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Summary: Strategies for inducing immune tolerance are fundamentally
similar across a spectrum of immune-mediated disorders, including aller-
gic disease, autoimmunity, and rejection of allografts. In each case, the
objective of establishing an immunoregulatory balance is challenged by
variable upswings in effector cell populations and proinflammatory
mediators of immunity, requiring careful, and innovative therapeutic
intervention to restore stability. The Immune Tolerance Network, an
international consortium sponsored by the National Institutes of Health,
seeks to advance both the scientific understanding and the clinical success
of immune therapies for these disorders, through an innovative and col-
laborative effort involving clinical trials and mechanistic studies. Over the
last decade, scientists have evaluated cell-based ablation and deviation
strategies in trials using lymphocyte-specific targeting, induction of host-
donor hematopoietic chimerism, induction of antigen-specific immune
regulation, and a variety of antigen desensitization approaches. In this
article, we review some of the highlights of this experience and discuss
the potential for progress, utilizing new insights into regulatory mecha-
nisms and biomarker signatures of tolerance.

Keywords: immune-mediated disease, tolerance, immunosuppression, transplantation,
allergy, autoimmunity

Introduction

Therapy for immune-mediated diseases and for transplanta-

tion poses a daunting challenge: how best to modulate the

immune response for clinical benefit while avoiding long-

term immunosuppression, which puts the patient at risk. Fun-

damental insights into the mechanisms of immune response,

developed over the last three decades, have spawned a large

number of therapeutic initiatives designed to address this

challenge. These efforts to induce immune tolerance represent

specific and targeted approaches to reprogram, regulate, or

selectively ablate immune cells, eliminate deleterious

responses, and restore normal immune homeostasis (Fig. 1).

The Immune Tolerance Network (ITN) was created to

respond to that challenge. The ITN developed as an interna-

tional consortium, established 10 years ago by the National

Institutes of Health in partnership with the Juvenile Diabetes

Research Foundation. The ITN exists to advance this field by

conducting clinical trials of novel tolerance-inducing therapies



and simultaneously studying immunologic mechanisms of the

treatment and clinical response. The ITN is a large collabora-

tive venture, involving several hundred basic and clinical

immunologists, academic trial centers, and pharmaceutical

and biotechnology partners. Centralized data management,

regulatory affairs, and core laboratory services are integrated

into each trial. Advisory panels and an academic steering com-

mittee review and comment on study rationale, protocol

design, and mechanistic laboratory studies for each of the

three major therapeutic areas of ITN activity: (i) prevent graft

rejection after solid organ and tissue transplantation, (ii)

achieve long-term tolerance to allergens, and (iii) stop or

reverse autoimmune diseases.

Underlying the ITN approach is the premise that strategies

and treatments to induce a state of immune tolerance are fun-

damentally similar across all three of these therapeutic areas

(Fig. 2). Successful immune tolerance to allergens, autoanti-

gens, and tissue alloantigens will share similar mechanistic

principles and potentially share similar therapies. Under nor-

mal homeostatic conditions, peripheral immune tolerance is

maintained through a combination of mechanisms that oper-

ate simultaneously, creating a redundancy that is essential for

a nearly fail-safe system. Pathogenic lymphocytes are inacti-

vated, deleted, deviated, or suppressed, and each of these fates

occurs using molecular pathways and cellular interactions that

are potential strategies for targeted therapy.

In this article, we look back at the rationale and approach

for some of the major ITN clinical trials and mechanistic stud-

ies of the last decade. We discuss the types of innovative

approaches needed to advance our understanding of immune

tolerance and to translate this knowledge into safe and effec-

tive therapies.

The lymphocyte as a therapeutic target

T lymphocytes have been a major focus of the ITN because of

their central role in the pathogenesis of allograft rejection and

autoimmune disease. A myriad of drugs, which target T cells

and their functions, is now available, including soluble ligands

and monoclonal antibodies directed against cell surface

receptors. Many of these agents act by depleting T cells (e.g.

anti-CD52 monoclonal antibody, CAMPATH-1H) or globally

suppressing their function (e.g. calcineurin inhibitors), and

consequently are associated with significantly increased risks

for toxicity, especially infection. Producing such dramatic

shifts in the immune system is indeed risky and may not be

necessary to re-establish homeostasis. It is possible that small

perturbations, achieved by therapeutic intervention at critical

points in the regulatory pathways, may be sufficient to drive

the system to a stable state of disease quiescence. Applying this

reasoning, the ITN turned to CD3-specific antibodies as poten-

tial tolerance-inducing agents, based on their ability to selec-

tively induce T-cell anergy and stimulate regulatory cells in

non-obese diabetic (NOD) mice, where their use in estab-

lished disease has been shown to preserve beta cell function

(1, 2). Of the different candidate anti-CD3 antibodies avail-

able, the ITN has been studying huOKT3c1ala-ala, an Fc

receptor (FcR), non-binding monoclonal antibody, which

now appears, from several clinical studies in type 1 diabetes,

to ameliorate an antigen-driven chronic inflammatory

response. The goal of the ITN, in this case, has been to induce

immunologic tolerance and disease remission, with subse-

quent withdrawal of the treatment.

Jeffrey Bluestone, Kevan Herold, and other members of the

ITN have been central players in the historic development of

CD3-specific antibodies and their clinical application.

huOKT3c1ala-ala was preceded by the mouse monoclonal

antibody OKT3 (Centocor Ortho Biotech, Horsham, PA,

USA), the first anti-human CD3 monoclonal antibody, and the

first monoclonal antibody licensed for clinical use. OKT3 was

Fig. 1. Cross-cutting strategies for the induction of immune
tolerance.

Fig. 2. Cross-cutting themes of the Immune Tolerance Network.
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approved in 1985 for the prevention of acute rejection of

major histocompatibility complex (MHC)-mismatched renal

allografts, and later it was shown to be useful for the treat-

ment of acute rejection of liver and cardiac allografts. How-

ever, OKT3 was lacking in appeal for the treatment of

autoimmune disease for many of the same reasons that ulti-

mately led to loss of popularity in transplantation. By virtue of

its mouse amino acid sequences, OKT3 induced a vigorous

humoral response in humans within 5–7 days after adminis-

tration, which neutralized the antibody and promoted its

clearance. Therefore, OKT3 could not be given repeatedly for

the treatment of a chronic process, such as autoimmune dis-

ease. OKT3 also triggered a marked cytokine release reaction,

owing to its potent mitogenic effects on T cells. These draw-

backs were largely overcome in two ways. First, humanizing

OKT3 greatly reduced its immunogenicity in vivo. Second, as

the ability of CD3-specific antibodies to induce T-cell prolifer-

ation and cytokine production is closely tied to their cross-

linking ability to bind to FcRs on monocyte ⁄macrophages and

natural killer cells (3, 4), the cytokine release reaction was

diminished to an acceptable intensity by modifying the Fc

region of the antibody to prevent FcR binding.

These changes did not destroy its therapeutic benefits. FcR-

non-binding and FcR-binding CD3 antibodies are equivalent

in their ability to prolong MHC-mismatched graft survival in

animals as well as reverse type 1 diabetes in NOD mice. Initial

clinical studies with huOKT3c1ala-ala to prevent renal allo-

graft rejection confirmed the efficacy of an FcR-non-binding

CD3 antibody (5, 6), thereby paving the way for more recent

developments in this field.

Three FcR-non-binding CD3-specific antibodies are cur-

rently under commercial development: huOKT3c1ala-ala

(teplizumab, MacroGenics Inc., Rockville, MD, USA) is a

humanized version of OKT3 containing Fc region mutations

at leu234 fi ala234 and leu235 fi ala235 (7–9). This FcR-

non-binding CD3 antibody has been used in all of the ITN tri-

als. The other non-FcR-binding CD3 monoclonal antibodies

in advanced stages of development are otelixizumab (Tol-

erx ⁄ GlaxoSmithKline, Cambridge, MA, USA), also termed

ChAglyCD3, and NI-0401 (NovImmune, SA, Geneva, Switzer-

land). These CD3-specific antibodies are also genetically engi-

neered as humanized antibodies with minimal FcR-binding

ability.

The development of CD3-specific antibodies for the treat-

ment of type 1 diabetes has been reviewed by Chatenoud (10)

and Chatenoud and Bluestone (11). To summarize these

reviews, the binding of CD3-specific antibodies to T cells has

several effects that may account for its tolerance-inducing

properties in vivo. Both the FcR-binding and non-binding CD3-

specific antibodies have been shown to modulate cell-surface

expression of the T-cell receptor (TCR)-CD3 complex (12). In

mice, FcR-non-binding CD3 antibodies have been shown to

induce functional anergy of T cells, preferentially of activated

T cells, as opposed to naive T cells. They do so by delivering a

partial agonist signal to the TCR, leading to a reduction in Th1

cells and a boost in Th2 cells (13, 14). This effect is partially

blocked by cyclosporine A, consistent with its dependence on

an intracellular calcium signal (13). Compared with FcR-bind-

ing antibodies, FcR-non-binding antibodies induce similar

levels of phosphorylation of CD3e and p21d, but less phos-

phorylation of p23d and ZAP-70 kinase, with minimal phos-

phorylation of Cc1 (14). Work also done in mice shows that

administration of FcR-non-binding CD3-specific antibody

preserves CD4+ T-regulatory cells, which in NOD mice are

found to be more numerous in the pancreatic and mesenteric

lymph nodes in the first 2 weeks of treatment (15). There-

fore, non-FcR-binding CD3-specific antibody therapy appears

to restore immune tolerance in NOD mice by shifting the

balance of effector T cells from a Th1 to a Th2 bias and by

inducing CD4+ T-regulatory cells.

In 2002, Herold, Bluestone, and colleagues (16) published

their first study of huOKT3c1ala-ala (teplizumab) for the

treatment of new onset type 1 diabetes, which set the stage

for the ITN-developed trials. In the first part of this study, 24

eligible patients with type 1 diabetes between the ages of 7½

and 30 years within 6 weeks of their diagnosis were ran-

domly allocated to receive treatment with a 14-day course of

huOKT3cala-ala or usual care. The dosing schedule was

derived from the regimen previously used successfully for the

prevention of acute renal allograft rejection (5). The antibody

was administered intravenously as follows: 1.42 lg ⁄ kg of

body weight on day 1, 5.67 lg ⁄ kg day 2, 11.3 lg ⁄ kg on day

3, 22.6 lg ⁄ kg on day 4, and 45.4 lg ⁄ kg on days 5 through

14. With this dosing regimen, coating of T cells by the anti-

CD3 antibody reached 69.2 ± 2.9% at day 12, with peak

modulation of the TCR-CD3 complex of 54 ± 3.1% at day 14.

After treatment of the first 12 subjects, an additional eight

subjects with type 1 diabetes received a modified dosing regi-

men to increase coating and modulation of the CD3 molecule

(17). For this second group, the patients received 450 lg ⁄m2

on day 1, 919 lg ⁄m2 on day 2, and 1818 lg ⁄m2 on days

3–12. In these subjects with recent-onset type 1 diabetes, the

anti-CD3 antibody therapy significantly reduced the loss of

stimulated c-peptide measured at 12 months compared with

the control arm (16), indicating preservation of residual b cell

function. While these benefits were sustained up to 2 years,
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waning of the c-peptide maintenance after the first year

suggested that future studies should consider repeated courses

of therapy (18) or addition of synergistic tolerizing strategies.

Similar results were obtained in a randomized, placebo-con-

trolled trial involving 80 subjects with new onset type 1 dia-

betes, in which treatment with another CD3-specific

antibody, ChAgylCD3, was also associated with improved

maintenance of C-peptide responses for a limited amount of

time (19).

Immune monitoring of subjects in these trials did not iden-

tify a definitive mechanism responsible for these clinical

effects. Studies in vitro and in vivo suggest that huOKT3c1la-ala

has the ability to activate at least some T cells and trigger a

mild-to-moderate cytokine release reaction. This reaction,

which occurs after the first or second infusion, is characterized

by fever, rash, flu-like symptoms, nausea, vomiting, myalgia,

arthralgia, and headache. At the same time, there is a rise in

the serum levels of tumor necrosis factor a (TNFa), interleu-

kin-5 (IL-5), IL-6, and IL-10, but there is only a slight

increase, if any, in serum levels of interferon c (IFNc) and

IL-2 (17, 20). The outpouring of IL-5 and IL-10 in the absence

of very little IFNc and IL-2 is consistent with the downregula-

tion of Th1 and upregulation of Th2 responses, as shown in

mouse studies mentioned earlier (13, 14). The pattern of

cytokine release in vivo parallels experiments in vitro, where

huOKT3c1ala-ala in the presence of anti-CD28 monoclonal

antibody has been shown to stimulate human peripheral blood

mononuclear cells (PBMCs) to produce much more IL-10 than

IFNc (17). This activation signal is associated in vitro with a rise

in intracellular calcium and in vivo with an increase in the

expression of the activation markers CD25 and CD69 (17).

Since 2 weeks of therapy led to more than a year of sus-

tained clinical benefit, it is possible that CD3-specific antibod-

ies are exerting their clinical effects by inducing T-cell

regulatory mechanisms. T-cell depletion is probably not a sig-

nificant outcome of CD3-specific antibody therapy, although

some depleting effects cannot be completely excluded. It was

reported from the initial study in type 1 diabetes that the total

circulating lymphocyte count after huOKT3c1ala-ala therapy

reached a nadir of 26.5 ± 9.0% of the baseline count on day

5, recovering by day 30 to reach 123 ± 52% of the pretreat-

ment levels (16). Originally, this finding was interpreted as a

reflection of modest T-cell depletion, but it has been sug-

gested subsequently that the rapid pace of recovery is more

consistent with transient margination or trafficking of T cells

(20). Interestingly, the clinical responses after treatment with

huOKT3c1ala-ala were found to be associated with a change

in the ratio of CD4+ T cells to CD8+ T cells, with an increase

in the number of CD8+ T cells predicting a greater likelihood

of a maintained c-peptide response (16). Studies in vitro later

showed that huOKT3c1ala-ala induces the proliferation of

CD8+ T cells but not CD4+ T cells (17). Moreover,

huOKT3c1ala-ala was found to induce a subset of CD8+

CD25+ FoxP3+ T cells in PBMC cultures, which was able to

downregulate antigen-specific T-cell responses in a cell con-

tact-dependent manner (17). It has also been shown in vitro that

peripheral blood CD8+ T cells from four CD3 antibody-treated

patients with type 1 diabetes expressed more than threefold

higher levels of FoxP3 after drug treatment, as opposed to

non-drug treated patients, in which FoxP3 expression changed

little over time. This subpopulation of putative CD8+ regula-

tory T cells persisted up to 10 weeks after treatment.

With these results in hand, the ITN moved forward with its

own randomized, controlled, open-label phase IIb trial of

huOKT3c1ala-ala in new onset type 1 diabetes, in which sub-

jects were to receive a second and third course of drug (20).

This study used the same dosing scheme as that given to the

eight patients in the second part of the original phase II trial.

After enrollment of the first six subjects, it became clear that

the frequency and severity of side effects were greater in this

trial compared with the earlier study. The study was halted at

that point, and a biochemical analysis of the new drug lots

used in the phase IIb study found a major change in potency

due to a different filtering protocol during the antibody man-

ufacturing procedure.

With this issue corrected, the ITN re-initiated a random-

ized, two-armed, open-label phase II trial using teplizumab,

or huOKT3cala-ala, produced by Macrogenics. Enrollment is

now complete for this study, in which 81 participants with

new onset type 1 diabetes have been randomly assigned in a

2:1 fashion to receive teplizumab over a 14-day course. After

a 12-month interval, eligible patients have received a second

course of teplizumab (at month 13). The ITN plans to explore

potential mechanisms of action in detail through studies using

flow cytometry, measurement of serum autoantibodies, T-cell

assays, and whole blood gene expression profiling. Future ITN

strategies may focus on combining CD3-specific antibodies

with antigen, as suggested by murine studies in which com-

bining anti-CD3 antibodies with antigen has been shown to

be more effective than anti-CD3 antibodies or antigen alone

(21).

Autoimmune diseases are notable not only for T-cell

involvement but also in many cases for a prominent associa-

tion with autoantibodies. This observation led to the use of

anti-B-cell therapeutics, particularly anti-CD20, which were

originally developed as anti-B-cell lymphoma drugs but are
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now used increasingly in autoimmunity. Interestingly, short--

term clinical efficacy has now been found for anti-CD20

therapy, even in disease traditionally thought to be T-cell

mediated, such as multiple sclerosis and type 1 diabetes. The

ITN has conducted a pivotal trial of anti-CD20 in patients with

ANCA-associated vasculitis (AAV), a debilitating but rare auto-

immune disease conventionally treated with the chemothera-

peutic drug cyclophosphamide, and has collaborated with

NIDDK TrialNet in the conduct of a trial of anti-CD20 in

newly diagnosed subjects with type 1 diabetes.

B cells received little attention as a therapeutic target for

autoimmune disease until rituximab, a chimeric CD20-spe-

cific monoclonal antibody, was shown in the early part of the

last decade to improve the signs and symptoms of rheumatoid

arthritis (RA) (22). This finding catapulted B-cell-targeted

therapy into the limelight and stimulated not only further

investigation of rituximab therapy for several autoimmune

diseases but also commercial development of other novel

agents directed against B cells and their functions. The efficacy

and safety of rituximab has now been confirmed for the treat-

ment of RA, and it is approved for this indication. In addition,

phase II randomized, placebo-controlled trials have provided

evidence for clinical efficacy of rituximab therapy for a variety

of indications, including multiple sclerosis (23), type 1 diabe-

tes (24), and pemphigus vulgaris (25). In contrast, two phase

II ⁄ III randomized, controlled trials of rituximab therapy for

lupus nephritis (26) and non-renal lupus (27) failed to meet

their primary clinical endpoints. Humanized CD20-specific

antibodies, such as ocrelizumab and ofatumumab, have also

been developed in an attempt to improve on this approach.

Small modular immunopharmaceuticals (e.g. TRU-015), a

CD20-related technology, are also in the drug pipeline. Other

protein therapeutics directed against the B cell, namely

epratuzumab (anti-CD22), belimumab (anti-BAFF), and ataci-

cept (TACI-Fc), are being investigated for the treatment of

systemic lupus erythematosus as well as several other indica-

tions (28).

The mechanisms by which rituximab improves the clinical

manifestations of RA remain poorly understood, even today.

It has been long considered that B cells contribute to the

mechanisms of many autoimmune diseases through differen-

tiation into short-lived and long-lived plasma cells producing

pathogenic autoantibodies. Some autoantibodies display cyto-

pathic properties, such as those to the acetylcholine receptor

in myasthenia gravis, while others may form immune com-

plexes that trigger host effector functions or deposit in tissues

where they activate complement, and amplify the inflamma-

tory response. Not all autoantibodies are necessarily patho-

genic, as evidenced by their occurrence in some healthy

individuals and a proportion of healthy siblings of patients

with autoimmune disorders. Their appearance may also pre-

date the onset of clinical manifestations of autoimmune dis-

ease, which is the case for anti-CCP and rheumatoid factor in

RA, a multiplicity of autoantibodies in SLE, and anti-insulin,

anti-glutamic acid decarboxylase, and anti-islet cell antigens

in type 1 diabetes. B cells also have several other functions that

may play roles in the pathogenesis of autoimmune-mediated

diseases, including antigen presentation to T cells, cytokine

release, and organization of tertiary lymphoid tissue (28). For

example, studies in mice have shown that depletion of B cells

by anti-CD20 monoclonal antibodies can downregulate an

adaptive immune response by impairing CD4+ T-cell activa-

tion (29). Human B cells also secrete pro-inflammatory

cytokines, such as IL-6, TNFa, LTa, and IFNc, in response to

Toll-like receptor (TLR) stimulation, which may contribute to

disease pathophysiology (30–32). A small subset of B-regula-

tory cells has also been characterized in mice, termed B10

cells, for their ability to secrete IL-10 (33–35). In mice with

EAE, their preferential depletion during disease initiation

enhanced EAE pathology (34). It appears that B10 cells are

important in the control of disease initiation, while regulatory

T cells are more important in inhibiting ongoing disease (34).

Regulatory B cells have also been identified in humans with

autoimmune disease, but their role in disease pathogenesis

remains to be determined (36, 37). Finally, B cells participate

in the formation of tertiary lymphoid structures at sites of

disease in non-lymphoid organs, such as the synovial tissue in

RA and the salivary gland in primary Sjögren’s syndrome. In a

severe combined immunodeficiency (SCID) mouse model,

ablation of B cells was associated with elimination of tertiary

lymphoid tissue, highlighting the importance of B cells in the

formation of these structures (38).

Preliminary observations from an open-label clinical study

of refractory anti-neutrophil cytoplasmic antibody (ANCA)-

associated vasculitis suggested that rituximab was effective for

the treatment of this condition (39, 40). The two types of sys-

temic vasculitis predominately associated with serum ANCA

are Wegener’s granulomatosis (WG) and microscopic polyan-

giitis (MPA). ANCA represents a group of autoantibodies,

mostly of the IgG isotype, directed against antigens in the

cytoplasm of neutrophils and monocytes. The two most rele-

vant target autoantigens are proteinase-3 (PR3) and myeloper-

oxidase (MPO), which produce cytoplasmic and perinuclear

patterns, respectively, by immunofluorescence assays with

neutrophils fixed on glass slides. Many studies have shown

that MPO-ANCA is mainly targeted by autoantibodies from
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patients with MPA, while PR3-ANCA predominates in WG;

however, these associations are not absolute, as exceptions to

this rule are not uncommon. Elimination of ANCA has a thera-

peutic rationale because of the evidence implicating ANCA in

the pathogenesis of WG and MPA (41).

The initial study of rituximab therapy for ANCA-positive

systemic vasculitis focused on a study population that was

either intolerant or resistant to cyclophosphamide therapy, the

standard of care in this setting. Cyclophosphamide, while

effective in inducing clinical remission, has been associated

with serious toxicity, including hemorrhagic cystitis, leukope-

nia, serious infections, and malignancy. In addition, most

patients with WG or MPA, following successful induction of

clinical remission with cyclophosphamide combined with

high doses of prednisone, require subsequent long-term treat-

ment to maintain disease quiescence. Therefore, many

patients with WG and MPA receive low doses of prednisone

and adjunctive immunosuppressive agents, such as azathio-

prine or methotrexate, for many years and intermittent high

doses of prednisone or retreatment with cyclophosphamide to

control relapsing disease. As compared with cyclophospha-

mide, rituximab afforded the possibility of a less toxic ther-

apy, although this hypothesis required further testing in a

controlled setting. In the open-label trial of 11 patients with

WG and PR3-ANCA, a regimen of rituximab, 375 mg ⁄m2

weekly ·4, was associated with achievement of clinical remis-

sion, in all cases, and a substantial drop in ANCA titer (39).

Eight of the 11 patients became ANCA negative in this trial,

suggesting that this treatment approach might induce immune

tolerance. These results were later confirmed in a prospective,

open-label trial from the same group (42).

These observations led the ITN to embark on a randomized,

double-blind, double-dummy, non-inferiority trial, compar-

ing rituximab with oral cyclophosphamide therapy for ANCA-

associated systemic vasculitis (43). To be eligible, subjects

must have had active WG or MPA of the severity to warrant

therapy with cyclophosphamide. Nine centers enrolled 197

eligible patients, who were randomly allocated to receive

treatment with rituximab, 375 mg ⁄m2 weekly · 4, or oral

cyclophosphamide, 2 mg ⁄ kg ⁄ day. All of the subjects were

initially treated with the same high doses of corticosteroids,

followed by a subsequent taper until they were no longer tak-

ing any corticosteroids at month 5. Patients achieving clinical

remission between months 3 and 6 were switched to azathio-

prine, 2 mg ⁄ kg ⁄day (cyclophosphamide group), or placebo

(rituximab group) for the duration of the study. Treatment

failures during this induction phase of the study were

switched to the other treatment arms. The primary endpoint

was clinical remission, which was defined as a score of 0 on

the Birmingham Vasculitis Activity Score for Wegener’s Gran-

ulomatosis (BVAS ⁄WG) at 6 months. The study continued

until the last patient in the study had returned for his ⁄ her 18-

month visit. The results, which have been recently published,

showed that 63 (64%) of the patients in the rituximab group

reached the primary endpoint, as compared with 52 (53%)

patients in the comparison group, which met the criterion for

non-inferiority (P < 0.001). The rates of adverse events were

not significantly different between the two treatment groups.

Nearly all of the patients (94%) in the rituximab group

showed a drop in peripheral blood CD19+ B cells to a level

less than 10 cells ⁄mm3. The study has now been completed

through month 18, and further analysis of the clinical results

is in progress.

This trial provides a wealth of clinical data as well as sam-

ples for mechanistic assays to determine if rituximab therapy

has indeed restored immune tolerance. These assays will

include flow cytometric analysis of peripheral blood T-cell

and B-cell subsets, microarrays for identification of whole

blood mRNA signatures, ELISA for measurement of serum

ANCA levels, ELISPOT for enumeration of ANCA-positive B

cells, and multiplex assays for determination of cytokine and

chemokine levels. It is possible that ANCA are largely the

product of short-lived plasma cells, which appear to be more

sensitive to rituximab-mediated B-cell depletion than long-

lived plasma cells (29). In this case, rituximab may produce

sustained decreases in serum ANCA titers, which may reduce

the rate of relapse despite the absence of continued treatment

with immunomodulatory agents. These studies will enable the

ITN to examine in addition the effects of B-cell depletion on

treatment response and its maintenance, as well as identify

potential predictors of relapse that may herald a breakdown in

immune tolerance. To this end, McKinney and colleagues

(44) have recently identified a CD8+ T-cell signature in

patients with active ANCA-associated vasculitis, connected

with a higher likelihood of clinical relapse.

While anti-CD3 and anti-CD20 are broadly expressed on

most T and B cells, respectively, an alternative set of target

molecules are expressed on functionally distinct subclasses of

cells or are expressed only after activation. This type of target

includes the costimulatory molecules cytotoxic T-lymphocyte

antigen 4 (CTLA4) and CD2, and several clinical trials are

evaluating safety and efficacy of compounds designed to

inhibit their function. CTLA4-Ig, known as abatacept, is

now commonly used in treatment of RA, and the ITN has

explored additional disease indications based on the premise

that this soluble form of CTLA4 inhibits signaling to CD28
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through CD80 and CD86, thereby blocking naive T-cell

costimulation-dependent activation, and dampening some

mature T-cell responses that are enhanced by a second signal

received through CD28. The ITN is studying abatacept in

multiple sclerosis and systemic lupus erythematosus, and is

collaborating with NIDDK TrialNet on a similar trial in type 1

diabetes. A similar concept underlies the current ITN trial of

alefacept, a soluble form of LFA3 that acts in part by inhibiting

CD2-mediated costimulatory signals.

Chimerism

The goal of tolerance in transplantation is as elusive as it is in

autoimmunity. Since the demonstration in 1953 of acquired

tolerance to skin grafts by Billingham, Brent, and Medawar,

probably the single most famous paper in transplantation

immunology (45), many investigators have sought to develop

strategies that would be clinically applicable and effective.

One of the most promising has been the induction of hemato-

poietic chimerism. As first described by Ildstad and Sachs over

25 years ago (46), this manipulation involved lethal irradia-

tion of mice and then reconstitution with allogeneic bone

marrow. The hematopoietic system of the recipient, in

essence, is completely replaced by that of the bone marrow

donor, and thus recognizes donor organ and tissue transplants

as ‘self’. As a result, donor allografts are tolerated indefinitely

without immunosuppression, while third party grafts are

rejected. To prevent the development of graft-versus-host

disease, either rigorously T-cell-depleted bone marrow or

purified stem cells are used.

Since this first description, two major conceptual refine-

ments have occurred, which have facilitated translation to the

clinic (reviewed in 47). First, recipients are now infused with

a combination of donor and recipient bone marrow, resulting

in so-called ‘mixed hematopoietic chimerism’, which is

important for full immunocompetence. The rationale is that

positive selection of T cells in the thymus occurs on MHC

molecules expressed on thymic epithelial cells, i.e. the MHC

molecules of the recipient. However, the MHC molecules that

will present antigen in the periphery are those found on anti-

gen-presenting cells (APCs), which will be derived from the

donor bone marrow. Thus, in the case of a complete hemato-

poietic chimera, there will be a mismatch between the MHC

molecules that select immature T cells and the ones that pres-

ent antigen to mature T cells, resulting in relative immune

incompetence. This mismatch can be prevented by including

recipient bone marrow in the transplant innoculum, which

means that some APCs will express recipient MHC molecules.

To minimize toxicity, protocols are now lympho-ablative

but non-myeloablative, which both spare significant numbers

of stem cells in the recipients’ marrow and prevent prolonged

periods of neutropenia. In fact, the use of these protocols

enables the achievement of mixed chimerism without the

need to re-infuse recipients’ bone marrow, as sufficient

‘space’ is created by a non-myeloablative conditioning regi-

men to enable donor cell engraftment.

Preclinical testing of this approach in mice indicated that

mixed chimerism induced tolerance via clonal deletion and

that this tolerant state was extremely stable and robust,

enabling donor-specific acceptance of skin, the most immuno-

genic of the known allografts (48, 49). In mice, it was noted

that maintenance of tolerance required sustained donor chi-

merism. If donor hematopoiesis was lost, tolerance was lost as

well (reviewed in 50). When mixed chimerism was tested in

a highly relevant and predictive non-human primate model

(51), it was again shown to induce robust tolerance,

an important achievement, since many approaches effective

in rodents have not succeeded in primates. Interestingly,

however, long-term tolerance in non-human primates

was achieved, even though chimerism was only transient

(51–53), perhaps indicating a role for regulatory T cells.

With this backdrop, the ITN has conducted two trials using

chimerism to induce tolerance in renal transplantation. In the

first trial, a single center study led by David Sachs, Megan

Sykes, and Ben Cosimi (Massachusetts General Hospital), five

patients received kidney allografts from living, related donors

matched for one HLA haplotype, and the first three received

an induction regimen consisting of thymic irradiation, cyclo-

phosphamide, and anti-CD2 monoclonal antibody, followed

by maintenance cyclosporine (54). After the occurrence of

acute antibody-mediated rejection in the third patient, the last

two patients were given anti-CD20 monoclonal antibody dur-

ing induction as well. One of the five patients lost his ⁄her

graft to irreversible rejection. However, the other four discon-

tinued all immunosuppressive drugs 9–14 months after trans-

plantation, and they have remained stable for 4–7 years after

transplantation with excellent renal function. Consistent with

non-human primate studies, multi-lineage chimerism was

detected in all patients at an early time point (7 days) but rap-

idly was lost (by day 21). Encouraged by these positive

results, albeit in small numbers of patients, the ITN has begun

a follow-up trial with a goal of enrolling 15 additional

patients in three centers, utilizing the same protocol but

expanding it to allow both full HLA-matched and full HLA-

mismatched donors.
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Whether this approach can be adopted more generally

remains to be seen. To date, it has only been carried out at a

single center, and the degree of expertise required may make

it difficult to adopt widely. Other concerns include potential

morbidity of the conditioning regimen (particularly neutrope-

nia and the associated risk of infection), and what the true

incidence of rejection and graft loss will be once greater num-

bers of patients have been transplanted. With current, stan-

dard immunotherapy, acute rejection is very uncommon, and

1-year graft survival in patients, such as those transplanted in

this trial, would approach 95%, a high standard! On the other

hand, many patients may be willing to concede a lower rate

of early graft survival for the prospect of being immunosup-

pression free and the possibility of improved long-term graft

survival, which many expect will accompany true tolerance.

The ITN continues to be interested in other ways to induce

chimerism, in particular, if logistically simpler (e.g. no irradi-

ation of the recipient) and ⁄or induce longer and ⁄or higher

levels of chimerism. With respect to the degree of chimerism,

a recent study by Tisdale and colleagues (55) is of particular

note. These investigators performed a pilot study of

HLA-identical patients (family donors, ages 16–45) with bone

marrow transplantation for severe sickle cell disease. A

non-myeloablative induction regimen was used consisting of

alemtuzumab, sirolimus, and total body irradiation

(300 cGy). Remarkably high levels of chimerism were

achieved, with a mean percentage of donor-derived T cells of

53.3 ± 8.6% and donor myeloid cells of 83.3 ± 10.3% in the

circulation at 30 months after transplantation. While it is cur-

rently not proven, it stands to reason that sustained high levels

of chimerism would be beneficial for donor-specific tolerance,

thus making this an attractive protocol for transplantation.

Also not known is whether unique aspects of this protocol

were important for this level of chimerism. Most notably, of

course, would be the use of HLA-identical, donor-recipient

combinations. The Tisdale group is currently performing a

follow-up study using one haplotype-matched, donor-recipi-

ent pairs, and results of this patient population should address

that issue. It also is possible that unknown features of the

hematopoietic compartment or bone marrow microenviron-

ment in patients with severe sickle cell disease may promote

donor marrow engraftment, either directly or by giving it a

competitive advantage over recipient cells.

Even if a safe and reliable, tolerance-inducing mixed chime-

rism protocol is developed, there still remains the problem

that these approaches are currently only practical with live

donors, and roughly 60% of kidney transplants performed in

the United States use deceased donors. The requirement for

live donors is based on the need for G-CSF-induced mobiliza-

tion of donor stem cells, a 5–6 day process before leukaphere-

sis. Extension of mixed chimerism to recipients of deceased

donor organs will require a means to obtain sufficient stem

cells within the same rapid time frame of organ procurement

(typically several hours).

Antigen-directed immunomodulation

Antigen desensitization is an established approach when used

in allergy therapy, where it represents a clinically validated

proof-of-concept for the use of antigen-targeted immunomod-

ulation in lieu of generalized immunosuppression. Extension

of this strategy to achieve long-standing immune tolerance

within the ITN portfolio takes two main directions: first, to

improve antigen-specific allergen desensitization to make it

safer, faster, and more durable; and secondly, to learn from the

allergen experience to improve antigen-specific therapeutics in

the areas of autoimmune diseases and transplantation.

In a series of clinical trials and parallel mechanistic studies,

the concept of augmenting antigen-specific desensitization

was evaluated, testing different options for immune interven-

tion. One of the first ITN clinical trials to be completed evalu-

ated the addition of anti-IgE to allergen extract administration,

a study led by Thomas Casale, published in 2006 (56). This

double-blind, placebo-controlled trial was conducted in 123

patients with at least a 2-year history of ragweed allergy, com-

paring omalizumab (anti-IgE) with placebo in combination

with allergen immunotherapy. The major findings of this

study showed that fewer moderate and severe adverse reac-

tions to allergen immunotherapy were present in groups

receiving omalizumab. In particular, anaphylaxis risk was five-

fold less in the group receiving omalizumab.

The patients recorded their symptom severity scores twice a

day during 12 weeks of treatment in the allergy season, and

the study also measured serum levels of allergen-specific IgG

and IgE via ELISA. The results showed a 10-fold increase in

specific IgG compared with baseline in the blood of patients

treated with both omalizumab and immunotherapy, similar to

the immunotherapy-only group, indicating that omalizumab

did not interfere with the predicted induction of IgG by

immunotherapy. The daily allergy severity scores were lower

in the group receiving both immunotherapy and omalizumab

than all other groups as well. Since induction of IgG4 is

thought to be a primary mechanism underlying allergen

desensitization, a follow-up study evaluated the ability of

IgG4 from subjects to compete with IgE and inhibit the bind-

ing and presentation of the allergen-IgE complex (57). The
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total IgE-allergen complexes bound to B cells were measured

via cell staining with anti-IgE FITC antibody. The results

showed a significant decrease of binding in the group receiv-

ing immunotherapy only, no decrease in the placebo group,

and complete inhibition of binding in groups receiving oma-

lizumab. The latter sustained response after cessation of aller-

gen administration suggests the possibility of induction of a

tolerogenic response, but whether this is due to specific IgG4

directly or whether the persistent inhibition of allergen-IgE

complexes binding to APCs caused a sustained downregula-

tion of the Th2 response, resulting in decreased local allergen-

specific IgE production, or yet another mechanism remains to

be clarified.

A more direct test of the immune deviation concept for aug-

menting allergen desensitization was evaluated in an ITN trial

led by Peter Creticos, which explored the concept of enhanc-

ing immune deviation as a tolerogenic approach (58). In this

trial, subjects received a ragweed antigen, Amp a 1, coupled

to DNA with a CpG motif designed to bind to TLR9. Signaling

through TLR9, expressed in plasmacytoid dendritic cells, was

intended to deviate antigen-specific T-cell responses and

potentially inhibit the Th2 responses associated with active

allergy. Fifteen subjects with seasonal ragweed allergy were

enrolled in this randomized, double-blind, placebo-controlled

trial, and the primary outcome measures associated with clini-

cal symptoms were significantly improved in the active treat-

ment group. Symptomatic indices maintained improvement

after ragweed season, even though no further treatment was

given, and less relief medication was needed. Although a

number of cytokine and transcription profiling assays were

performed in this study, no clear mechanism was confirmed,

and there did not appear to be increased allergen-specific IgG.

This question of the relationship between cytokine devia-

tion and allergen-specific IgG was also addressed by a study

led by Stephen Durham and Steven Till investigating the role

that IL-10 plays in allergen desensitization (59). Eighteen

study participants received 12 months of grass pollen immu-

notherapy or placebo in a double-blinded and randomized

study, and cytokines, antibodies, and intradermal allergen

challenge were evaluated. As expected, serum levels of aller-

gen-specific IgG4 and IgA were higher in the immunotherapy

group, and this correlated with increased IL-10 production by

PBMCs stimulated with grass antigen, particularly early in

treatment. If there is a direct causal link between an early rise

in IL-10 with allergen immunotherapy and subsequent IgG4

production with the development of tolerance, then such a

response pattern could help in the design of therapies that spe-

cifically augment this proposed mechanism.

The above trials represent a key experimental strategy rele-

vant to many different types of antigen-specific tolerization,

in which antigen is presented in a context that will elicit a

non-pathogenic response, while at the same time fostering a

regulated immune response that will be dominant and dura-

ble. Deviation of a predominant Th2 response to a Th1-type

response is somewhat unique to allergy, but other approaches,

such as eliciting an IL-10 TR1-type response, are more gener-

alizable to other immune-mediated disorders. Efforts to boost

tolerance through TR1 and other regulatory T-cell pathways,

such as natural Tregs, have also been a part of the ITN

approach focused on autoimmune diseases. However, one key

difference from the allergy trials is that in autoimmune dis-

eases there are multiple autoantigenic targets of the immune

response. Although we know a large number of tissue proteins

that are recognized as autoantigens, it is not yet clear whether

induced antigen-specific regulation needs to be targeted to

specific dominant proteins or whether regulation directed to

one protein will successfully modulate responses to all.

For example, in the commonly used animal model of type 1

diabetes, the non-obese diabetic (NOD) mouse, multiple au-

toantigens are targeted during the progression of the immune

destruction of islet cells. Immunomodulation or genetic

manipulation that tolerizes the animal to a single autoantigen

can successfully prevent diabetes, and this tolerization pre-

vents sensitization to additional islet antigens (60, 61). A very

similar sequence of events occurs in an induced murine model

of autoimmune encephalomyelitis, in that tolerization to the

initiating autoantigen prevents the spreading of autoimmune

targeting to other myelin-associated autoantigens and blocks

progression of disease (62). In the hope that these animal

models would recapitulate some of the key features of human

autoimmunity, the ITN evaluated an insulin ‘vaccination’ pro-

tocol, which had shown efficacy in the NOD model. In this

trial, led by Tihamer Orban, metabolically inactive insulin

B-chain fragment was administered with incomplete Freund’s

adjuvant to 12 subjects in a double-blind, randomized, 1:1

placebo-controlled clinical trial focused on evaluation of safety

and mechanistic studies (63).

While both groups of subjects showed increased insulin-

specific autoantibodies during the trial, the increase was much

higher in the vaccine groups, indicating a specific humoral

response to insulin. No differences were found between the

groups for other diabetes-associated autoantibodies. This

humoral response peaked at 3 months but reverted to the level

of the placebo group by 1 year. In contrast, T-cell prolifera-

tion measured by antigen stimulation also markedly increased,

peaked at 6 months, and remained positive throughout the
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study. Invariant natural killer T (iNKT) cell frequency was

measured by flow cytometry and found to be increased in the

vaccine group. Since the immune sensitization seen in this

trial elicited biomarkers associated with pathogenic responses,

such as robust T-cell proliferation and autoantibodies, any fol-

low-up studies will need to focus on a more directed regula-

tory phenotype. Nevertheless, the trial demonstrated that

modulation of established immune responses to autoantigens,

such as insulin, is readily achieved in a clinical trial setting,

bringing autoimmune diseases, such as type 1 diabetes, con-

ceptually closer to the approach currently taken in allergy

trials.

Two innovative strategies that combine regulatory signaling

with antigen delivery are currently under development in the

ITN portfolio. The first, based on the work of Andrew Saxon,

is designed to present allergen in a desensitization protocol,

co-administered with signaling through inhibitory Fc recep-

tors (64). The second, based on the work of Steven Miller and

others, is to present autoantigens, co-presented with apoptotic

syngeneic cells, designed for uptake into normal, regulated

scavenger pathways that may lead to tolerogenic antigen pre-

sentation (65), an approach currently in a phase I study in

Germany led by Roland Martin (66). These types of antigen

delivery are challenging, due to the potential for enhancing,

rather than reducing, pro-inflammatory immunity associated

with disease exacerbations and uncertainties regarding the

appropriate autoantigenic proteins or peptides. A cautious

approach is required, but recent advances in measuring regu-

latory T cells will be very helpful for designing the next gener-

ation of trials informed by biomarkers of regulated

phenotypes.

Administration of antigen requires some thoughtful consid-

eration of the patient population and disease process under

study. Different conditions are required to elicit an immune

response dominated by a particular type of T cell (e.g. Th1,

Th2, Th17, TR1, or Treg) when considering a naive T-cell

population or one that is already committed to a particular

differentiation pathway, and this has several important impli-

cations for trial design. First, in a relapsing-remitting autoim-

mune disease, the cytokine and tissue microenvironment

during antigen dosing is likely to be quite different during the

remission phase compared with the relapse phase, and on the-

oretical grounds it could very well lead to different outcomes.

For example, the presence of proinflammatory cytokines, such

as IL-1 or IL-6, is predicted to bias naive responses to antigen

toward a Th17 lineage, away from a Treg program. Second,

effector memory autoreactive T cells are relatively refractory

to deletion or regulation (67–69) and may require directed

therapy prior to administration of antigen. This has recently

been found in the context of type 1 diabetes, in patients who

had recurrence of their autoimmune disease after pancreas

transplantation, with expansion of the pre-existing memory

autoreactive T-cell population. Third, some forms of regula-

tory T cells are known to display an ability to be repro-

grammed into effector cells, a phenotype known as ‘plasticity’

(70, 71), or to lose the epigenetic markers associated with

persistent FOXP3 expression (72). Thus, administration of

regulatory T cells in vivo may require simultaneous manage-

ment of the recipient environment to assure maintenance of

regulatory function.

These concerns have led the ITN toward several new strate-

gies for combining antigen tolerization with additional sys-

temic therapies. For example, dampening pro-inflammatory

cytokine environments may be a useful adjunct therapeutic

for most types of tolerance induction. Current prospects for

consideration include the anti-IL-1 and anti-IL-6R antagonists

or antibodies already in clinical use, or a ‘re-purposing’ of an

established drug, such as a-1 antitrypsin. The latter is now

being evaluated as a monotherapy in an ITN trial in a type 1

diabetes population. Additional combination therapeutics are

also under consideration, including the use of monoclonal

antibodies that may target the effector T-cell populations (e.g.

alefacept, alemtuzimab) or the use of antigen delivery tech-

nologies that preferentially invoke presentation by regulatory

or tolerogenic DC populations. Another example involves the

direct stimulation of a Treg population, through expansion

either in vitro or in vivo. In vitro expansion, followed by synge-

neic adoptive transfer, represents a form of cell-based therapy

currently being evaluated in the context of graft versus host

disease (ClinicalTrials.gov Identifier NCT00725062). The

ITN, in partnership with the Juvenile Diabetes Research Foun-

dation, will conduct a similar study in the context of type 1

diabetes patients. This trial follows on the heels of a current

ITN phase I study of in vivo Treg expansion, in which IL-2 is

combined with rapamycin, a potent stimulator of natural Treg

lineages in prior animal studies (73). Whether either of these

Treg expansion strategies can be adapted successfully to anti-

gen-specific T-cell populations poses a technical challenge,

although precedent for detection of the rare antigen-specific

Treg cells in peripheral blood has been reported (74, 75).

Biomarker discovery

The ITN is important for its dual mandate, not only to

conduct clinical trials of new therapies aimed at producing

stable, long-term immune tolerance, but also to explore the

Nepom et al Æ Challenges in the pursuit of immune tolerance

58 � 2011 John Wiley & Sons A/S • Immunological Reviews 241/2011



underlying mechanisms of tolerance induction, including bio-

marker discovery and validation. Biomarkers of disease activity

and ⁄or therapeutic success are valuable for at least two reasons.

First, they may give important insights into the underlying

biological mechanisms of the primary disease, which can, in

turn, lead to new treatment strategies. Of course, biomarkers

may not be causally related to a disease but may simply reflect

an association (i.e. a marker). However, even the latter markers

can be extraordinarily useful by enabling one to predict which

group(s) of patients are appropriate for what type of therapy

or providing a surrogate endpoint for a clinical trial, which

otherwise might take years to reach its conclusion.

There is an official NIH definition of the term biomarker: ‘a

characteristic that is objectively measured and evaluated as an

indicator of normal biological processes, pathogenic pro-

cesses, or pharmacological responses to therapeutic interven-

tion’ (76). Therefore, many indicators are potential

biomarkers; however, most that have been studied to date in

the context of immune-mediated illnesses have poor predic-

tive accuracy. For example, in the case of renal transplanta-

tion, serum creatinine, a measure of renal function, could be

considered a biomarker of the immune response (or lack

thereof) to the transplant. It provides no insight into mecha-

nisms of rejection or tolerance, and, similarly, has little to no

predictive accuracy for the future status of a patient.

All ITN-conducted trials include mechanistic assays aimed

at biomarker discovery ⁄ validation. The ITN also has been

actively engaged in non-interventional biomarker discovery

studies, most prominently in transplantation.

Renal transplantation

The kidney is by far the most commonly transplanted organ,

and virtually all patients are maintained on lifelong immuno-

suppression to prevent graft rejection. Sometimes, however,

because of either medical non-compliance or life threatening

complications of immunosuppression (e.g. severe opportunis-

tic infections), patients discontinue their medications. In the

vast majority of instances, this action leads to graft rejection,

but occasionally, albeit rarely, patients retain stable transplant

function and are said to be tolerant.

In an effort to define biomarkers of tolerance in renal trans-

plantation, the ITN recently conducted a registry study led by

Kenneth Newell, in which tolerant patients were identified,

and analysis was performed on their PBMC phenotype and

gene expression patterns in comparison with stable patients

maintained on immunosuppressive drugs and healthy controls

(77). Such studies have been attempted in the past; however,

limitations in patient numbers have significantly hampered

the ability to perform statistically meaningful analyses.

The 25 tolerant patients in the ITN study represent the larg-

est single series ever reported and enabled us to divide the

group into a training set and a validation (test) set. This study

found that PBMCs from tolerant patients, compared with

stable patients on standard immunosuppression, exhibited a

B-cell signature characterized by increased numbers of total B

cells, naive B cells, and transitional B cells. Over 30 genes were

found to be overexpressed in the blood of tolerant recipients

(again compared with patients on immunosuppression), and

the majority of these were B-cell-associated transcripts. By

analyzing a training set of 19 tolerant patients, plus 24 drug-

treated recipients, we found that the expression of three B-cell

genes alone, IGKV4-1, IGLL1, and IGKV1D-13, was sufficient to

discriminate between tolerant and non-tolerant (i.e. still on

immunosuppression) recipients. This finding was further vali-

dated in a test set of 12 patients (six tolerant, six on immuno-

suppression), where all of the tolerant patients were

accurately predicted, as were five of the six still on medica-

tion. The core findings of a B-cell tolerance signature were

confirmed in a concurrent study by a European group of

investigators in an independently gathered cohort of patients

(78), and elevated circulating B cells and CD20 transcripts had

previously been noted in a smaller study as well (79).

No significant gene expression differences were found

between tolerant patients and healthy controls, suggesting that

tolerance may look similar to ‘health’. Thus, it is possible that

the ITN signature is a marker for drug therapy, rather than a

specific tolerant state per se. Of note, however, four of the 30

patients on drug therapy had the ‘tolerance signature’. While

this may merely indicate a lack of specificity for the transcript

analysis, a more optimistic interpretation is that a sizable

minority of patients on drug therapy may be tolerant. The ITN

has just started a follow-up study to determine the prevalence

(and stability over time) of the tolerance signature in 250 sta-

ble renal allograft recipients (1–3 years post-transplantation).

If the signature is found in an appreciable percentage and is

consistent over time, it may form the basis for a future drug

withdrawal trial.

Liver transplantation

Liver transplantation is an extremely attractive setting for dis-

covery and validation of transplantation biomarkers. Liver

transplant rejection is relatively easy to arrest, and, impor-

tantly, the liver has substantial regenerative capacity, unique

among commonly transplanted organs. This means that drug

withdrawal trials to validate defined signatures are relatively
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safer to conduct in liver transplant patients than in recipients

of other organs.

These attractive features have spawned a number of studies.

One of the most prominent was reported by Sánchez-Fueyo

and colleagues in Barcelona (80). Studying 17 tolerant and 21

drug-treated liver transplant recipients, they developed a

peripheral blood gene expression signature associated with

tolerance, which was validated in a test set of 11 tolerant and

12 non-tolerant recipients. Interestingly, this signature was

characterized by genes preferentially expressed in NK, NKT,

and cd T cells, thus differing significantly from the one found

in the renal transplantation studies, suggesting that all ‘toler-

ance’ may not look alike, varying perhaps with disease, organ,

etc.

Based in part on these interesting results, a number of stud-

ies are either ongoing or in development. The Barcelona

group is conducting supervised drug withdrawal to investigate

whether patients who are successfully weaned are more likely

to have the signature than those who are drug dependent.

Future studies are likely to include presence or absence of the

signature as a primary inclusion ⁄ exclusion criterion for drug

withdrawal, although randomization has been considered as

well. The ITN is collaborating with this group in a related

study to determine if, in liver transplant recipients identified

as non-tolerant, discontinuation of calcineurin inhibitors, fol-

lowed by 6-month treatment with rapamycin, modifies the

pattern of expression of the set of genes associated with toler-

ance.

A recently completed ITN pilot study in a selected group of

20 pediatric, living, related donor, liver transplant recipients,

conducted by Sandy Feng (UCSF), has shown that over half of

the patients could successfully undergo immunosuppresive

drug discontinuation. While the size of the patient group was

too small to allow validation of the Barcelona transcript bio-

markers, let alone discovery of new ones, the clinical results

are extremely encouraging and suggest that a larger study with

appropriate statistical power is justified.

Open questions and future directions

While most will agree that gene expression profiling for bio-

markers has tremendous potential, the field is still young.

Among the most vexing questions are where to look and how

to look. Where? Blood is obviously the compartment of choice

to sample, but many different types of cells are present. How?

Looking at gene expression in whole blood would seem to be

the most appropriate in terms of not excluding an important

cell population but also potentially the least sensitive, since the

signal-to-noise ratio will be the lowest. Indeed, a recent study

from Kenneth Smith’s group at Cambridge (44) reports a prog-

nostically predictive transcriptional signature in CD8+ T cells of

patients with vasculitis and lupus. This signature, however, was

observed only when purified CD8+ T cells were studied and

was not observed in unfractionated mononuclear cells. Clearly,

assays that do not require cell fractionation are easier to per-

form and can be more widely adopted. Once target genes are

identified, more directed and sensitive assays can be utilized,

which do not require isolation of specific cell sub-populations.

The ‘how’ is probably as important as the ‘where’. Evolving

technologies present a myriad of platforms for array-based

and quantitative gene expression. While these approaches are

increasingly sensitive and specific (as well as less expensive),

biomarker profiles seen with one platform cannot assume to

hold true on newer ones, unless they are revalidated, necessi-

tating time, expense, and a set of ‘gold standard’ samples.

Achieving reconstitution of immune tolerance in clinical

medicine is a daunting challenge, with complexities of multi-

ple interacting immunologic mechanisms overlaid on a back-

ground of variation in patterns of disease. A growing number

of potential therapies provide a rich opportunity for matching

selected interventions to appropriate patients, requiring new

insights into clinical stratification through use of biomarkers.

The ITN brings a strategic focus to this task, built upon the

philosophy that diverse immune-mediated diseases, studied as

a whole, will light the path toward immune tolerance.
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