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Summary

Dendritic cells with tolerogenic function (tolDC) have become a promising
immunotherapeutic tool for reinstating immune tolerance in rheumatoid
arthritis (RA) and other autoimmune diseases. The concept underpinning
tolDC therapy is that it specifically targets the pathogenic autoimmune
response while leaving protective immunity intact. Findings from human
in-vitro and mouse in-vivo studies have been translated into the develop-
ment of clinical grade tolDC for the treatment of autoimmune disorders.
Recently, two tolDC trials in RA and type I diabetes have been carried out
and other trials are in progress or are imminent. In this review, we provide
an update on tolDC therapy, in particular in relation to the treatment of RA,
and discuss the challenges and the future perspectives of this new experi-
mental immunotherapy.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease char-
acterized by chronic synovial inflammation, leading to
destruction of joint cartilage and bone. Although the
precise aetiology remains to be established, it is thought
that RA results from a breach in immune tolerance. T cell
responses to several (joint-associated) autoantigens, includ-
ing ‘altered self ’ citrullinated peptides, can be detected in a
proportion of RA patients [1–8], and the function of
peripheral blood regulatory T cells (Tregs) is impaired in RA
patients with active disease [9]. Immunosuppressive drugs
(including biological drugs) can relieve disease symptoms
effectively, but none of the currently available treatments
provide a cure, i.e. a long-lasting and drug-free remission
of RA [10,11]. Moreover, these drugs can increase the risk
of serious infections [12–14]. The ‘holy grail’ of the immu-
notherapy field is to develop a therapy that targets and rec-
tifies the pathological autoimmune response specifically
and effectively, while leaving protective immunity intact.

A new immunotherapeutic approach aims to achieve
restoration of immune tolerance by treatment with autolo-
gous dendritic cells (DC) with tolerogenic function [tolero-
genic DC (tolDC)]. Here we review recent progress in this
field.

Role of DC in maintaining immune tolerance

Destructive autoimmunity is normally prevented through
active silencing of autoreactive T cells, a process in which
DC play a central role. In the thymus self-reactive T cells are
deleted, but this process of ‘central tolerance’ has limitations
and some autoreactive T cells escape to peripheral tissues.
Here they are kept under control by a variety of mecha-
nisms, termed collectively ‘peripheral tolerance’. When tol-
erance mechanisms break down, autoreactive T cells can
acquire proinflammatory properties [e.g. become T helper
type 1 (Th1) or Th17 cells] and mount an attack on the
body’s own tissues, causing an autoinflammatory, destruc-
tive immune response [15]. For example, a shift from a
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tolerogenic to a proinflammatory T cell response in RA has
been reported by van Bilsen et al. [3]. They detected CD4+ T
cells specific for the autoantigen human cartilage gp39
(HCgp39) in both healthy individuals and RA patients.
However, HCgp39-reactive T cells from healthy individuals
exhibited a regulatory phenotype [interleukin (IL)-10
production, forkhead box protein 3 (FoxP3) expression,
capability to suppress T cell responses], whereas HCgp39-
reactive T cells from RA patients produced the proinflam-
matory cytokine interferon (IFN)-g and lacked suppressive
activity.

DC are professional antigen-presenting cells that, in
terms of function, were defined initially by their potent
ability to activate naive T cells and instigate effective T cell
responses. However, it is now recognized that DC are also
important for the induction and maintenance of peripheral
T cell tolerance [15]. For instance, mice in which both con-
ventional and plasmacytoid DC subsets have been ablated
develop severe, fatal autoimmunity [16]. Notably, patients
with the recently identified combined mononuclear cell
deficiency DCML [DC, monocyte, B and natural killer
(NK) lymphoid-deficient], virtually lacking DC in the
blood and interstitial tissues, have a reduced number of
Tregs, and a quarter of these patients develop autoimmune
disorders [17].

The dual function of DC in initiating immunity, on one
hand, and maintaining T cell tolerance on the other hand,
can be explained, in part, by the different maturation stages
of DC [18,19]. In the absence of danger signals provided by
infection or inflammation (also referred to as ‘steady state’),
DC are largely in an immature differentiation state. They
can capture and present antigens to T cells, but in so doing
will induce tolerance rather than immunity [20–22]. Matu-
ration of DC can be induced by pathogen-associated
molecular patterns (PAMP), e.g. bacterial lipopolysaccha-
ride (LPS) or viral double-stranded RNA [23]. The process
of DC maturation enhances their immunogenicity by
up-regulation of major histocompatibility complex
(MHC)–peptide complexes and T cell co-stimulatory mol-
ecules (e.g. CD80, CD86) on the plasma membrane, and by
inducing the production of proinflammatory cytokines (e.g.
IL-12) that help and polarize T cell differentiation [24,25].
However, the notion that immature DC induce tolerance
and mature DC induce immunity has been revised in recent
years, as it has become clear that mature DC can also exert
pro-tolerogenic effects. For example, DC matured in
response to certain PAMP display a typical mature DC
surface phenotype but produce anti-inflammatory IL-10
and promote the development of IL-10-producing Tregs

[26,27]. It is now generally accepted that the tolerogenic
function of DC is determined by the signals that they
receive during maturation; these signals can be derived
either from the microenvironment in which DC maturation
takes place or from invading pathogens. For instance, anti-
inflammatory cytokines [IL-10, transforming growth factor

(TGF)-b], immunosuppressive substances (e.g. corticoster-
oids) or certain PAMP (e.g. schistosomal lysophosphatidyl-
serine) have all been shown to promote the tolerogenic
function of DC [27–31].

Several mechanisms by which tolDC induce immune
peripheral tolerance have been described, including block-
ing of T cell clonal expansion and induction of T cell
anergy, deletion of T cells and the induction of Tregs. Two
major groups of Tregs have been defined: naturally occurring
Tregs (nTregs) that arise in the thymus, and adaptive Tregs, that
are induced in the periphery (iTregs) [32,33]. nTregs are
thought to suppress immune responses by mainly contact-
dependent mechanisms, including down-regulation of
CD80 and CD86 expression by CTLA4-mediated transen-
docytosis [34]. One of the best-characterized types of iTreg is
the type 1 regulatory T cell (Tr1). These cells are induced
from naive T cells and control immune responses mainly
through the production of immunosuppressive cytokines
(IL-10 and TGF-b), but they can also act by lysing target
cells of myeloid origin [35]. The mechanisms by which
tolDC operate have been described amply in detail by
others (e.g. [18,36,37]); only a few examples will be men-
tioned here. DC producing the tryptophan-degrading
enzyme indoleamine 2,3 dioxygenase (IDO) block T cell
clonal expansion [38]. Plasmacytoid DC in the liver
promote antigen-specific tolerance through T cell deletion
and/or the induction of T cell anergy [39]. Mucosal CD103+

DC induce FoxP3+ Tregs through secretion of TGF-b and/or
retinoic acid [40,41], whereas mucosal CD8+ DC induce
Tr1-like cells with regulatory properties [41]. Interestingly,
it has been shown that Tregs, in turn, suppress DC matura-
tion and enhance the expression of immunosuppressive
molecules (e.g. IL-10, B7-H4), thus inducing tolerogenic
function in DC [42,43]. This bidirectional cross-talk
between Tregs and DC further supports immune tolerance.

Tolerogenic dendritic cells as an
immunotherapeutic tool

The concept that maturation conditions determine the
tolerogenicity of DC has facilitated the development of
tolDC therapies for disorders that are characterized by a
failure in immune tolerance. TolDC treatment for the pre-
vention of graft rejection in transplantation has been
reviewed extensively elsewhere [44,45]; the current review
focuses on development of this tolerogenic immunotherapy
for autoimmune diseases, in particular RA. TolDC have
been developed as an autologous cellular therapy, in which
DC precursors are isolated from the patient, differentiated
ex vivo into tolDC, loaded with appropriate autoantigens
(optional), and injected back into the patient. Many differ-
ent methods are available for the ex-vivo generation of DC
with potent tolerogenic function. One of the most impor-
tant considerations in choosing the appropriate method is
that the final tolDC product should be stable, i.e. tolDC
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should not differentiate into immunogenic DC in vivo when
exposed to proinflammatory mediators. The stability of
tolDC is, therefore, an especially important consideration if
they are going to be used for the treatment of autoimmune
diseases that are characterized by chronic inflammation, as
is the case in RA. Certain types of tolDC (e.g. partially
matured DC, also referred to as semi-mature DC) have
indeed been shown to become immunogenic in vivo
[46,47], which is undesirable, as presentation of autoanti-
gen by immunogenic DC can induce or exacerbate autoim-
mune disease [48,49].

Methods for stable tolDC generation have been reviewed
elsewhere [50], and will be summarized only briefly here.
One of the most popular methods is to maintain DC in an
permanently immature state by inhibiting the expression or
function of nuclear factor (NF)kB, a transcription factor
pivotal for DC maturation [49,51–55]. Another option is to
engineer DC genetically to either constitutively express
immunosuppressive [e.g. IL-4, IL-10, cytotoxic T lym-
phocyte antigen (CTLA)-4; [56–60]] or apoptosis-inducing
[e.g. Fas, tumour necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL); [61–63]] molecules or, con-
versely, to inhibit expression of immunostimulatory
molecules (e.g. CD80/CD86, IL-12; [64–66]). Other
methods of tolDC generation include treatment of DC with
immunosuppressive cytokines IL-10/TGF-b [67–69] or
rapamycin [70], short-term stimulation with LPS [71],
induction of microRNA-23b expression [72] or increasing
Wnt signalling by treatment with Wnt-5a [73]. Many of
these ex-vivo-generated tolDC are capable of inhibiting
pathogenic autoreactive T cell responses in vivo [50].

A variety of tolDC have been tested in animal models of
RA. Importantly, a number of tolDC have been shown to
have immunotherapeutic potential, i.e. can suppress estab-
lished arthritis [50,74]). Not surprisingly, the in-vivo
mechanism of action by which these tolDC exert their ben-
eficial effects depends on the type of tolDC administered
(reviewed in [74]). For instance, FasL-transduced DC act by
depletion of autoreactive T cells [62], IDO- or CTLA 4
immunoglobulin (Ig)-transduced DC induce FoxP3+ Tregs

[75], and dexamethasone/vitamin D3-modulated DC
inhibit Th17 cells and enhance IL-10-producing T
cells [74].

Clinical trials with tolDC in autoimmune disease

The positive results from preclinical animal models have
provided strong support for the concept that tolDC can be
applied as an immunotherapeutic agent for the treatment
of autoimmune diseases. However, animal models of
autoimmune disease do not reflect human disease com-
pletely and ultimately the safety, feasibility and effectiveness
of tolDC therapy can be tested only through clinical trials.
Two tolDC trials (in type I diabetes and RA) have been
conducted recently [76,77], and our tolDC trial in RA has

also started recently – see section below for more detail. A
tolDC trial in MS has not yet been reported, but a recent
study by the Martinez-Caceres/Borras group [78] has
shown that myelin peptide-pulsed tolDC can induce anergy
in myelin-specific T cells from relapsing–remitting MS
patients. The group are currently preparing for a tolDC
trial in MS in the near future (Eva Martinez-Caceres, per-
sonal communication).

The first clinical trial with tolDC was carried out by the
Giannoukakis/Trucco team at the University of Pittsburgh
School of Medicine, and the results were published in 2011
[76]. They conducted a randomized, double-blind, Phase I
study with tolDC in patients who had insulin-requiring
type I diabetes for at least 5 years. Patients were injected
with autologous, monocyte-derived DC that were either
unmanipulated (control DC; three patients treated) or were
treated ex vivo with anti-sense oligonucleotides targeting
the CD40, CD80 and CD86 co-stimulatory molecules
(tolDC; seven patients treated). This type of tolDC is
defined by low surface levels of CD40, CD80 and CD86, and
because of their low expression of CD40 they do not
produce high levels of cytokine (IL-12, TNF) upon CD40
ligation [79]. Furthermore, mouse analogues of these
co-stimulatory-attenuated tolDC have been shown to
prevent diabetes onset in non-obese diabetic (NOD) mice
[79]. Ten million control DC or tolDC were injected intra-
dermally into the abdominal wall once every 2 weeks for a
total of four administrations, and patients were monitored
subsequently for a period of 12 months. DC treatment was
well tolerated without any adverse events. DC treatment did
not increase or induce autoantibodies (e.g. insulinoma-
associated protein-2 antibodies). Furthermore, despite the
fact that serum levels of IL-10 and IL-4 were increased,
patients did not lose their capability to mount T cell
responses to viral peptides or allogeneic cells, indicating
that DC treatment did not result in systemic immunosup-
pression. The percentages of immune cell subsets in periph-
eral blood did not change after DC treatment, with the
notable exception of B220+/CD11c– B cells. The proportions
of this subset were increased significantly after DC treat-
ment, although their levels returned to baseline after 6
months of treatment. This subset of B cells displayed sup-
pressive activity in vitro and their proportional enhance-
ment may be a beneficial effect of DC treatment. Overall,
there were no notable differences between treatment with
control DC and tolDC. Control DC were immature and
therefore in a tolerogenic state; thus, it is not surprising
that both types of DC exerted similar, potentially ‘pro-
tolerogenic’ effects, i.e. enhancing IL-4 and IL-10 and the
proportion of regulatory B cells. However, as it cannot be
excluded that immature DC may become immunogenic DC
in vivo, treatment with stable tolDC remains the preferred
option.

A Phase I study with autologous tolDC in patients with
RA has been carried out by Ranjeny Thomas and colleagues
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at the University of Queensland. Preliminary data were
reported at the European League against Rheumatism
meeting (EULAR) in 2011 [77]. In this study tolDC were
generated by treatment of monocyte-derived DC with an
inhibitor of NFkB signalling, BAY 11–7082, shown previ-
ously to maintain mouse DC in a tolerogenic state by pre-
venting DC maturation [54,80]. BAY-treated tolDC are
deficient for CD40 expression but express high levels of
CD86 [80,81]; thus, they are phenotypically different from
the co-stimulation-attenuated tolDC developed by the
Giannoukakis/Trucco team [79]. Furthermore, unlike the
trial in type I diabetes, in which tolDC were not loaded with
a relevant autoantigen, in this trial tolDC were pulsed with
four citrullinated peptide antigens. The final, antigen-
pulsed, tolDC product is referred to as ‘Rheumavax’. A total
of 18 patients [all human leucocyte antigen D-related
(HLA-DR) shared epitope-positive] received a single dose
(either 1 million or 5 million) of Rheumavax intradermally
and were evaluated at baseline and after 3 and 6 months of
treatment. Similarly to the tolDC trial in type I diabetes,
Rheumavax was well tolerated; no major adverse effects
were observed, and treatment did not appear to enhance the
autoinflammatory response. Further assessments on how
Rheumavax treatment has modulated anti-citrullinated
peptide-specific immunity will be highly informative for
understanding how tolDC affect antigen-specific T cell
responses.

The main conclusion that can be drawn from these trials
is that intradermal injection of autologous tolDC that are
maturation-resistant appears to be safe – the autoimmune
response was not enhanced. Although these trials were pri-
marily safety trials, not designed to measure efficacy, they
represent an important step forward in the field, and will
pave the way for future tolDC trials.

Developing tolDC for the treatment of RA

We have developed a protocol to produce tolDC for the
treatment of RA (Fig. 1) by pharmacological modulation of
monocyte-derived DC with the immunosuppressive agents
dexamethasone (Dex) and vitamin D3 [1,25 dihydroxyvita-
min D3 (VitD3)], together with a Toll-like receptor (TLR)-4
agonist [Escherichia coli LPS or monophosphoryl lipid A
(MPLA); see below]. Compared to mature DC, our tolDC
are characterized by (i) high expression of MHC class II (i.e.
similar levels as mature DC); (ii) intermediate expression of
co-stimulatory molecules CD80 and CD86 and low expres-
sion of CD40 and CD83; and (iii) an anti-inflammatory
cytokine production profile with high levels of IL-10 and
TGF-b and low or undetectable levels of IL-12, IL-23 and
TNF ([55,82,83] and unpublished data). There are two
reasons for including a TLR-4 ligand in the tolDC genera-
tion protocol. First, activation through TLR-4 is required
for tolDC to process and present exogenous antigen effi-
ciently on MHC class II [82]; a similar observation has been

reported for immunogenic DC [84]. Thus, MHC class
II–peptide complexes do not form efficiently unless the
(tol)DC also receives a proinflammatory signal (e.g. LPS)
during antigen uptake [82,84]. The ability of tolDC to
present antigens is clearly critical to the success of tolDC
therapy, because the main goal of tolDC therapy is to
induce T cell tolerance to relevant autoantigens. Secondly,
TLR-4-mediated activation is also required for tolDC to
acquire the ability to migrate in a CCR7-dependent manner
[82], thus enabling them to migrate to secondary lymphoid
tissues, where they can interact with T cells. Whether this
migratory capacity is required for tolDC therapy to be suc-
cessful in RA is not entirely clear, but there is evidence from
the transplant setting that CCR7 expression by tolDC is
required to prolong the survival of allografts in an animal
model [85]. These data fit the paradigm that secondary
lymphoid tissues are an important site for the induction of
immune tolerance [86,87], at least under normal, steady
state conditions. However, the situation may be different in
RA, in which diseased joint tissues are heavily infiltrated by
T cells and antigen-presenting cells, including DC [88,89].
Under these circumstances it is highly likely that presenta-
tion of autoantigen also takes place in the joint. Therefore,
it could be speculated that, in RA, tolDC would ideally have
the ability to act in several locations: in the rheumatoid

Fig. 1. Generation of tolerogenic dendritic cells (tolDC). Peripheral

blood CD14+ monocytes are cultured with interleukin (IL)-4 and

granulocyte–macrophage colony-stimulating factor (GM-CSF) to

generate immature DC. On day 3 of culture, cells receive fresh

medium containing IL-4, GM-CSF and dexamethasone (Dex). After 6

days of culture monocytes will have differentiated into immature DC.

These immature DC are then treated with Dex, vitamin D3 (VitD3)

and a Toll-like receptor (TLR)-4 agonist [e.g. lipopolysaccharide

(LPS) or for therapeutic grade tolDC, the current good manufacturing

practice (cGMP)-compatible monophosphoryl lipid A] for 24 h to

generate tolDC. During the final 24 h synovial fluid (SF) can be added

to the cultures as a source of joint-associated autoantigen. The box

summarizes typical tolDC features: +++ high expression; ++
intermediate expression; + low expression; +/– very low but detectable

expression; – undetectable expression.
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joint to anergize autoantigen-specific effector T cells locally,
and in the draining lymph node to induce Tregs from
autoantigen-specific naive T cells. However, it should be
noted that T cells from RA patients can be resistant to at
least some tolerogenic signals; for instance, they can resist
IL-10- and IDO-mediated suppression [90,91]. Our tolDC
operate, at least partially, via a TGF-b-dependent mecha-
nism and inhibit proliferation and IFN-g production of
peripheral blood RA T cells in vitro (unpublished data);
however, whether they can inhibit autoreactive T cells in the
rheumatoid joint remains to be determined.

Despite the fact that our tolDC have similar ability as
mature DC to process and present exogenous antigen,
tolDC have lower T cell stimulatory capacity than mature
DC, in line with their lower expression of co-stimulatory
molecules and low production of proinflammatory
cytokines [55,82]. Moreover, tolDC induce hyporesponsive-
ness (‘anergy’) in antigen-experienced memory T cells while
polarizing naive T cells towards an anti-inflammatory
cytokine profile [55]. We have also shown that, in a mouse
in-vivo model of collagen-induced arthritis, murine bone
marrow-derived tolDC generated with Dex, VitD3 and LPS
have a therapeutic effect: treatment of arthritic mice with
tolDC (1 million cells injected intravenously three times
over 8 days) reduced significantly the severity and progres-
sion of arthritis, whereas treatment with immunogenic
mature DC did not reduce disease and, in fact, exacerbated
arthritis [49]. Interestingly, tolDC exerted a therapeutic
effect only if they had been loaded with the immunizing
antigen, type II collagen. Treatment with tolDC was associ-
ated with a reduction in Th17 cells and an enhancement of
IL-10-producing T cells, and a reduction in type II collagen-
specific T cell proliferation, possibly explaining their thera-
peutic effect. Thus, this type of tolDC is a potentially
powerful tool for the treatment of RA and other autoim-
mune diseases.

Clinical grade tolDC

Before tolDC can be applied in a clinical trial, a protocol to
generate clinical grade tolDC, compliant with current good
manufacturing practice (cGMP) regulations, had to be
established. For this purpose, the research-grade fetal calf
serum (FCS)-containing medium was replaced with cGMP-
grade medium specialized for DC (CellGro® DC medium
from CellGenix, Freiburg, Germany) and LPS was replaced
with MPLA, a synthetic cGMP-grade TLR-4 ligand (from
Avanti Polar Lipids, Alabaster, AL, USA). MPLA has strong
adjuvant capacity but without the LPS-associated toxicity; it
has been used safely in clinical trials testing next-generation
vaccines [92]. Clinical-grade tolDC have typical pro-
tolerogenic features, including intermediate expression of
co-stimulatory molecules and an anti-inflammatory
cytokine profile. They induce T cell hyporesponsiveness and
have the ability to inhibit T cell responses induced by

mature DC [83]. Despite the fact that monocyte-derived
DC from RA patients with active disease are in an enhanced
proinflammatory state [93,94], our protocol robustly gener-
ates tolDC from RA patients that are indistinguishable from
healthy donor DC [83].

Importantly, tolDC exposed to proinflammatory
cytokines, TLR ligands or RA synovial fluid retain their pro-
tolerogenic features in vitro ([83] and our unpublished
data); whether they remain stable in vivo remains to be
determined. However, it should be noted that equivalent
Dex/VitD3/LPS-modulated mouse tolDC exerted their pro-
tolerogenic in vivo in a proinflammatory environment,
suggesting that their tolerogenic phenotype and function
was not reverted in vivo [49]. Furthermore, it has been
shown that mouse tolDC generated with anti-sense
oligonucleotides for CD40, CD80 and CD86 remained
co-stimulatory-deficient in vivo, even after 3 weeks of
injection [79].

Because tolDC therapy is designed to target autoantigen-
specific T cells, a major consideration is the choice of
autoantigen. However, reactivity to known autoantigens
varies between RA patients and no universal autoantigen
has yet been identified to which all RA patients respond.
Furthermore, there is no validated, robust and reliable tech-
nique for defining autoantigen-responsiveness for an indi-
vidual RA patient. We have therefore chosen to use
autologous synovial fluid (SF) as a source of autoantigen,
because a wide range of self-proteins are present in the SF
of RA patients, including proteins containing autoantigenic
T cell epitopes (e.g. HCgp39 and type II collagen) that can
be processed efficiently and presented by DC [95–97].

The final tolDC product needs to conform to a list of
predefined quality control (QC) criteria, which relate to the
sterility, viability, purity and the ‘functionality’ of the
product. Functional essays (e.g. induction of IL-10-
producing Tr1 cells) are unsuitable for establishing the
latter QC as they require at least 10 days to complete,
whereas a rapid read-out is needed for QC testing. What is
required is an assay that predicts product functionality with
a read-out within hours, rather than days, as was established
recently for Tregs [98]. In the case of tolDC, low expression
of CD83, non-detectable production of IL-12 and high
secretion levels of IL-10 were chosen as QC markers as they
correlate with tolDC function.

Autologous tolerogenic dendritic cells for RA
(AUTODECRA trial)

We have designed a clinical trial to study autologous tolDC
in RA (AUTODECRA), for which we are currently recruit-
ing patients. It is a randomized, unblinded, placebo-
controlled, dose-escalation Phase I study. Three dosing
cohorts are planned: 1 ¥ 106, 3 ¥ 106 and 10 ¥ 106 viable
TolDC per patient. A major difference between this trial and
the previous tolDC trials is the route of administration.
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TolDC will be injected intra-articularly, under arthroscopic
guidance. Before tolDC are administered the joint will be
irrigated with saline; ‘placebo’ patients will receive saline
irrigation alone. The reason that tolDC will be administered
directly into an affected knee joint is not only that it is ben-
eficial from a safety perspective (if the joint flares up it can
be irrigated again, followed by an intra-articular injection
with corticosteroids) but also allows the collection of syno-
vial biopsies for the analysis of potential response biomark-
ers. Intra-articular administration may also provide benefits
compared with systemic administration, as tolDC are tar-
geted to the diseased tissue. Furthermore, tolDC may
migrate to the regional lymph nodes, where they could
provide immunoregulatory signals required for immune
tolerance induction.

The primary objective of AUTODECRA is to assess the
safety of intra-articular administration of tolDC in patients
with RA. The secondary objective is to assess the
tolerability/acceptability to patients and feasibility of tolDC
treatment. The trial also has a number of exploratory objec-
tives, including assessing the effects of intra-articular tolDC
administration on RA disease activity (locally and systemi-
cally) and investigating prospective response biomarkers in
both synovial tissue and peripheral blood, taken at several

time-points (see Fig. 2). The mechanisms underlying
induction of immune tolerance in vivo are still poorly
understood, and therefore no comprehensive set of suitable
biomarkers can be predicted. Our biomarker analyses will
therefore utilize a hypothesis-free approach and include
leucocyte subset analysis by flow cytometry (e.g. DC
subsets, T/B cell subsets), transcriptional profiling and
immunohistochemistry. The latter will assess semi-
quantitatively synovitis and cell subsets in the synovial
membrane. Findings from the transplantation field have
suggested that we are more likely to find tolerance biomark-
ers in the synovial tissue than in the peripheral blood, and
that unexpected signals may emerge, hence the need for
approaches such as transcriptional profiling [99]. While we
will attempt to study systemic autoreactivity before and
after therapy, the uncertain nature of RA autoantigens
renders this approach challenging.

Challenges for design of tolDC trials

In addition to issues relating to the development and manu-
facture of tolDC for clinical application, there are a number
of challenges relating to the design of clinical trials. The
timing of tolDC treatment is an important issue. In the

Fig. 2. Autologous dendritic cells (DC) for

rheumatoid arthritis (RA) (AUTODECRA)

trial. The diagram depicts the autologous

nature of tolerogenic dendritic cell (tolDC)

treatment: monocytes are isolated from the

patient’s own peripheral blood product

obtained by leucopheresis, cultured ex vivo

under current good manufacturing practice

(cGMP) conditions to generate tolDC (as

depicted in Fig. 1) and injected into the

patient’s knee joint under arthroscopic

guidance. The boxes summarize the

procedures at different time-points during the

trial (anti-clockwise). The trial starts 14 days

before the patient is injected with tolDC (day

-14). The patient is screened for mandatory

disease markers to ensure a clean blood

product in the cGMP facilities. Synovial fluid

(SF) is collected as a source of joint-associated

antigens and is added to the tolDC culture

(see Fig. 1). Patient assessment takes place at

this and other time-points during the trial

(see boxes) and includes a knee assessment,

health questionnaire and establishment of the

disease activity score of 28 joints (DAS28).

Peripheral blood samples (for collection of

immune cell and serum) and synovial biopsies

for biomarker analyses are taken before and

after tolDC treatment (see boxes). If no

serious adverse effects of tolDC are observed

(e.g. knee flare) the study closes on day 91.
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transplantation setting tolerogenic therapies can be applied
before transplanting the graft, allowing for tolerance induc-
tion in an unprimed immune system. However, in the
autoimmune setting this is not the case, and tolDC will be
administered to patients with ongoing autoimmune disease,
in whom dysregulated autoimmune responses have already
been established. In RA, in particular, breach of tolerance to
autoantigens may develop many years before the first symp-
toms of arthritis appear [100]. It is generally thought that
tolerogenic treatments, including tolDC therapy, will have
the greatest chance of success if they are applied early on in
the disease process [101]. However, for safety reasons, new
experimental therapies are being tested in patients with
established disease who have failed other treatments and
have a poor prognosis. Whether tolerogenic strategies can
be successful under these conditions remains to be seen,
and an obvious risk is that further development of tolDC
therapy may not take place if initial trials show no or little
efficacy. A related concern, therefore, is how to measure effi-
cacy. The goal of tolDC therapy is to induce immune toler-
ance, but this may take time to develop and may not
necessarily result in an immediate reduction of inflamma-
tion or other chronic disease symptoms. It has been
observed that some immunomodulatory therapies that
were ineffective in the short term appeared to provide ben-
efits to RA patients in the longer term [102]. Therefore, the
timing of the end-points as well as what outcomes are being
measured need careful consideration; current outcome
measures for clinical trials in RA measure the consequences
of inflammation, but this is unlikely to be an appropriate
marker for the short-term ‘success’ of tolDC therapy. What
is badly needed is the development of appropriate biomark-
ers of tolerance induction, which could then be used to
monitor and guide tolerogenic therapies such as tolDC.
Collecting data on expression of tolerance-related genes and
the function of relevant immune subsets pre- and post-
treatment will be essential for the design of a robust and
quantifiable biomarker set. Such a set would enable us to
measure the short-term therapeutic response in future
tolerogenic therapy trials and, if standardized, would enable
comparisons between different trials.

Future perspectives and concluding remarks

Over the last decade a variety of methods have been devel-
oped to generate tolDC in the laboratory. The characteris-
tics of these tolDC have been defined extensively in in-vitro
studies and their therapeutic potential has been demon-
strated in experimental animal models of autoimmune
disease. The field has now moved into a new era, translating
these findings towards clinical application of tolDC. The
first clinical trials have indicated that tolDC administration
is tolerated and appears safe, and further studies now need
to be conducted to establish their efficacy in treating
autoimmune disorders, including RA, type 1 diabetes and

MS. A major drawback of tolDC therapy is that it is a highly
customized ‘bespoke’ therapy, which not only makes it
expensive but also limits its application to centres that have
appropriate facilities and are specialized in cellular thera-
pies. Nevertheless, if tolDC trials in humans are successful,
they will provide important ‘proof-of-principle’ data on
therapeutic tolerance induction in humans. Lessons learned
from tolDC trials, relating particularly to biomarker identi-
fication, should assist the development and clinical transla-
tion of new tolerance-inducing strategies, e.g. strategies that
directly target and enhance the tolerogenic function of DC
in vivo, or strategies that combine tolDC therapy with other
treatments. For example, it has been shown that the combi-
nation of tolDC treatment with CTLA-4Ig prolongs allo-
graft survival significantly in an animal model [31]. The
success of human tolDC trials will be enhanced by the defi-
nition of a robust set of biomarkers; without such a set it
may prove difficult to establish if immune tolerance has
been achieved. Furthermore, defining and standardizing
biomarker analyses will be important to compare the results
from different therapeutic tolerance strategies and trials.
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