MS). Using VitD3 cultured tol-DCs pulsed
with myelin oligodendrocyte glycoprotein (MOG), a critical
autoantigen, Mansilla et al. have demonstrated reduced dis-
ease incidence, induction of Tregs and IL-10, and consequently
reduction in the severity of signs of disease [89]. These results
have since been repeated with the use of cryopreserved VitD3-
treated tol-DCs pulsed with MOG peptide [90]. The main-
tenance of the tolerogenic phenotype following thawing is a

significant finding for clinical application, as the ability to
freeze—thaw cell stocks would remove the need for patients to
undergo repeated leukapheresis procedures for freshly-
isolated DCs and allow treatments to be immediately avail-
able, avoiding prolonged in vitro monocyte-to-DC differentia-
tion cultures. The therapeutic effects of endogenous tol-DC in
models of MS have also been demonstrated in depletion ex-
periments. Selective depletion of CD11c*CD11b" DCs and
immature DCs with the use of clodronate-loaded liposomes
significantly blocks the disease suppressing effects of intra-
venous soluble MOG administration, as measured by clinical
scoring. Depletion of these tol-DCs was associated with a loss
of MOG-induced T cell tolerance, normally characterised by an
increase in prevalence of FoxP3* cells and decreased pro-
duction of the inflammatory cytokines IL-2, IFN-y and IL-17
[91].

In vitro studies of human cells derived from multiple scle-
rosis patients suggest that tol-DC therapy may hold promise
for inducing antigen specific tolerance in the clinical setting.
Tol-DCs have been successfully generated from monocytes of
relapsing-remitting MS (RR-MS) patients, using VitD3
enhanced cultures, and have displayed the desired stable
semi-mature phenotype and anti-inflammatory properties
in vitro. Furthermore, tol-DCs loaded with myelin peptide were
shown to efficiently inhibit antigen-specific responses among
autoreactive T cells derived from RR-MS patients [92]. The
first-in-man clinical trials of myelin-derived peptide pulsed
tol-DCs in MS patients, to determine safety and tolerability,
are due to begin this year [93,94].

Lymphocytic infiltration of the pancreas and subsequent
autoimmune attack of beta islet cells is considered the major
pathological process driving Type I diabetes (T1D) mellitus. As
such, therapies promoting pancreas-specific antigen toler-
ance, particularly when provided in early childhood, may
be sufficient to impede further islet cell loss and the devel-
opment of diabetes. In support of these findings, in vitro
studies of T1D patient-derived lymphocytes and DCs have
shown that insulin and GAD65 loaded monocyte-derived tol-
DCs induced T cell hyporesponsiveness in mixed leukocyte
reactions and reduced IFN-y and IL-2 secretion in comparison
to control, conventional DCs (cDCs). In addition, lymphocytes
previously stimulated with tol-DCs and subsequently rechal-
lenged with antigen loaded cDCs exhibited stable hypores-
ponsiveness in a subset of patients, indicative of T cell
tolerisation [95].

Tol-DCs have also shown promise in models of inflam-
matory bowel disease. Severe combined immune deficient
(SCID) mice adoptively transferred with CD4*CD25™ T cells,
leading to the development of wasting disease and colitis,
exhibit attenuated weight loss and gut pathology following
administration of dexamethasone/VitD3-conditioned tol-DCs
[96]. IL-10-treated tol-DCs have demonstrated a similar ther-
apeutic effect in the SCID model [97]. Tol-DCs pulsed with
carbonic anhydrase I, a caecal bacterial antigen implicated to
inflammatory bowel disease (IBD) pathogenesis, ameliorated
macroscopic and histological signs of experimental colitis in
mice and was associated with raised FoxP3" T,; numbers in
mesenteric lymph nodes [98]. These data support the sug-
gestion that tol-DCs may provide therapeutic benefit in in-
flammatory bowel disease patients.
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Clinical trials of tol-DCs for treatment of autoimmunity

In contrast to transplantation, a number of Phase I clinical
trials have been completed, investigating the use of tol-DCs
for immune intervention in autoimmunity.

The identification of highly disease specific, circulating
autoreactive T cells and autoantibodies against citrullinated
peptide antigens in the serum of around 76% of rheumatoid
arthritis (RA) patients [99—101] indicates such individuals may
be receptive to tolerising immunotherapy, such as tol-DC
administration. The recently developed “Rheumavax” ther-
apy consists of autologous DCs rendered tolerogenic through
NF-kB inhibitor exposure and subsequently pulsed with four
citrullinated peptide antigens [102]. In an open-label, pro-
spective Phase I clinical trial, a single intradermal injection of
up to 4.5 x 10° DCs was shown to be well tolerated in cit-
rullinated peptide-specific RA patients, and was associated
with an increase in the Treg/Tesr cell ratio by 25% or more in 11
of the 15 treated patients [103]. A similar autologous, antigen-
pulsed DC therapy, designated CreaVax-RA, was well-
tolerated in RA patients and demonstrated preliminary signs
of efficacy by significantly reducing antigen-specific autoan-
tibody levels in 55.6% of autoantibody positive patients [104].

A Phase], dose escalation clinical trial of autologous tol-DC
therapy for inflammatory arthritis involved injection of tol-
DCs, differentiated in vitro from CD14" monocytes, isolated
via leukapheresis, and loaded with autologous synovial fluid
antigens. No worsening of symptoms was recorded in the
target joints during days 1-5 following administration, con-
firming short-term therapeutic safety. Synovitis improved in
one out of three participants in both the 1 x 10° and 3 x 10°
cells dosage cohorts, and in both patients receiving 10 x 10°
cells. No improvement was observed in the three control
participants [105]. These safety and early efficacy data indi-
cate that tol-DC therapy may be a promising treatment
strategy for inflammatory arthritis patients, warranting
further studies involving a greater number of participants.

Phase I clinical trials for tol-DC therapy in Type I diabetes
has also been investigated. Intradermal administration of
10 x 10° DCs, either unmanipulated or engineered towards a
tolerogenic phenotype ex vivo, was safely tolerated by all T1D
patients, with no adverse events recorded over the course of 2
months. Administration of engineered DCs was associated
with a statistically significant increase in suppressive
B220"CD11c™ B cells [106] during the administration period
[107]. A multicentre Phase II RCT evaluating the efficacy of
autologous tol-DCs in recent onset T1D has been planned [108].

A Phase I trial of monocyte-derived autologous tol-DC
therapy has recently been completed in patients with re-
fractory Crohn's disease. Therapeutic safety was confirmed
for both single and three biweekly intraperitoneal injections
of tol-DCs [109]. A clinical response, defined as a decrease in
the Clinical Activity Score CDAI of >100, was observed in two
patients (22%) and clinical remission (CDAI below 150 points)
was observed in another, yet the mean decrease in CDAI was
nonsignificant (274—222, p = 0.3). Currently ongoing trials
include a Phase I evaluation of highly localised, intralesional
administration of tol-DCs in patients with refractory Crohn's
disease [110]. Future trials should investigate the therapeutic
benefit of tol-DCs in a larger cohort of Crohn's patients, as well

as in patients with related pathologies, including ulcerative
colitis.

Allergy

In addition to autoimmunity, excessive immune responses
specific for otherwise innocuous antigens may result in
allergic reactions. Such immune responses can lead to the
development of a number of commonly occurring diseases,
including asthma, urticaria and dermatitis. The key involve-
ment of Th2 cells and IgE secreting B cells in the allergic re-
actions mean that therapies that can establish tolerance to
the offending allergen can potentially provide curative treat-
ment. At present, the only such approved therapy is allergen-
specific immunotherapy (AIT), involving exposure to esca-
lating concentrations of allergen. This “low zone tolerance”,
describing the repetitive exposure of individuals to low doses
of allergen, has been shown to critically depend on in-
teractions between FoxP3" Treg cells and tol-DCs in mouse
experiments [111,112]. By extension, it is thought that the
administration of allergen-pulsed tol-DCs could provide a
stimulus for allergen-specific tolerance induction. The switch
from a Th2 to a Trg-based allergen specific response, driven
by tol-DC administration, may result in the suppression of
other immune cells involved in the allergic pathology,
including eosinophils and IgE-secreting B cells.

Tol-DCs and allergy immunotherapy

Immunomodulation of allergic asthma is a particularly active
area of current tol-DC therapy research. Whilst immunogenic
DCs play a key role in the priming of allergen-specific Tegs and
induction of airway hyperresponsiveness in allergic asthma
[113], tol-DCs have been demonstrated to suppress clinical
features of asthma [114]. In vitro studies confirm the ability of
tol-DCs to downregulate proallergic Th2 proliferative and
cytokine responses [115], whilst IL-10 treated tol-DCs have
demonstrated potent suppression of airway hyper-
responsiveness in mouse models of asthma [116—118]. Single
tol-DC treatments were sufficient for long-lived suppression
of Th2 responses [119]. Recent studies using human tol-DCs to
induce antigen specific T, cells and suppress patient-
derived, allergen-specific Tes responses in vitro have pro-
vided the basis for future clinical trials. Other forms of allergy,
such as contact dermatitis, may also be amenable to tol-DC
therapy. Dexamethasone-treated tol-DCs derived from pe-
ripheral blood samples of individuals with IgE-mediated latex
allergy inhibit allergen-specific T cell proliferation and IgE
production in vitro and induce IL-10 competent Tyegs [120]. Tol-
DCs, therefore, demonstrate potential therapeutic effects in
models of allergic disease and further investigation and future
clinical trials will determine whether these findings can be
translated to a clinical setting.

Future challenges

Whilst the pre-clinical and early clinical trial data for tol-DC
therapy is encouraging, there are some significant questions
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that must be addressed to ensure the development of
consistent, safe and efficacious treatments. One of the major
concerns surrounding tol-DC therapy is the potential for
generating cells with an unstable tolerogenic phenotype. The
potentially unstable phenotype of tol-DCs has been demon-
strated in experimental models. For example, TNF-induced
semi-mature DCs that lack the capacity to secrete inflamma-
tory cytokines have been found to be capable of differentiating
further, under the influence of lipopolysaccharide, into
immunogenic DCs capable of stimulating Th1 and Th2 medi-
ated immune responses [121]. Furthermore, semi-mature DCs
which are ordinarily tolerogenic at low doses, and therapeutic
in collagen-induced arthritis (CIA) mouse models, exhibit
immunogenic properties when inoculated at higher doses
with reduced capacity for FoxP3" Treg cell induction [122]. A
valid concern is, therefore, the risk of inducing an immune
response to the target antigen, rather than inducing tolerance.

This concern is particularly acute in the setting of trans-
plantation. Here, the presence of a pro-inflammatory envi-
ronment mediated by the surgery, ischaemia-reperfusion
injury and the high burden of necrotic tissue may result in
APC upregulation of costimulatory molecules and secretion
of inflammatory cytokines [3]. Strategies to maintain the
stability of tol-DCs or limit the pro-inflammatory environ-
ment that accompanies transplantation may, thus, facilitate
induction of tolerance using tol-DCs in the transplantation
setting.

Another key question relates to the strategy utilised to
generate DCs with a truly tolerogenic phenotype. Whilst DCs
may be isolated from a number of anatomical sites, including
bone marrow and the blood via leukapheresis, it is likely that
the most suitable source of DCs for therapeutic use is from
peripheral blood derived monocytes, isolated from a single
blood draw, and subsequently differentiated ex vivo under
specific culture conditions. A variety of strategies could be
employed during this differentiation process to polarize these
DCs towards a tolerogenic phenotype, including addition of
VitD3 or the recombinant cytokines IL-10, TGF-p1 and VEGF,
withdrawal of GM-CSF, co-culture with apoptotic cells or
immunosuppressive agents such as mycophenolate mofetil
(MMF), tacrolimus, rapamycin and dexamethasone, or the use
of costimulatory blockade, such as CTLA-4-Ig or monoclonal
antibodies specific for CD40L or OX40L. Whilst a range of
methods have been described in the literature, few studies
have directly compared the stability and overall efficacy of tol-
DCs generated by different means. Further work is therefore
warranted to establish which method, or perhaps combina-
tion of methods, is most suitable to generate tol-DCs in the
clinical setting.

Quality control of immunotherapies is also of critical
importance. A recent study has indicated that certain surface
phenotypes of tol-DCs may, in fact, promote autoimmune
disease [123]. Interestingly, purified CD11c" VitD3-treated
DCs, which, in in vitro tests, showed reduced capacity to
prime T cells, were equally capable of stimulating murine
experimental autoimmune encephalomyelitis (EAE) as fully
immunogenic, antigen-pulsed CD11c" DCs. In vitro analysis of
DC functionality alone is therefore likely to be insufficient to
predict in vivo behaviour, and robust assays should be per-
formed prior to therapeutic use.

In the transplantation setting, it is currently unclear
whether the most effective method of achieving tolerance
would be to administer antigen-pulsed tol-DCs or administer
antigen-naive tol-DCs that subsequently take up alloantigens
following donor engraftment. The former, involving ex vivo
pulsing of cultured tol-DCs with selected donor antigens,
would maximize the chance of administered DCs processing
and presenting appropriate antigen to the recipient's
lymphocyte repertoire. However, this method does not mimic
normal physiological conditions of antigen acquisition and
limits the range of donor antigens that can be presented. In
addition, this strategy bypasses the semi-direct pathway of
antigen presentation. In contrast, administration of antigen-
naive tol-DCs is likely to be a far less efficient method of
generating donor antigen-presenting tol-DCs, due to the
inevitable systemic dispersion of cells following inoculation.
However, more natural conditions of antigen acquisition and
presentation in vivo will permit antigen presentation through
the semi-direct pathway, influencing both CD4 and CD8 line-
ages from a single DC.

Establishing safe and ethically tolerable protocols for clinical
trials of tol-DC immunotherapy, particularly in the transplant
setting, is also challenging. In order to demonstrate efficacy of
tol-DC therapy in isolation, patients in intervention groups
must relinquish standard-of-care therapies. Patients weaned
off treatments must be carefully monitored on a regular basis to
identify early signs of disease recurrence and graft failure. Due
to the efficacy of current medications used for autoimmune
disease and transplantation, it may be challenging to satisfy
ethical standards and implement tol-DC strategies.

Future opportunities

Genetic modification of tol-DCs to over-express molecules
associated with a tolerogenic phenotype and/or to silence
immunostimulatory molecules represents a promising
approach to maximize potency and ensure consistency
among DC immunotherapies. Classically, DCs are seen to be
relatively resistant to genetic modification, often losing
viability following manipulation due to their sustained
maturation. As such, modification of the genome must usu-
ally occur at an earlier stage of the differentiation pathway,
typically at the level of the monocyte. The arrival of novel,
highly targeted genome editing tools such as CRISPR-Cas9
promises to alleviate many of the issues associated with ge-
netic modification. Suggested targets for knock-out include
costimulatory molecules CD40, CD80 and CD86, ensuring DCs
can never provide a “signal 2” required for T cell activation,
but instead be inclined to promote tolerance. In addition,
over-expression of apoptosis inducing molecules, such as
FasL, has been shown to generate so called “killer” DCs with a
tolerance-inducing phenotype [124,125]. At present, minimal
literature exists on the generation and functionality of
CRISPR-Cas9 modified DCs, but this will likely change in the
coming years due to rapid improvements and uptake of such
techniques.

The short in vitro and in vivo lifespan of terminally differ-
entiated DCs, combined with their inherent resistance to ge-
netic modification and the transient effects of RNA
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modification mean that less differentiated “source cells” are
likely needed for culturing and cryopreservation. Such “source
cells” could then be differentiated to tol-DCs when required
for treatment, to maximize cell viability and cell functionality.
Although monocytes could perform this function of “source
cell”, they too have a limited lifespan in culture and patients
would require repeated blood draws to maintain monocyte
cell cultures for long periods. A superior “source cell” might,
therefore, be pluripotent stem cells, either embryonic stem
cells [126] or induced pluripotent stem cells (iPSC) [127], typi-
cally derived from reprogrammed patient dermal fibroblasts.
There are a number of advantages to using iPSC for the gen-
eration of tol-DCs [128]. Firstly, DCs differentiated from iPSC
display an unusual, naturally tolerogenic phenotype, remi-
niscent of the phenotype expressed by DCs isolated from
foetal tissue. This would be clearly advantageous for the
clinical applications described here and may mean minimal
pharmacological or genetic modifications would be required
to achieve true tol-DCs. Due to the indefinite replicative po-
tential of iPSC, a single biopsy is all that would be required to
establish a cell line capable of significant expansion, to a level
required for immunotherapy. iPSC, unlike DCs, are also
amenable to genetic modification, allowing investigators to
derive clonal populations of genetically-modified cells that
would retain these changes throughout the differentiation
process to DCs. Finally, cell viability of iPSC following cryo-
preservation is far higher than that of terminally differenti-
ated DCs, which would permit patient's cell lines to be
cryogenically stored for extended periods, until required [128].

Conclusions

As the major professional APC of the immune system, DCs are
uniquely placed at the heart of the immune response, func-
tioning to link the innate and adaptive systems. As a conse-
quence, DCs are highly specialised to interact with and control
a vast range of immune cells. Such characteristics make DCs a
target for modification, to permit the induction and mainte-
nance of antigen-specific tolerance. This would permit the
development of “negative cellular vaccines” for trans-
plantation, autoimmune disease and allergy. Both in vitro and
in vivo studies of rodent and human cells, in addition to early
data from clinical trials indicate significant promise for clinical
tol-DC therapy. New technologies, including the development
of CRISPR-Cas9 genome editing and iPSC, may prove fruitful
future avenues for overcoming the current obstacles and
advancing pre-clinical work from the bench to the bedside.
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